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ABSTRACT

The initial three years of this project determined the contributions of bioenergetic defects and oxidative stress to
neurodegeneration in Huntington's disease (HD) and amyotrophic lateral sclerosis (ALS). A Consortium project,
"Mitochondrial Free Radical Generation in Parkinson's Disease", was then incorporated into the grant award (2 years),
to assess in vivo whether mitochondria are the source of free radical generation in animal models of Parkinson's
disease (PD).
Studies in the original grant period generated several novel observations of presymptomatic energetic abnormalities in
mouse genetic models of both HD (R6/2, N171-82Q, Hdh Q5", 92, 111 mice) and ALS (G93A mice). Specifically, in vivo
studies showed that glucose uptake is non-specifically elevated throughout the forebrain in two HD mouse models
(N171-82Q and HdhQ111 and Q92) before symptom onset, and that ATP defects and oxidative damage precede
symptom onset in some models. In ALS mice, in contrast glucose use is reduced in discrete motor pathways in brain,
preceding changes in spinal cord. Studies examining the relationship between mitochondrial complex I inhibition and
free radical-mediated oxidative damage in rat neurotoxin models (rotenone and pyridaben) demonstrate increased
oxidative damage rapidly after complex I inhibition (including lipid peroxidation and induction of the stress-response
marker heme oxygenase-1).
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4. INTRODUCTION

OVERVIEW OF ENTIRE GRANT PERIOD:

The goal of the original (Neurotoxin Exposure Program) three-year grant proposal was to gain

insight into the roles of mitochondrial energy metabolism and oxidative stress in the etiology of

neuronal degeneration in degenerative diseases, specifically Huntington's disease (HD) and

amyotrophic lateral sclerosis (ALS), using in vivo genetic models of these diseases. In 2002 this

proposal was extended by the addition of a second project, entitled "Mitochondrial Free Radical

Generation In Parkinson's Disease", which is a constituent (Project III) of a Research Consortium

made up of four investigators. This project continues the theme of determining the interactions

between energy metabolism and oxidative stress in the etiology of neurodegenerative disorders.

Since the two constitutive projects are ostensibly separate entities, in this report the Introduction

and Body (Results) for each are presented separately. Results are presented in order of SOW Aim

number. This is followed by a summary of key research accomplishments for both, reportable

outcomes from both, and overall conclusions.

INTRODUCTION -1: Neurotoxin Exposure Program Grant

"Bioenergetic Defects and Oxidative Damage in Transgenic Mouse Models of

Neurodegenerative Disorders"

The goal of this project was to gain insight into the roles of mitochondrial energy metabolism

and oxidative stress in the etiology of neuronal degeneration in Huntington's disease (HD) and

amyotrophic lateral sclerosis (ALS). The experiments described in the original proposal aimed to

determine the relative contributions and sequential order of bioenergetic dysfunction and oxidative

damage to the process of cell death in two different transgenic (Tg) mouse models of HD (Hdh

knock-in mice; R6/2 mice) and one Tg mouse model of familial ALS (G93A SODI over-expressors)

(White et al, 1997; Mangiarini et al., 1996; Gurney et al., 1994). Over the course of the project, we

determined that one of these mouse lines (R6/2 HD mice) develop a diabetic profile that interferes

with in vivo measurement of cerebral glucose use (Ferrante et al., 2000). Hence, another transgenic

mouse line that also expresses a fragment of mutant human huntingtin (N171-82Q mice; Schilling et

al., 1999), was substituted for R6/2 mice in some of the experiments. N171-82Q mice develop a

phenotype similar to R6/2 mice, but their lifespan is 1-2 months longer. The development of

genetically modified mice expressing mutant human transgenes, or mutations in mouse homologues,
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and that mimic aspects of the human disease phenotype, provide novel opportunities to assess the

temporal progression of pathological changes over the course of disease development in an in vivo

animal model. In addition, the use of mitochondrial toxins allows us to model in animals the

cerebral pathogenic sequelae of cell death induced by naturally occurring agents which are

potentially extremely hazardous to humans. In this project we used 3-nitropropionic acid (3-NP), a

neurotoxin that produces brain lesions and symptoms in humans resembling those seen in HD.

The studies described in this report utilized both in vivo and in vitro experimental approaches in

mutant mice and in rats, to investigate parameters of cerebral energy metabolism (in vivo cerebral

glucose use measurement by [14C]-2-deoxyglucose autoradiography; NMR lactate imaging; in vitro

spectrophotometric oxidative phosphorylation enzyme assays; HPLC detection of metabolites), and

to investigate the generation of free radicals and oxidative damage products (HPLC detection;

immunohistochemistry).

5. BODY-I

"Bioenergetic Defects and Oxidative Damage in Transgenic Mouse Models of

Neurodegenerative Disorders"

The pathogenetic mechanisms in both Huntington's disease (HD) and amyotrophic lateral

sclerosis (ALS) are still unclear, however, in both cases in vivo and in vitro studies implicate the

involvement of bioenergetic defects in the disease process (for review, see Browne and Beal, 2000;

Menzies et al., 2002). Attempts to ascertain the role of energetic dysfunction in pathogenesis have

been greatly enhanced by the development of several different transgenic mouse lines replicating

aspects of each disorder. HD models express the huntingtin gene mutation underlying HD, an

abnormal expansion of the polyglutamine (Q) domain in huntingtin protein, encoded by an expanded

triplet (CAG) repeat in exon 1 of the huntingtin gene. Familial ALS (FALS) models express some

of the multiple Cu/Zn superoxide dismutase (SOD1) mutations that occur in approximately 25% of

familial ALS patients. These models allow novel determinations of metabolic parameters over the

life-span of the animals, before, during and after onset of pathological changes and disease

symptoms. HD mouse lines differ in terms of the site of mutant gene incorporation, CAG repeat

length, copy number, and promoter used, and these differences are reflected in the phenotypes of the

mice generated. Studies in this project utilize Hdh CAG knock-in mice (White et al., 1997), R6/2

transgenic mice overexpressing an N-terminal fragment of human mutant huntingtin, including a 145
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polyglutamine repeat stretch (Mangiarini et al., 1996), and N171-82Q mice also expressing an N-

terminal fragment of human mutant huntingtin, but with a shorter (82Q) polyglutamine repeat stretch

(Schilling et al., 1999). The ALS mouse model employed is the G93A model (Gurney et al., 1994),

overexpressing a human SODI glycine to alanine mutation. In the thrid year of this project we also

utilized a neurotoxin model of HD, using 3-nitropropionic acid (3-NP) to induce striatal-specific

brain lesions with a concomitant movement disorder in rats. Model characteristics are discussed in

detail in the relevant section below. Summaries of the outcomes of each of the research objectives of

this project follow, in chronological order of the annual Aims.

Objective #1: To investigate the effect of expressing 48 CAG repeats - a CAG repeat length

consistent with the generation of mutant huntingtin HD patients - on local rates of cerebral

glucose use (lCMRglc) in the Hdh mouse model of HD; and to assess any gene dosage effect.

Hdh CAG "knock-in" mice were developed by inserting CAG repeats into exon 1 of the

murine huntingtin homologue (Hdh) to generate a set of precise genetic HD mouse models which

accurately express mutant huntingtin protein (White et al., 1997). Mice expressing 50 or 92

glutamines (encoded by the CAG repeat domains), Hdh- 5° and HdhQ92 respectively, do not develop

any overt behavioral phenotype over their lifespan. However, they do show cellular changes

involving translocation of mutant huntingtin from the cytosol to the nucleus, and formation of

intranuclear aggregates or inclusions (NII) containing ubiquitinated mutant huntingtin. The time at

which these events occur is CAG repeat length-dependent, occurring earlier in Hdh-92 mice (nuclear

huntingin is evident by -4 months of age; aggregates form by 15 months; Wheeler et al., 2000).

Hdh-11' mice expressing a longer polyglutamine stretch have recently been reported (Wheeler et al.,

2002). These mice show expedited aggregate formation (by about 6 months of age), and also display

a mild behavioral phenotype and striatal-specific cell degeneration by approximately 19 months of

age. All mice have normal life-spans.

In this study we used ["4C]-2-deoxyglucose in vivo autoradiography in four month-old Hdhs5 '

knock-in mice (time-point chosen to precede pathological changes), expressing a CAG repeat that

causes HD in humans (48 CAGs), to determine:

"* if cerebral glucose utilization is altered by this HD mutation, and

"* the effect of gene dosage on glucose use (homozygous versus heterozygote mice).
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We used a modification of the [14C]-2-deoxyglucose in vivo autoradiography technique

developed by Sokoloff and colleagues (Sokoloff 1977) to measure local rates of cerebral glucose use

(lCMRgjc) in Hdh "knock-in" mice (Browne et al., 1999). The [14C]-2-deoxyglucose (2-DG)

procedure facilitates localization and quantitation of lCMRgic in discrete anatomical regions

throughout the CNS of conscious animals. It's utility is based on the premise that glucose is the

primary energy source for cerebral cells, but brain tissue has a minimal capacity to store

carbohydrates and therefore relies on glucose extraction from the circulation to fulfill energy

demands. Thus, changes in glucose use generally reflect alterations in functional activity within CNS

regions. Regional measurement of the rate of uptake of a radiolabelled glucose analog, 14C-2-

deoxyglucose, from the blood allows in vivo estimation of local rates of energy metabolism. Briefly,

the procedure involves surgical implantation of femoral arterial and venous catheters; i.v.

administration of [14C]-2-deoxyglucose to the conscious mice; repeated arterial blood sampling for
14C and plasma glucose measures; blood gas analysis; decapitation and brain harvest; cryostat

processing of brain into 20pm-thick coronal sections throughout brain; exposure to film with pre-

calibrated standards; densitometric measurement of regional 14C levels from autoradiograms and

estimation of regional glucose utilization rates.

Animals: Experiments employed 18 mice in three groups: Hdh mice both homozygous and

heterozygous for the transgene, expressing 50 (HdhQso) glutamines (48/48 and 48/7 CAG repeats,

respectively) and in normal wild-type littermates (Hdh07, 7/7 CAGs). Three mice were excluded

from the 2-DG procedure analysis due to abnormal glucose or blood gas levels, indicating non-

physiologically normal mice, and one mouse died during surgery.

Physiological variables: Arterial plasma glucose concentration, p02, pCO2 and pH were measured

35 minutes into the procedure (10 minutes before animal decapitation) to determine the

physiological status of the animals (Table 1). There were no significant differences in the levels of

any of these measured parameters between 7/7, 48/7 and 48/48 mice (p > 0.05, ANOVA, followed

by Fisher's PLSD). All measured parameters were within accepted normal ranges, indicating that

there are no physiological effects associated with the Hdh mutation which might impact on the

interpretation of glucose use results. In separate studies we have assessed glucose tolerance in Hdh

mutant mice, in light of reports that R6/2 mice develop diabetes. We found that neither HdhQ7 QSO, Q92

or Q" showed any evidence of hyperglycemia or abnormal glucose handling (data not shown).

7
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Table 1: Physiological variables in Hdh QS0 CAG Knock-in Mice

Variable 7/7 48/7 48/48

Arterial Glucose (mg/dL) 133.2 ± 6.0 154.3 ± 10.1 134.8 ± 6.6

P 0 2 (mmHg) 92.6 ± 2.4 91.8 ± 4.2 85.5 ± 2.7

pCO2 (mmHg) 39.7 ± 1.8 40.3 ± 1.7 39.6 ± 1.2

pH 7.4 ± 0.0 7.4 ± 0.0 7.4 ± 0.0
Data are mean ± SEM, variables measured 35 min after initiation of the ['4C]-2-deoxyglucose procedure in Hdh0 7 (7/7) and Hdh°50 (48/7
and 48/48) knock-in mice (n=4-6 per group). There were no statistically significant differences between 48/7, 48/48 and 7/7 mice in any
of the parameters measured (p>0.05, ANOVA).

Local Cerebral Glucose Use, lCMRgic: We measured cerebral metabolic rates for glucose in 21 brain

regions. Glucose use values in each of the brain regions examined are presented in Table 2.

Glucose use rates did not significantly differ between HdhQ'° and HdhQ7 mice in any of the brain

regions examined (p > 0.05; ANOVA, followed by Fisher's PLSD), and there was no effect of gene

dosage in HdhQ5 ° mice (48/48 vs 48/7).

Discussion: Results suggest that cerebral glucose use rates do not differ between HdhQ50 and HdhQ7

mice in any of the brain regions examined in four month-old mice. Consequently, there was also no

observable gene dosage effect in HdhQ50 mice (48/48 vs 48/7). This contrasts with the pilot results

presented in the original grant proposal, which suggested that glucose use showed a slight elevation

in 48/48 mice relative to levels in wild type (7/7, 7/0) mice. This difference in outcome most likely

reflects increased variance associated with larger group sizes for investigation. Observations by

Wheeler et al. (2000) suggest that both translocation of huntingtin protein from cytosol to the

nucleus, and NII formation, are CAG repeat length-dependent processes. Therefore, there is reason

to suppose that energetic changes in Hdh mice may also vary in time of onset depending on CAG

repeat length. Subsequently, studies were extended to mice expressing longer CAG repeats (HdhQ92)

in Year 2 of this project (see "Objective # 5").

8
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Table 2: Local Cerebral Glucose Utilization (1CMRgtc) in Hdh QSo CAG Knock-in Mice

Region 7/7 48/7 48/48

Frontal Cortex 43.3 ± 2.8 45.7 ± 3.3 41.3 ± 4.7

Parietal Cortex 41.3 ± 2.5 43.8 ± 4.1 40.8 ± 4.0

Anterior Cingulate Cortex 55.0 ± 2.0 61.5 ± 6.1 56.9 ± 6.7

Auditory Cortex 50.3 ± 6.2 49.9 ± 3.8 48.7 ± 4.2

Striatum: Dorsolateral 47.5 ± 5.4 51.7 ± 5.3 46.1 ± 4.2

Ventromedial 46.0 ± 5.2 48.4 ± 4.6 45.3 ± 4.7

Globus Pallidus 29.2 ± 2.1 28.7 ± 2.5 29.2 ± 2.1

Hippocampus: CAl 27.8 ± 2.2 28.8 ± 2.6 25.7 ± 2.9

CA3 34.9 ± 2.2 37.7 ± 3.0 33.8 ± 3.9

Dentate Gyrus: Molecular Layer 45.2 ± 3.5 40.2 ± 2.8 41.7 ± 4.0

Dorsolateral Geniculate Body 42.6 ± 3.1 44.3 ± 2.9 42.7 ± 6.4

Medial Geniculate Body 46.1 ± 3.7 57.7 ± 5.3 48.7 ± 7.0

Superior Colliculus: Superficial Layer 38.2 ± 2.9 37.8 ± 2.9 36.2 ± 4.5

Deep Layer 38.5 ± 2.0 37.1 ± 2.6 37.1 ± 4.8

Internal Capsule 14.4 ± 2.0 15.5 ± 2.5 12.4 ± 2.2

Thalamus: Dorsomedial 46.1 ± 2.9 45.4 ± 4.8 44.8 ± 5.4

Ventromedial 34.9 ± 2.2 37.7 ± 3.0 33.8 ± 3.9

Substantia Nigra: pars reticulata 24.7 ± 1.8 27.9 ± 2.3 25.0 ± 3.6

pars compacta 44.6 ± 3.5 43.9 ± 3.1 40.1 ± 5.4

Cerebellum: Grey matter 28.4 ± 1.5 29.7 ± 2.6 26.8 ± 3.2

White matter 18.6 ± 1.6 19.8 ± 3.1 17.3 ± 2.0

Local cerebral metabolic rates for glucose (nmol/100g/min) in homozygous (48/48) and heterozygous (48/7) Hdh 5O0 knock-in mice, compared
with rates in wild-type (7/7; HdhQ7) littermate controls (n=4-6 per group).
Data presented as mean ± SEM. There were no statistically significant differences between glucose use in 48/48 and 48/7 Hdh0 5 ° mice and
littermate wild-type controls (p > 0.05, ANOVA).

Objective #2: Measurement of electron transport chain activities in Hdh knock-in mice with

disease-length and normal-length CAG repeats.

We used spectrophotometric assays to measure the activities of the mitochondrial electron

transport chain enzyme complexes I, II-Ill and IV, in homogenate preparations of Hdh mouse

cerebral forebrain and cerebellum (according to the methods outlined in the proposal). We also

extended spectrophotometric studies from the original SOW, to measure activity of the tri-carboxylic

acid (TCA) cycle enzyme aconitase in the same animal population. Aconitase is of particular

interest as its' activity has been shown to be markedly reduced in post-mortem tissue from late stage

9



17-98-1-8620 PI: BROWNE, SE

Final Report

HD patients (Tabrizi et al., 1999), and the same group have also reported reduced levels of activity

in HD skeletal muscle (Lodi et al., 2000). Enzyme activities per mg protein were corrected by citrate

synthase activity per mg protein, to account for the possibility of neuronal or mitochondrial loss.

Animals: Enzyme activities were measured in forebrain and cerebellum (control region)

homogenates from 4 month old HdhQ7 (7/7 CAG repeats), HdhQ50 (48/7 and 48/48 CAG repeats), and

HdhQ92 (90/7 and 90/90 CAG repeats). This time-point was chosen to precede any pathologic

changes in these mice, and to correlate with glucose utilization studies conducted in same age mice.

We later went on to measure enzyme activities in mitochondrial preparations from homozygote

Hdh20 (control) and HdhQ.11 (HD) mice, at the same time-point.

Enzyme Activities: We measured activities of the TCA cycle enzymes citrate synthase and

aconitase, and of the respiratory chain enzyme complexes I, II-II and IV in brain homogenate

preparations from the above mice (HdhQ7 (7/7), HdhQs° (48/7 and 48/48), and Hdh 92 (90/7 and

90/90). There were no significant alterations in citrate synthase activities in any of the mouse

genotypes examined, in forebrain or cerebellum. This indicates no significant loss of neurons and/or

mitochondria at this time point. Complex activities were unaltered in HdhQ92 and HdhQ5 0 mice in

forebrain homogenates (p > 0.05; ANOVA, followed by Fisher's PLSD), although there was

evidence of a trend towards reduced complex II-III and IV activities with increasing CAG repeat

number. In cerebellum homogenates, however, complex II-III was reduced in 48/7 mice (-38%,

p<0.05) and showed a trend to decrease in 90/7 and 90/90 mice (-36% and -24%, respectively).

Complex IV activity was also significantly reduced in 48/7 and 90/90 mouse cerebellum (-35% and -

42%, respectively; p<0.01), whilst non-statistically significant trends towards reduced activity were

evident in 48/48 and 90/90 mice (-18 and -31%, respectively). Complex I activity in cerebellum

also showed a small, significant reduction in activity in 48/7 mice, relative to levels in wild type

mice (-19%; p<0.05), but was unaltered in other genotypes. Aconitase activity was unaltered in

forebrain, but showed a slight increase in 48/48 mice in cerebellum, although 90/7 and 90/90 levels

did not differ from wildtype levels. The reason for this small magnitude alteration is currently

unclear.

We then used fluorimetric and spectrophotometric assays to determine the activities of several

mitochondrial matrix and respiratory chain enzymes (complex I, SDH, cytochrome c oxidase

(COX), cytochorome c reductase, a-KGDHC, and PDH), in mitochondria isolated from 4 month-old

10
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homozygous HdhQ1 .. and HdhQ20 mouse brains (Table 3). PDH and COX activities were significantly

elevated in Hdh°-.. mitochondria (+36% and +21%, respectively), suggesting that at this age

mitochondrial components are upregulated, putatively to compensate for a defect in energy

generation.

We also measured oxygen consumption in whole brain mitochondria freshly isolated from 4

month-old homozygous HdhQ... and HdhQ2° mice, using a Clark-type oxygraph electrode (Table 3).

The rates of oxygen consumption supported by both pyruvate + malate, or succinate, did not differ

between HdhQ"' and HdhQ20 mitochondria. Hdh2... mitochondria exerted slightly reduced respiratory

control, reflected by the acceptor control ratio (ACR), chiefly due to an elevated State 4 respiration

rate. The difference did not reach statistical significance.

Table 3: Mitochondrial oxygen consumption and enzyme activities in HdhAL. mice.

02 Consumption HdhQ2o HdhO11
(Substrate/Metabolic State)

Pyruvate + Malate
State 3 230.1 ± 19.9 229.1 ± 10.4
State 4 32.9 ± 2.4 36.3 ± 1.9
ACR 7.2 ± 0.7 6.4 ± 0.5

Succinate 171.0 ± 9.3 160.2 ± 14.7
State 3
State 4 115.7 ± 6.0 111.2 ± 4.3
ACR 1.5 ± 0.1 1.5 ± 0.2

Enzyme Activities
Complex I 175 ± 24 179 ± 24
SDH 61 ± 2 63 ± 3
PDH 9.1 ± 0.5 12.4 ± 0.8**
Q-KGDHC 14.6 ± 1.1 15.9 ± 1.5
SDH-Cyt.C 51 ± 4 53 ± 3
Qt-GP-Cyt.C 145 ± 6 149 ± 7
COX 647 ± 46 783 ± 27*

Data are mean ± SEM, in 4 month-old HdhQ0 '. mice and age and sex-matched Hdh220 controls. 02 consumption
rates are nmol 0 2/min/mg mitochondrial protein (n=6 per group). Mitochondrial enzyme activities are: nmol
NADH/min/mg protein (Complex I, PDH, a-KGDHC; n=8, 6, 6 per group, respectively); nmol DCIP/min/mg
protein (SDH; n=6 per group); and nmol cytochrome c/min/mg protein (SDH-Cyt.C, ctGP-Cyt.C., COX; n=6, 6,
5 per group, respectively). *p<0.02, ** p--0.002 (Student's t-test). Abbreviations: ACR, acceptor control ratio;
Complex I, NADH:CoQ1 reductase; COX, cytochrome c oxidase; Cyt.C, cytochrome c reductase; DCIP: 2,6-
dichlorophenolindophenol; ci-KGDHC, a-ketoglutarate:NAD' reductase; a-GP, cc-glycerophosphate; PDH,
pyruvate:NAD÷ reductase; SDH, succinate:CoQ1 :DCIP reductase.
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Discussion: These results suggest that any defects in oxidative phosphoylation enzyme activities

detectable in brain homogenates of HdhQ' mice are of small magnitude, and not necessarily restricted

to brain regions susceptible to damage in HD. It is possible that region-specific changes occurring in

forebrain structures may be masked since we measured enzyme activities in homogenates of the

whole forebrain. Therefore we revisited this question in mitochondria isolated from forebrain of HD

(HdhQ11.) and control (HdhQ2 °) mice. PDH and COX activities were significantly elevated in HdhQll.

mitochondria, whilst oxidative phosphorylation enzyme activities were unaltered. Taken with

findings of unaltered 02 consumption in HD mouse mitochondria, overall findings suggest that

metabolic capacity of mitochondria is largely unaltered by the HdhQ" gene mutation, but subtle

changes in mitochondrial function may occur.

Objective #3: Measurement of ICMRgIc in the G93A human mutant SOD1 overexpression Tg

mouse model of ALS. Analysis of the temporal progression of any glucose use changes by

measurement at 60, 90 and 120d of age.

Transgenic mice overexpressing a human mutant form of SODI (a glycine to alanine substitution

in exon 4, G93A) develop a disease syndrome whose neuropathology and neurological symptoms

closely resemble human ALS (Gurney et al, 1994; Dal Canto and Gurney, 1995). Animals show

signs of hind limb weakness at approximately 90-110 days of age, and gradually become paralyzed

before dying at 150-180d. Numerous Lewy Body-like inclusions are seen at late stages of the

disease. Neuropathological changes including microvesiculation are evident prior to the

development of neurological symptoms (-70 days). The involvement of mitochondrial energy

metabolism dysfunction in the pathogenesis of this motor disorder is supported by observations that

the first pathological events identified in these mice are membrane blebbing and vesiculation of the

mitochondria (Dal Canto and Gurney, 1995). The hypothesis of a gain of function mutant SODI is

supported by findings that animals expressing high levels of human wild type SOD do not develop

the clinical disease, and a recent report that transgene expression levels correspond with the degree

of neurotoxicity in mice. The aim of our study was to determine whether there is evidence in this

mouse model of FALS of any alterations in energy metabolism prior to the onset of symptoms and

mitochondrial morphological changes. We also endeavored to determine the pattern of glucose use

changes over the lifespan of these animals.

12
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Animals: Experiments employed 46 G93A and wildtype littermate mice, at 60, 90 and 120 days of

age. Fourteen mice were excluded prior to the 2-DG procedure, due to death during surgery (n=4),

poor blood flow in the femoral catheters (n=7), or abnormally high pre-glucose levels (n=3).

Thirty-two mice underwent the 2-DG procedure at 60 days of age (n=9), 90 days (n=12), and 120

days (n=1 1). Of these, several were excluded from the final glucose use analysis due to poor blood

gases, death during the procedure (due to mice pulling out their arterial catheters), abnormal arterial

glucose levels, or poor radionuclide perfusion. We encountered many difficulties in achieving

optimal physiological conditions and isotope delivery in this strain of mice. Consequently, we have

not included 90 day glucose use values in the results below as the group sizes were too small to

analyze statistically. Since submission of the last annual report for this project we have analyzed data

from additional animals, in more brain regions. We also extended studies to 120 day-old N1029

mice that overexpress a transgene of human non-mutant SOD-1, and therefore serve as a transgenic

control for the G93A mice.

Physiological Variables: Multiple physiological parameters in G93A and wild-type were assessed

during the 2-DG experimental period, to determine whether any experimental group displayed

physiologic changes which might impact on glucose utilization (Table 4). All measured parameters

were within normal physiological limits for all experimental groups, at all ages. There were no

significant differences in any of the measured parameters between G93A and wild-type littermate

mice (ANOVA, p>0.0 5 ). Arterial plasma glucose levels within groups did not significantly alter

over the course of the experiments (Student's paired t-test, p>0.05 ), indicating that mice are not

abnormally stressed as a direct result of the experimental procedure.

Rates of Cerebral Glucose Use: Local cerebral metabolic rates for glucose (lCMRgic) were

calculated in 49 brain regions and 9 spinal cord regions in transgenic G93A mice (n=6 per group)

and age-matched littermate controls (n=8-9 per group). Major findings are presented in Figure 1.

Brain: Glucose utilization rates were impaired in multiple brain components of the motor system as

early as 60 days of age in G93A mice (the earliest time-point examined). Marked reductions in

glucose use were evident in frontal cortex, motor cortex and striatum of G93A SOD1, relative to

levels in wild type littermates. This pattern of glucose use reduction was still evident in 120 day-old

mice relative to levels in wild-type mice, although non-transgenic wild type glucose use levels were

also decreased at this time point, relative to levels at 60 days.
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Table 4: Physiological Variables in G93A FALS Mice (Mean ± SEM).

G93A SOD1
60 Days

Wt G93A

Glucose -Pre (mg/dL) 141 _ 8 179 ± 12*
Glucose +45 min (mg/dL) 160 ± 12 183 ± 9

paO 2 (mmHg) 110 4 107 ± 4
paCO 2 (mmHg) 34 ± 2 39 ± 3
pH 7.34 0.02 7.31 ± 0.01

120 Days
Wt G93A

Glucose -Pre (mg/dL) 138 + 9 143 ± 10
Glucose +45 min (mg/dL) 134 ± 16 179 ± 34
Pa0 2 (mmHg) 100 ± 3 93 ± 10
PaCO 2 (mmHg) 32 ± 2 40 - 3
pH 7.38 ± 0.01 7.32 ± 0.02*

N1029 SOD1
Wt G93A

Glucose -Pre (mg/dL) 187 _ 8 144 ± 6*
Glucose +45 min (mg/dL) 170 ± 16 147 ± 6

paO2 (mmHg) 117 18 109 ± 8
PaCO 2 (mmHg) 49 ± 4 42 ± 4
pH 7.30 ± 0.03 7.32 ± 0.01

Variables in 60 day (n = 6) and 120 day old (n = 5-6) G93A mice, 21 month old N1029 mice (n 4-5), and
age-matched littermate wildtypes (Wt) (n = 9, 7-8 and 3, respectively). Data are mean ± SEM for arterial
plasma glucose concentrations at the start (Glucose-Pre) and end of the 2-DG procedure (Glucose +45 min),
and terminal blood gas levels. *p<0.05, significant difference relative to age-matched Wt (Student's unpaired
t-test). Plasma glucose levels did not alter over the 45 min experiment in any group (p> 0.05, Student's
paired t-test).

Motor regions of cerebral cortex: Significant glucose use reductions (-19%) were evident in

primary motor cortex (Frl) at 60 days (Figure 1). In contrast, sensorimotor cortical regions,

including the hindlimb region, showed no significant glucose use alterations over the life-

span of the G93A mice. Sensorimotor cortical regions process overlapping motor and sensory inputs,

and send projections both to other motor cortical regions and to the spinal cord via the corticospinal

tract (Zilles and Wree, 1995; Gu et al., 1999).

Figure 1: Glucose Use Alterations in G93A Corticospinal Tract and Collaterals.
Major afferent and efferent connections of the primary motor cortex are shown schematically. Bar
charts are mean ± SEM local cerebral metabolic rates for glucose (1CMRgic, jimol/100g/min) at 60 days
and 120 days of age, in G93A mice (open bars) and age-matched wildtype (Wt) littermates. *p< 0.05,
significantly different from levels in age-matched wildtypes (Student's unpaired t-test).
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Motor cortex efferent projections: The principal projection targets of Frl comprise the spinal cord

via the corticospinal tract, the striatum, reciprocal connections with other cerebral cortical regions

including sensorimotor cortex, and projections to the brainstem pontine nuclei, red nucleus and

cranial motor nuclei via collaterals from the corticospinal tract. We found hypometabolism in several

of these areas synaptically associated with Frl (Figure 1), which differed between regions in age of

onset. At 60 days, marked reductions in glucose use in G93A mice were evident in the pontine

nuclei (-25%) and the pontine reticular formation (-17%), which contribute to the bulbospinal

pathway innervating axial and proximal musculature. Within the rubrospinal pathway, involved in

modulating movement in the distal limbs, a trend towards reduced glucose use was apparent in the

red nucleus at 60 days, and was statistically significant at 120 days of age.

Thalamic relay nuclei: It is therefore of great interest that glucose use was decreased in multiple

thalamic nuclei at 60 days of age, since these nuclei regulate Frl activity via reciprocal synaptic

connections.

Spinal Cord: In contrast to findings in cerebral motor cortex projection zones, no alterations in

glucose use were detected in cervical, thoracic or lumbar regions of the spinal cord in 60 day-old

G93A mice (Table 5). This observation suggests that despite abnormalities in projection pathways

arising from motor control brain regions at 60 days, functional activity in corticospinal projection

zones is maintained at normal levels. By end-stage of the disorder (120 days), glucose use was

significantly reduced in the gray matter of all three spinal cord regions in the transgenic mutant

mice, relative to levels in non-transgenic wildtype controls (Table 5).

TABLE 5: Local Rates of Glucose Use in Spinal Cord of FALS Mice

60 Days 120 Days
Wt G93A Wt G93A

Spinal Cord
Cervical - Dorsal 31 ± 9 36 ± 4 21 ± 3 9_3*

Ventral 29 ± 7 36 ± 5 22 ± 4 8±4*
White 15 ± 3 16 ± 2 13 ± 3 9+3*

Thoracic - Dorsal 34 ± 4 36 ± 3 20 ± 3 8 ± 4*
Ventral 34 ± 4 36 ± 3 21 ± 4 4 ± 3
White 17_±2 18_±1 11_±3 11_±3*

Lumbar - Dorsal 33 ± 3 36 ± 3 25 ± 4 10 ± 3
Ventral 32 ± 3 37 ± 3 24 ± 4 6 ± 2
White 16 ± 2 19 ± 1 13 ± 3 9-3*

Data are mean + SEM lCMRgic (limol/100g/min) in G93A and age-matched littermate wildtype (Wt) mice. *p<0.05,
**p<0.005 significant differences relative to age-matched Wt mice (Student's unpaired t-test). G93A and Wt mice, n
6 and 9 (60d), and n = 6 and 8 (120d), respectively.
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Overexpression of human wildtype SOD] (N1029 mice) did not alter CNS glucose use rates

It has been reported that overexpression of purely wildtype human SODI in N1029 mice

eventually induces a motor degeneration phenotype (Jaarsma et al., 2000). We measured energy

parameters in these mice at a mature age (21 months) which greatly exceeds that at which glucose

use changes were detected in G93A mice (2 months), and was therefore deemed likely to show any

SOD1-related glucose use changes. Mice did not exhibit any overt symptoms of motor defects. No

significant differences in glucose use values between 21 month-old N1029 and age-matched

wildtype littermate mice were detected in any of the five representative brain regions or the 9 spinal

cord regions examined (Table 6). These observations suggest that the glucose use changes detected

in G93A mice result from expression of the G93A SODI mutation, rather than increased SOD1

activity due to the transgene overexpression.

TABLE 6: Glucose Use Rates in Brain and Spinal Cord of Wildtype SOD 1 Transgenic Mice

Wt N1029

Brain

Frontal Cortex 43 ± 9 49 t 2

Motor Cortex 38 ± 5 42-3

Striatum 45 ± 9 51 ± 1
Hippocampus CA3 30 ± 12 39 - 3
Cerebellar Gray Matter 22 ± 3 26 ± 1

Spinal Cord

Cervical - Dorsal 27 ± 2 24 ± 2

Ventral 26 ± 3 24 ± 1

White 14 ± 2 14 ± 2

Thoracic - Dorsal 24 ± 1 26 ± 3

Ventral 22 ± 3 27 ± 3

White 11 ± 2 14 ± 1

Lumbar - Dorsal 27 ± 7 25 ± 3

Ventral 26 ± 6 26 ± 4

White 14 ± 2 14 ± 2

Data are Mean ± SEM 1CMRglc (pmol/100g/min) in 21 month old N1029 mice over-expressing
wildtype SODI, and age-matched littermate wildtype (Wt) mice. 1CMRglc in N1029 mice did not
differ from rates in wildtypes (p > 0.05, Student's unpaired t-test).
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Discussion: In summary, the pattern of alterations in glucose use rates in 60 day old G93A mice

suggest that functional impairments occur primarily in cerebral motor regions in this model, largely

in primary motor cortex and its collaterals, preceding functional dysregulation in corticospinal

projection targets. In particular, components of the bulbospinal projection pathway are

compromised by 60 days of age, whereas rubrospinal projections become significantly involved later

in the disorder, suggesting that axial and proximal components of motor regulation may be affected

early in the disease process in this FALS model.

Objective #4. Measurement of the temporal profiles of electron transport chain activities in

the G93A FALS Tg mouse model of FALS

We augmented the glucose use studies of energy metabolism by investigating mitochondrial

respiratory transport chain activities and SOD 1 levels using spectrophotometric assays.

Animals: Metabolic enzyme activities were measured in pre-symptomatic (60 day old) G93A

SOD1 mice, in homogenate preparations of whole forebrain, brainstem and spinal cord, and

cerebellum. We compared enzyme activities with levels in N1029 transgenic wild type controls (Tg-

Wt) and non-transgenic wild type littermate controls (Wt). We also measured electron transport

enzyme activities in 100-104 day-old G93A mice. Experiments used 53 mice.

Enzyme Activities: a) Results in 60 day-old mice are presented in Table 7. Complex I activity was

significantly increased in G93A SODI mouse forebrain, relative to levels in Tg-Wt mice at this

time-point. In contrast, in G93A spinal cord/brainstem, complex I activity was decreased compared

with Wt levels (but not Tg-Wt). In addition, complex IV activity was reduced in the spinal

cord/brainstem and cerebellum of G93A mice. Both Tg-Wt and G93A SOD1 mice expressed

equivalent levels of cytosolic SOD1 activity (9.4 _ 0.3 vs. 11.4 ± 0.4 Units/mg protein, respectively),

which were significantly higher than SODI levels in non-Tg Wt mice (p<0.05). b) We also

measured respiratory chain enzyme activities in the forebrain of 100-104 day-old G93A mice (Table

8). The pattern of elevated complex I activity with no changes in complexes Il-I1 and IV, seen in

60 day mice, is conserved in the forebrain at 100 days of age.
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Table 7: Metabolic enzyme activities in 60 day-old G93A and control mice

Forebrain Spinal Cord/ Cerebellum
Brainstem

Complex I Wt 145 ± 11 111 ± 7 88 ± 7
(nmol/min/mg protein/CS) Tg Wt 130 ± 7 104 ± 6 84 ± 5

G93A 162±6 ** 91 ±_5 t 74_±7
Complex II-11 Wt 3.06 ± 0.1 1.40 ± 0.1 1.66 ± 0.1
(nmol/min/mg protein/CS) Tg Wt 3.15 ± 0.3 1.38 ± 0.1 1.75 ± 0.1

G93A 3.99 ± 0.2 1.48 ± 0.1 1.54 ± 0.2
Complex IV Wt 3.77 ± 0.2 1.62 ± 0.1 1.81 ± 0.1
(nmol/min/mg protein/CS) Tg Wt 3.22 ± 0.3 1.40 ± 0.1 1.52 ± 0.1 t

G93A 4.41 ±-0.5 1.36 ±0.1 t 1.19 ± 0.1*t
Cu/Zn SOD Wt 5.3 ± 0.6
(U/mg protein) Tg Wt 9.4 ± 0.3 t

G93A 11.4 ± 0.4 **t

Data are mean ± SEM citrate synthase (CS)-corrected complex activities (nmol/min/mg protein/CS) and Cu/Zn
SOD activity (U/mg protein). Activities measured in forebrain, spinal cord/brainstem, and cerebellum of G93A
mice, and age-matched N1029 transgenic wildtype mice (TgWt) and littermate wildtype controls (Wt). N = 6-
16/group.* p<0.05 , ** p<0 .0 5 significant increase vs Wt Tg (N1029). t p<0.05 Change vs Wt (ANOVA, and
post-hoc Fisher PLSD).

Table 8: Mitochondrial Respiratory Enzyme and SOD1 Activities in G93A Mice: 100-104 days.

n Complex Complex Complex Cu/Zn SOD
I II-III IV

Wild Type 7 293±22 1.04_±0.04 1.14-±0.15 4.2-±0.1

Tg-Wild Type 7 354_±28 1.08_±0.09 1.38_±0.14 12.4_±0.8

G93A 7 386_±6 * 1.18 ±0.12 1.48 ±0.19 13.4_±0.49

Data presented as mean ± SEM citrate synthase (CS)-corrected complex activities (nmol/min/mg protein/CS)
and Cu/Zn SOD activity (U activity/mg protein) in cortical mitochondrial fractions and cytosol, respectively.
Subjects were G93A mice Tg-wildtype (N1029), and wild type control mice (age range: 100-104d). * p <
0.05, significant difference relative relative to wild type control mice (ANOVA, and post-hoc Fisher PLSD).

Discussion: These findings suggest that the gene defect in G93A mice induces alterations in electron

transport chain enzyme activities in forebrain and spinal cord/brainstem regions of the CNS. These

alterations are not attributable simply to overexpression of human SOD1, since similar changes do

not occur in Tg-Wt (N1029) mice overexpressing normal human SODI. The observation of elevated
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complex I activity in G93A SODI mice is consistent with our previous findings of increased complex

I activity in cortical regions of FALS patients with the A4V SODI mutation (Browne et al., 1998).

Results support the suggestion arising from cerebral glucose use observations in "Objective #3", that

that metabolic defects may exist before signs of motor impairment (about 90 days) and pathological

abnormalities (about 70 days). Further evidence supporting this hypothesis comes from recent

findings in this laboratory that levels of the energy metabolite ATP are markedly reduced in G93A

mice as early as 30 days in forebrain and spinal cord (data not shown; Browne et al., 2001). Overall,

data suggest an important role for metabolic dysfunction in the etiology of the motor neuron disease

in this mouse model of ALS.

Objective #5: To investigate the effects of increasing CAG repeat number on local rates of
cerebral glucose use (ICMRglc) in a mouse model of HD expressing expanded
CAG repeats in murine HD: Hdh knock-in mice (7,48 and 90 CAG repeats).

Complimentary to the cerebral metabolic rates for glucose in Hdh mice expressing 50 glutamines,

both homozygous and heterozygous for the transgene (HdhQ50, 48/48 and 48/7 CAG repeats,

respectively) reported previously, we also measured [14C]-2-deoxyglucose in vivo autoradiography in

four month-old HdhQ92 knock-in mice expressing 90 CAG repeats (equivalent to 92 glutamines, 92Q;

90/90 and 90/7 CAG repeats) to determine:

"• if energy metabolism is altered by expression of expanded polyglutamines in huntingtin protein,

"* the effect of increased CAG repeat number (90 versus 48, assessed in year 1); and

"• the effect of gene dosage on glucose use (heterozygous 90/7 versus homozygous 90/90 mice), at a

time point preceding the onset of any behavioral changes and neuronal intranuclear inclusion

(NII) formation in these mice.

Animals: Experiments employed 21 mice in three groups: Hdh mice both homozygous and

heterozygous for the transgene, expressing 92 (HdhQ92) glutamines (90/90 and 90/7 CAG repeats,

respectively) and in normal wild-type littermates (HdhQ7 , 7/7 CAGs). Two mice were excluded from

the 2-DG procedure analysis due to abnormal glucose or blood gas levels.

Physiological Variables: Arterial plasma glucose concentration, p02, pCO2 and pH were measured

35 minutes into the procedure (10 minutes before animal decapitation) to determine the physiological

status of the animals. There were no significant differences in the levels of any of these measured

parameters between 7/7 wild type mice and levels in 90/7 and 90/90 mice (p > 0.05, ANOVA,

followed by Fisher's PLSD). All measured parameters were within accepted normal ranges,
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indicating that there are no physiological effects associated with the Hdh mutation that might alter the

interpretation of glucose use results.

Glucose Utilization: Glucose use values in 21 brain regions examined are presented in Table 9. A

comparison of glucose use values between HdhQ92 and HdhQso mice is shown in Figure 2. Glucose use

values were markedly increased throughout the brains of 90/90 Hdh 9 2 mice. Increases reached

statistical significance in 15 of the 21 regions examined, and were not restricted to brain regions

susceptible to degeneration in HD (ie. striatum, cortex). Furthermore, glucose use levels in 90/90

mice were significantly elevated over levels in 90/7 mice in 3 regions, suggesting a potential gene

dosage effect, as well as a CAG length-dependent effect (see Figure 3).

Table 9: Local Cerebral Glucose Utilization (1CMRgc) in Hdh Q92 CAG Knock-in Mice

REGION 7/7 90/7 90/90

Frontal Cortex 52.3 ± 6.6 60.1 ± 3.6 78.2 ± 6.7 ** t
Parietal Cortex 50.0 ± 7.0 58.5 ± 4.0 75.3 ± 7.6 *
Anterior Cingulate Cortex 74.2 ± 11.8 78.4 ± 7.3 99.2 ± 8.7
Auditory Cortex 51.0 ± 6.0 64.9 ± 5.4 81.5 ± 8.7 *

Striatum: Dorsolateral 57.8 ± 7.1 61.5 ± 5.9 81.1 ± 6.2 * t
Ventromedial 55.8 ± 7.3 58.1 ± 6.1 76.0 ± 6.7

Globus Pallidus 32.3 ± 4.1 38.3 ± 2.5 50.3 ± 7.8 *

Hippocampus: CA1 30.0 ± 4.1 41.3 ± 3.6 50.3 ± 6.9 *

CA3 41.2 ± 5.4 52.7 ± 3.4 66.3 ± 9.6 *

Dentate Gyrus: Molecular Layer 47.7 ± 6.1 55.8 ± 4.6 73.2 ± 6.0 ** t
Dorsolateral Geniculate Body 49.0 ± 6.6 56.9 ± 4.8 71.5 ± 10.1
Medial Geniculate Body 56.8 ± 7.2 67.2 ± 3.7 75.0 ± 9.2
Superior Colliculus: Superficial 46.8 ± 6.1 54.9 ± 4.5 68.2 ± 6.8 *
Layer 46.2 ± 6.1 55.1 ± 3.3 68.1 ± 6.3 *

Deep Layer 12.4 ± 1.7 18.6 ± 1.2 24.2 ± 6.6 *
Internal Capsule 54.7 ± 8.0 65.6 ± 4.4 84.3 ± 10.2*
Thalamus: Dorsomedial 39.6 ± 5.9 47.3 ± 4.0 58.3 ± 7.9 *

Ventromedial 28.6 ± 4.0 37.4 ± 2.0 44.1 ± 6.5 *
Substantia Nigra: pars reticulata 48.5 ± 7.7 58.5 ± 4.3 69.7 ± 11.2

pars compacta 31.0 ± 4.2 37.0 ± 2.4 47.5 ± 7.5 *

Cerebellum: Grey matter 21.2 ± 2.3 27.7 ± 1.8 29.8 ± 4.6
White matter

ICMRglc (nmol/100g/min) in homozygous (90/90) and heterozygous (90/7) HdhQ92 knock-in mice; and wild-type (7/7; HdhQ7)
littermate controls. Data presented as mean ± SEM, (n=4-6 per group).
• P < 0.05, ** P < 0.01 relative to levels in 7/7 mice; t P < 0.05 relative to 90/7 mice (ANOVA, followed by Fisher's PLSD).

Discussion: We previously found that glucose use rates did not significantly differ between HdhQ5°

and HdhQ7 mice in any of the brain regions examined (p > 0.05; ANOVA, followed by Fisher's
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PLSD), and there was no effect of gene dosage in HdhQ50 mice (48/48 vs 48/7). In this study, we

found marked increases in glucose use throughout the brains of 90/90 Hdh 9 2 mice. Increases were

significant in 15 of the 21 regions examined. Furthermore, glucose use levels in 90/90 mice were

significantly elevated over levels in 90/7 mice in 3 regions, suggesting a potential gene dosage effect,

as well as a CAG length-dependent effect (see Figure 2). It has been reported that the rate and extent

of huntingtin protein translocation from cytosol to the nucleus, and the formation of nuclear

huntingtin aggregates, increase with higher CAG repeat lengths (Wheeler et al., 2000, 2002).

Therefore, there is reason to suppose that any energetic changes associated with the huntingtin

mutation may also vary in time of onset and extent according to the length of the CAG repeat. We

are currently investigating this hypothesis further in HdhQ... mice.
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Figure 2: Cerebral Glucose Use in Representative Regions From HdhQ5° and HdhQ92 Mice

lCMRg1c (nmol/1OOg/min) in 4 month-old HdhQ50 and HdhQ92 homozygous (Hom) and heterozygote (Het) mice,
and wild-type (Wt, 7/7) littermate controls. Data presented as mean ± SEM, (n=6 per group).* P < 0.05, ** P <
0.01 relative to levels in 7/7 mice; t P < 0.05 relative to 90/7 mice (ANOVA, followed by Fisher's PLSD).
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The observation that glucose uptake is increased in multiple forebrain regions as a consequence

of the gene mutation in HdhQ92 mice may at first seem counter-intuitive. We hypothesize that this

reflects increased glucose uptake in an attempt to drive metabolism and overcome a metabolic stress

in these animals. The fact that Hdh192 mice do not develop overt signs of motor dysfunction or cell

loss in their lifetime suggests that in this case the enhanced glucose uptake is sufficient to maintain

required ATP production (however, HdhQ92 mice do develop nuclear huntingtin aggregates by 15

months of age, Wheeler et al., 2000). The exact nature of any metabolic stress (eg. glycolytic or

mitochondrial) has yet to be elucidated. In contrast, HdhQln. mice develop motor abnormalities by

approximately 19 months of age. It will be of interest to compare the time course and magnitude of

metabolic abnormalities between HdhQ92 and HdhQ... mice.

Objective #6: To determine if glucose use is altered over the life-span of a transgenic HD mouse
model expressing a human mutant HD fragment: R6/2 HD mice.

In the original grant protocol we proposed measuring cerebral glucose utilization throughout the

brains of HD transgenic R6/2 mice, both prior and after symptom onset (at around 8 weeks), to

determine if energetic defects play a causative role in disease pathogenesis. Subsequent to award of

this grant, we found that R6/2 mutant mice develop a diabetic profile from approximately 7 weeks of

age (Ferrante et al., 2000). Mice show elevated basal blood plasma glucose levels (>> 300mg/dL,

relative to 150 mg/dL in physiologically normal mice), and reduced glucose tolerance. Elevated

baseline plasma levels, outside of a range considered physiologically "normal" (5-16mM / 91-

290mg/dL in rodents), confounds use of the [14C]-2-deoxyglucose technique (Sokoloff et al., 1977).

This in vivo imaging procedure utilizes an 'operational equation' to extrapolate rates of glucose

utilization in a given brain region from measured parameters, which include levels of circulating

arterial plasma glucose, rate of uptake of injected tracer ['4C]-2-deoxyglucose from the circulating

blood, and detected levels of [I4C] in the brain region of interest at the end of the experiment. The

equation also relies on assumed kinetic rate constants for blood-brain transfer of glucose and 2-

deoxyglucose, which are based on levels measured in rodents under physiologically "normal"

conditions. Outside of these conditions, the kinetic constants used in the operational equation no

longer apply and any extrapolated results become unreliable (Sokoloff et al., 1977). Consequently,

we have been unable to perform glucose use studies in R6/2 mice due to their basal and stress-

induced hyperglycemia. We explored measuring glucose use levels in mice before they develop the
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diabetic profile (4-6 weeks of age), but studies in mice this young are confounded by their small size,

which makes surgical preparation of the animals extremely difficult and increases stress in the mice.

In lieu of studies in R6/2 mice, we employed another mutant mouse model of HD expressing

an N-terminal fragment of human mutant huntingtin, N171-82Q mice with an 82-polyglutamine

expansion (Schilling et al., 1999). N171-82Q mice develop a relatively rapid disease phenotype

characterized by onset of motor abnormalities, nuclear huntingtin aggregate (NII) deposition, and

striatal-specific neuronal loss by 3-4 months of age. Mice generally live 4-5 months, and develop a

diabetic profile by 3.5-4 months of age. We carried out studies to identify whether metabolic

abnormalities are present in mutant N171-82Q mice at 2 months of age, prior to huntingtin aggregate

formation, striatal cell loss, behavioral and diabetic phenotype in this model. This time point was

chosen to determine if energetic changes play an early role in the disease. Results were compared

with levels in wildtype (Wt) littermates, and in control mice expressing the human transgene with a

non-mutant length polyglutamine expansion, N171-18Q. Results are discussed below.

[P4C]-2-Deoxyglucose Measures of Cerebral Glucose Use in N171-82Q HD Mice.

Animals: We measured cerebral glucose use rates in conscious N171-82Q mutant mice, N171-18Q

transgenic control mice, and non-transgenic wild-type littermate mice at 2 months of age.

Physiological Variables: Mice require 1.5-2h for anesthetic clearance from the brain after surgery.

Wild type control and N171-18Q mouse basal arterial glucose levels were normal by 2h after surgery

(-150 mg/dL). In contrast, N171-82Q mice required 4-5 hours recovery after anesthesia for their

basal glucose levels to return from elevated to approaching normal levels. This is likely due to an

inability to buffer anesthesia stress-induced glucose upregulation, although mice are not overtly

diabetic at this time point. At the time of the experiment, glucose values in N171-82Q mice were

elevated relative to control levels (183 ± 22 vs 155 ± 8 mg/dL), but were within the physiologic

"normal" constraints of the procedure. Arterial plasma levels did not alter over the time course of the

procedure, indicating that mice were not stressed by the technique. Arterial P0 2, pCO2 and pH

values measured at the end of the 45min 2-DG procedure did not differ between groups and were well

within "normal" physiologic ranges for mice. Data are presented in Table 10.
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Wildtype N171-18Q N171-82Q

Pre-Glucose (mg/dL) 155.0 _ 8.0 168.7 ± 14.4 182.8 _ 21.9

Glucose + 45 min. (mg/dL) 150.5 ± 5.5 201.3 ± 19.7 174.4 _ 10.7

paO2 (mm Hg) 110.0 ± 9.0 38.7 ± 7.8 121.4 ± 8.6

pACO 2 (mm Hg) 40.5 - 1.7 37.5 - 3.4 38.8 ± 2.4
pH 7.32 ± 0.03 7.31 - 0.01 7.36 ± 0.01*

Number of animals 4 7a 5

TABLE 10: Data presented as mean ± SEM for: arterial plasma glucose concentrations measured immediately before
[14C]-2-deoxyglucose isotope injection (Pre-Glucose) and at the end of the 2-DG procedure (Glucose + 45 min); and
arterial blood gas levels at the end of the procedure. * p<0.05, significant difference relative to N171-18Q mice
(ANOVA, followed by Fisher's PLSD post-hoc unpaired t-test). a: paCO 2 data only available for 6 N171-18Q mice.
Arterial plasma glucose levels did not alter significantly over the 45 min duration of the experiment in any group (p> 0.05,
Student's paired t-test).

Cerebral Glucose Use (lCMRgJ): Local cerebral rates of glucose use in N171-82Q mutant mice were

significantly elevated in 20 of the 32 forebrain regions examined, relative to levels in wildtype and

N171-18Q transgenic control mice,. Rates were unaltered in all five cerebellar regions investigated.

Results are presented in Tables 11-13. Figure 3 demonstrates the nature of glucose use changes in 10

representative regions. Glucose use changes were not restricted to regions vulnerable to cell loss in HD (ie.

striatum), but occurred in multiple forebrain regions including striatum, all eleven cortex regions examined,

auditory, visual and extrapyramidal regions.

Table 11: CORTICAL REGIONS

Region Wildtype N171-18Q N171-82Q

Pre-Frontal: Layers I-I1 55.7 8.8 57.1 ± 4.0 72.0 ± 1.5 * t
Pre-Frontal: Layer IV 59.3 ± 10.0 62.4 ± 5.1 78.5 ± 1.1 *

Pre-Frontal: Layers V-VI 49.7 ± 5.0 51.7 ± 3.9 64.7 ± 2.4 *

Frontal: Layers I-III 59.9 _ 7.7 55.1 ± 3.7 68.8 ± 3.9 *

Frontal: Layer IV 59.5 ± 6.3 61.2 ± 3.9 85.2 ± 2.6 ** t

Frontal: Layers V-VI 50.9 ± 4.4 49.5 ± 3.4 65.3 ± 3.0 **

Parietal: Layers I-III 56.5 _ 7.6 47.9 ± 3.9 69.0 ± 3.8 **

Parietal: Layer IV 59.4 _ 9.7 55.1 ± 4.5 80.0 ± 2.5 **t

Parietal: Layers V-VI 52.5 ± 7.1 50.5 ± 3.7 68.8 ± 2.3 ** t
Anterior cingulate 65.6 10.9 61.2 ± 5.5 85.2 ± 4.2 **

Posterior cingulate 74.0 + 5.6 74.9 ± 7.5 96.5 ± 4.4 *
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Table 12: LIMBIC AND EXTRAPYRAMIDAL REGIONS

Region Wildtype N171-18Q N171-82Q

Striatum:

Dorsomedial 61.3 ± 7.2 63.9 ± 5.3 72.9 ± 4.0

Dorsolateral 68.8 ± 7.3 73.1 ± 4.0 80.4 ± 2.4

Ventromedial 64.3 ± 5.4 60.4 ± 4.6 77.5 ± 3.3 *

Globus Pallidus 37.2 ± 3.5 39.7 ± 4.0 49.1 ± 2.0

Hippocampus:

CAI 31.9 ± 5.6 32.4 ± 2.7 42.1 ± 3.5 *

CA3 40.4 ± 6.2 40.9 ± 4.2 50.7 ± 2.6

Dentate gyrus 50.8 ± 7.4 47.1 ± 3.3 61.8 ± 3.1 *

Lateral habenular nucleus 48.7 ± 9.4 67.4 ± 9.5 67.3 ± 7.0

Subthalamic nucleus 63.6 ± 11.1 60.0 ± 5.5 69.3 ± 2.0

Mammilary body 94.0 ± 22.8 88.0 ± 4.0 101,1 ± 6.2

Substantia nigra:

pars compacta 59.0 ± 6.6 52.3 ± 1.9 64.7 ± 3.6 **

pars reticulata 37.4 ± 7.3 34.1 ± 2.7 42.9 ± 2.5

Cerebellar nucleus 87.0 ±_4.5 91.1 ± 3.6 117.4 ± 9.0 **t

Cerebellar hemisphere

granular layer 29.9 ± 3.1 34.5 ± 2.1 37.0 ± 2.1

molecular layer 41.5 ± 4.6 47.5 ± 2.2 52.8 ± 2.4 t

Inferior olive 75.3 ± 12.8 65.2 ± 1.6 73.2 ± 2.9

Cerebellar white matter 24.8 ± 4.3 22.8 ± 1.5 26.8 ± 2.6

Table 13: AUDITORY AND VISUAL REGIONS

Region Wildtype N171-18Q N171-82Q

Visual Regions -
Visual Cortex: Layer IV 57.1 ± 3.5 62.2 ± 2.1 66.3 ± 5.5

Lateral geniculate body 57.0 ± 7.5 53.7 ± 2.7 62.1 ± 2.4

Superior colliculus:

Superficial layer 54.2 ± 7.9 54.7 ± 4.5 57.3 ± 2.4

Deep layer 54.9 ± 6.9 53.1 ± 3.2 61.4 ± 2.1

Auditory Regions -
Auditory Cortex: Layer IV 102.5 ± 4.1 84.5 ± 5.3 105.5 ± 9.1 *

Inferior colliculus 145.3 ± 13.6 125.1 ± 3.0 144.6 ± 18.4

Superior olive 90.0 ± 6.6 85.6 ± 4.0 103.3 ± 8.0 *

Medial geniculate body 81.3 ± 6.5 75.4 ± 3.1 89.4 ± 3.2 *

Cochlear nucleus 87.8 11.1 83.6 ± 3.6 109.1 ± 7.7 **

Local cerebral metabolic rates for glucose (nmol/100g/min) in heterozygous N171-82Q mutant mice (n=5), compared
with rates in wild-type littermate controls (n=4), and in heterozygous N171-18Q transgenic controls (n = 7). *p < 0.05,
relative to levels in wt mice; t p < 0.05 relative to levels in 18Q mice (ANOVA & Fischer's PLSD).
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Figure 3: Local cerebral metabolic rates for glucose (nmol/1OOg/min, mean + SEM) in heterozygous N171-
82Q mutant mice, compared with rates in wildtype littermate controls (Wt), and in heterozygous N171-18Q
transgenic controls. *p < 0.05, relative to levels in Wt mice; t p < 0.05 relative to levels in N171-18Q mice
(ANOVA & Fischer's PLSD). N = 4-7 per group.

We hypothesize that up-regulation of glucose uptake by neurons may occur early in the

lifespan of HD mouse models, to compensate for impairments in other constituents of metabolic

pathways. The increased glucose uptake observed in HdhQ92 mice (discussed previously) may be

sufficient to prevent cell degeneration in these animals (at least during their 2-year lifespan), but may

not be sufficient to prevent neuronal dysfunction in N171-82Q mice. Increases in glucose use appear

in multiple forebrain regions in these models. This does not explain the regional selectivity of cell

death seen in HD. One potential explanation is that striatal neurons exhibit an increased vulnerability

27



17-98-1-8620 PI: BROWNE, SE
Final Report

to metabolic impairments relative to other neuronal populations. This suggestion is supported by

observations that striatal cells are particularly vulnerable to mitochondrial toxins (eg. 3-NP, azide),

metabolic insults (eg. ischemia), and excitotoxins (eg. quinolinic acid), in addition to the substantial

glutamatergic input to the striatum from the cortex.

Objective #7: Measurement of electron transport chain enzyme activities in R6/2 HD mice,
before and after symptom onset and pathological changes.

There are multiple reports of metabolic enzyme dysfunction in HD post-mortem brain, notably

reduced complex II-III, IV, and aconitase activities localized to caudate and putamen (Browne et al.,

1997; Gu et al., 1996). We used spectrophotometric assays to measure mitochondrial metabolic

enzyme activities in brains from R6/2 HD mice.

Animals: Whole forebrain and cerebellum homogenates were prepared from frozen brain tissue

taken from R6/2 mice at 3.5, 8 and 12 weeks of age. Enzyme activities measured were

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; glycolytic enzyme); aconitase and citrate

synthase (Kreb's cycle enzymes); complexes I, II-11 and IV of the mitochondrial electron transport

chain. Complex enzyme activities (per mg protein) were corrected by the citrate synthase activity

(per mg protein; a mitochondrial matrix enzyme) as a correction for differential mitochondrial

number between preparations (data not shown). No alterations in activities of any of the enzymes

measured were detected in whole brain homogenates from 3.5 and 8 week-old mice. Increased

complex I and II-111 activities were detected in R6/2 forebrain at 12 weeks of age. GAPDH activity

was significantly elevated in the cerebellum of 12 week-old R6/2 mice relative to wild type littermate

control levels. Aconitase activity was unaltered in all regions at all time-points.

Discussion: We found no enzymatic abnormalities in mice at 3 or 8 weeks of age, suggesting that any

alterations in these metabolic enzymes occur only after symptom onset. Our findings differ from one

previous report which shows reduced complex II-III activity and markedly decreased aconitase

activity in forebrain from 12 week-old R6/2 mice (Tabrizi et al., 2000). However, another report

found no difference in oxidative phoshorylation enzyme activities in R6/2 striatum and cerebral

cortex (Guidetti et al., 2001). Reasons for these discrepancies are not obvious, however the bulk of

evidence seems to suggest that mitochondrial enzyme activities are not significantly impaired up to

12 weeks of age in R6/2 mouse forebrain. Our results also suggest that reductions in complex II-111

and IV, and aconitase activities in affected brain regions (caudate and putamen) of symptomatic, end-
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stage (grade 3 and 4) HD patients are not replicated in the R6/2 model (Browne et al., 1997; Gu et al.,

1997; Tabrizi et al., 1999). This latter observation may indicate that the pathophysiology of the

R6/2 model differs from HD pathogenesis in humans. Alternatively, the rapid time-course of the

disorder in mouse models may preclude the development of metabolic enzyme alterations. In light of

the lack of enzymatic changes in cortex and striatum of R6/2 mice we chose not to pursue further

studies in this model. We did, however, measure oxidative phopshorylation enzyme activities in three

different brain regions of N171-82Q HD mice (data not shown). Results in three month-old

symptomatic N171-82Q mice showed no significant alterations in complex II-Ill, complex IV, or

citrate synthase activities in striatum, cerebral cortex, or cerebellum, relative to levels in N171-18Q

controls and wildtype littermates (n=20-30 per group) (Browne et al., unpublished observations).

This finding further supports the suggestion that alterations in oxidative phosphorylation enzyme

activities that are implicated in HD in humans, do not play a causative role in the disease phenotype

in mutant mouse models of HD.

Objective #8. NMR assessment of cerebral lactate levels in Hdh and R6/2 mice.

Increased lactate production is a marker for metabolic dysfunction, putatively indicating

elevated glycolytic activity, or pyruvate shunt to form lactate rather than entering mitochondrial

metabolic pathways. Lactate levels in brain can be measured non-invasively in vivo by NMR

spectroscopy.

Animals: We carried out NMR spectroscopic measurements of lactate and metabolite levels in the

basal ganglia of anesthetized R6/2 and wildtype littermate mice at 12 weeks of age (n = 5 per group).

Lactate Levels: Lactate levels were calculated as the ratio of lactate to creatine, which we have

previously shown to be unaltered in the basal ganglia of R6/2 mice (Ferrante et al., 2000). Results

show increased lactate levels in the basal ganglia of R6/2 mice compared with levels in wildtype

littermates (Figure 4). The average lactate level in R6/2 mice was 0.14 ± 0.06 (ratio, mean ± SEM),

and was unobservable (and hence not quantifiable) in the wildtype mice (evident from Figure 4,

which shows the averaged spectra for 5 R6/2 mice and 5 wildtype mice).

Discussion: Results suggest that lactate production in basal ganglia is elevated in symptomatic R6/2

mice, compared with age-matched wildtypes in which basal lactate levels were generally undetectable

from background levels. Studies should be expanded to multiple time-points to determine whether
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abnormalities in lactate production occur before symptomatic and pathologic changes in this mouse

model of HD.

Wt Mouse

R6/2 Mouse

Cho 
Lactate

Cr
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Figure 4: Averaged NMR spectra from basal ganglia of 12 week old R6/2 and wildtype (WT) mice
(n=5). Abbreviations: Cho, choline; Cre, creatine; Gix, glutamine; NAA, N-acetylaspartate; Tau, taurine.

Objective #9. Assessment of oxidative damage markers in Hdh and R6/2 mice.

In the original specific aims of this project we aimed to use HPLC to measure four different

markers of oxidative damage in brain of R6/2 and Hdh mouse models of HD. These were protein

carbonyls, nDNA OH'dG; hydroxyl radical production and nitrotyrosine levels. We encountered

problems with measurement of two of these markers, nitrotyrosine and protein carbonyls. Despite a

great deal of effort to re-instate reliable HPLC detection of nitrotyrosine using Coullarray electro-

chemical detection (ESA, Chelmsford MA) following our laboratory's move, we have been unable to

reproducibly detect basal nitrotyrosine in mouse brain at levels above background noise. This project

consumed several months of work, but unfortunately yielded no results. Similarly, the laborious and
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time-consuming protein carbonyl HPLC assay has not generated reproducible data in HD mouse

brain.

We have, however, successfully measured levels of the DNA damage product 8-hydroxy-

deoxyguanosine (OH'dG) in nuclear brain extracts of R6/2 mice. We have also developed

technology to measure OH8dG levels in body fluids, including plasma and urine. We have

successfully measured levels of hydroxyl radical production in the N171-82Q HD mice (which

resemble the R6/2 model). We have also extended studies to examine levels of the lipid oxidative

damage markers, malondialdehyde, acrolein, 8-iso-prostaglandin F2 and 4-hydroxynonenal by

immuno-histochemical techniques (in lieu of the lack of carbonyl and nitrotyrosine data). Results are

presented below.

a) Oxidative Damage Studies: OH'dG in R6/2 Mouse Urine, Plasma, DNA and Brain Tissue

We examined free OH 8dG levels in urine, plasma and striatal microdialysates and DNA OH'dG

levels in cortex and striatum of the R6/2 mice.

Animals: Thirty R6/2 and 29 littermate wildtype mice at 12 weeks of age were used in experiments.

OH'dG: We found that urine and plasma concentrations of OH'dG were significantly increased in

the R6/2 mice at 12 weeks of age (Table 14). Furthermore we used in vivo microdialysis to

demonstrate that there were significant increases in extracellular OH'dG levels in the striatum of the

R6/2 mice as compared to age-matched littermate controls (Table 14). We also found that OH'dG is

increased in genomic DNA isolated from the striatum of R6/2 mice (Figure 5). We utilized OH'dG

immunocytochemistry to show an age-dependent increase in staining, consistent with the biochemical

measurements (data not shown).

Discussion: These findings provide direct in vivo evidence for increased oxidative stress in the brains

of the R6/2 mice. Results are consistent with studies showing progressive increases in staining of

other oxidative damage markers for lipid peroxidation, and increased 3-nitrotyrosine staining in the

R6/2 mice (Perez-Severiano et al., 2000; Tabrizi et al., 2000). Studies are currently being extended to

Hdh mice.

Table 14: OHFdG levels in urine, plasma and microdialysates of R6/2 and control mice.

R6/2 (n) Controls (n)
Urine ng/mg creatinine 18.4 ± 4.99 (10)a 6.2 ± 0.7 (10)
Plasma pg/ml 24.8 ± 9.49 (30)b 51.6 ± 13.6 (29)
Microdialysates pg/ml 2.8 ± 0.26 (10)c 2.0 ± 0.2 (9)

Data are mean ± SEM. a p=0.02; b p=0.006; c p= 0.018 vs. controls. (Group sizes in parentheses).
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Figure 5: OH'dG levels in cortex and striatal DNA from R6/2 (HD) and littermate wild-type control
mice. Data are mean ± SEM OH'dG/dG ratios. * p< 0.05 (Student's unpaired t-test).

b) Oxidative Damage Studies: Hydroxyl Radical Generation in N171-82Q Mouse Striatum

In another approach to investigate whether oxidative damage to cellular elements is increased

as a result of the HD mutation, we used microdialysis with HPLC to compare the rates of hydroxyl

(OH-) radical formation in striatum from N171-82Q and wild-type mice, both at baseline and

following cell stress by exposure to a neurotoxin (3-nitropropionic acid, 3-NP). This technique

measures the conversion of 4-hydroxybenzoic acid (4-HBA) to 3,4-dihydroxybenzoic acid (3,4-

DHBA) by reaction with endogenous 0H, as a measure of "hydroxyl radical-like" production.

Animals: Experiments were performed in symptomatic N171-82Q mice (n=4), N171-18Q "non-HD"

mice (n=6) and wild-type littermate control mice (n=6) at 3 months of age (symptomatic). 4-HBA

(400 mg/kg i.p. in saline) was administered to mice, and microdialysate samples were collected from

the striatum at 20 minute intervals for the subsequent 3 hours. Mice then received 3-NP (100 mg/kg

i.p.), and microdialysates were collected every 20 minutes for a further 3 hours. Levels of 3,4-DHBA

in the dialysate, formed by the reaction of hydroxyl radicals with 4-HBA, were measured by HPLC

detection.

OH Generation: Results are presented as the ratio of 3,4-DHBA to 4-HBA accumulated over the 3

hour periods before and after 3-NP administration (Figure 7). Basal levels of hydroxyl radical

generation (3,4-DHBA/4-HBA ratio) are higher in N171-82Q mice than in either N171-18Q
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Figure 6: Free Radical Production in N171 HD Mice.
Data are mean _+ SD 3,4-DHBA/4-HBA ratios, representative of OH- radical levels, in 12 week-old mice
(baseline), and following stress induced by 3-NP administration (100mg/kg i,p,). Subjects were N171-82Q mutant
HD mice (N82+), N171-18Q transgenic controls (N18+), and wildtype littermates (Non-Tg).

transgenic controls, or in wildtype littermate mice. Both control groups showed elevated OH

production in response to 3-NP, whereas N171-82Q mice did not. The reason for this observation is

unclear.

Discussion: Results suggest that HD mice exhibit elevated free radical production in the striatum, a

brain region vulnerable to cell loss in HD, around the time of symptom onset (3 months of age in

N171-82Q mice). This observation adds support to the hypothesis that free radical damage is

involved in disease etiology in this mouse model, but further studies of the temporal pattern of radical

generation are needed to verify results and to determine if this is a causative event in pathogenesis.

We also require studies in other brain regions to determine if this effect is restricted to vulnerable

regions in HD (ie. striatum), or is a widespread, non-specific phenomenon. Studies are being

extended to Hdh mice.

c) Oxidative Damage Studies: Immunohistochemical Studies in R6/2 Brain

We have initiated immunohistochemical studies in R6/2 mice to qualitatively assess expression levels

of other markers of oxidative damage to lipid, namely malondialdehyde, acrolein, 8-iso-prostaglandin

F2 and 4-hydroxynonenal. Preliminary findings in 12 week-old R6/2 striatum did not reveal any

alterations in levels of malondialdehyde amd acrolein, compared with staining levels in wildtype
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littermates (data not shown). However, 8-iso-prostaglandin F2 and 4-hydroxynonenal staining were

both found to be increased in R6/2 mice, relative to wild-type levels, in 12 week-old mice (Figure 7).

AN

4 1

Figure 7 8-iso-prostaglandin F2 (A, B) and 4-hydroxynonenal (C, D) immunoreactivity in the
striatum of wild type (A, C) and R6/2 mice (B, D) showing increased staining in neurons, neuropil
and vascular profiles in R6/2 mice. Scale bar = 50 m (A, B), 100 m (C, D).

Objective #10. Assessment of oxidative damage markers in G93A ALS Mice.

In the original specific aims of this project we aimed to use HPLC to measure four different markers

of oxidative damage in G93A mouse CNS: protein carbonyls, nDNA OH 8dG, hydroxyl radical

production and nitrotyrosine levels. As discussed in "Objective # 9', we have encountered problems

measuring nitrotyrosine levels reproducibly using HPLC techniques. However, elevated nitrotyrosine

staining has previously been demonstrated in G93A brain (Ferrante et al., 1997). Therefore, in Year 3

of this project we concentrated on measurements of oxidative damage to protein (protein carbonyl

levels) and lipid (malondialdehyde levels).

34



17-98-1-8620 PI: BROWNE, SE
Final Report

a) Protein Carbonyl Measures in G93A Mice

Animals: Experiments were carried out in G93A mice and wildtype littermate controls at 90 days of

age (immediately prior to symptom onset), 110 days (at symptom onset), and at 130 days

(symptomatic, end-stage. (n = 6-8 per group). Measurements were made in tissue from four CNS

areas: cerebral cortex, brainstem, cerebellum and spinal cord.

Results: Protein carbonyl levels are presented in Table 15. No differences between G93A and

wildtype mice were detected in 90 day-old mice, in any of the regions examined. By 110 days,

carbonyl levels were significantly elevated in the spinal cord (+47%) and cerebral cortex (+14%). By

130 days of age, carbonyl levels were further increased in these regions (+80% in spinal cord; +59%

in cerebral cortex), but remained unaltered in brainstem and cerebellum.

Table 15: Protein Carbonyl Levels in G93A FALS Mice

90 Days 110 Days 130 Days

Spinal Cord
Control 1.05 ± 0.34 0.99 ± 0.06 0.87 ± 0.17
G93A 1.11 ± 0.34 1.46 ± 0.15 * 1.57 ± 0.17 *

Cerebral Cortex
Control 0.75 ± 0.08 0.71 ± 0.06 0.81 ± 0.05
G93A 0.86 ± 0.13 0.88 ± 0.05 * 1.29 ± 0.12 *

Brainstem
Control 1.15 ± 0.12 1.14 ± 0.10 1.21 ± 0.11
G93A 1.13 ± 0.30 1.23 ± 0.09 1.19 ± 0.27

Cerebellum
Control 0.52 ± 0.10 0.70 ± 0.11 0.87 ± 0.07
G93A 0.53 ± 0.10 0.69 ± 0.06 0.97 ± 0.17

Data are mean ± SEM, carbonyls (U/mg protein), n = 6-8 per group.
* p <0.01, relative to wildtype control values (Student's unpaired t-test).

Discussion: Marked elevations in protein carbonyl levels in both spinal cord and cerebral cortex,

with sparing in brainstem and cerebellum, suggest that regions vulnerable to degeneration undergo

abnormal levels of oxidative damage to proteins in this ALS model. Trends towards increased

oxidation are present in pre-symptomatic 90 day old G93A mice, but do not reach statistical

significance until the 110 day time-point, around the onset of symptoms. Mice begin to show

pathologic changes at approximately 70 days of age (mitochondrial perturbations, Gurney et al.,

1995). It is also noteworthy that the extent of carbonyl elevation is greatest in the spinal cord, which
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is the principal site of neuronal degeneration in the ALS phenotype. However, motor neuron cell

bodies and motor association areas in the cortex are also affected in the disease, and also show

carbonyl increases in this mouse model of ALS. Results indicate that increased oxidative damage

occurs in vulnerable regions during a period between the first pathologic changes and the onset of

motor symptoms in the G93A model.

b) Malondialdehyde Levels in G93A Mouse Spinal Cord

Mice: Experiments were carried out in G93A mice and wildtype littermate controls at 30 and 50 days

of age (prior to pathologic changes), 70 days (around time of first pathological changes), and 110

days (at symptom onset), 8-19 mice per group. Levels were also measured in transgenic N1029 mice

that overexpress human normal SODI, as controls for the transgene manipulation in the G93A mice,

at 70 and 110 days of age (n = 9-10 per group). Measurements were made in spinal cord, since this

is the major site of degeneration in the ALS model.

Results: Malondialdehyde levels are presented in Table 16. No significant differences between

G93A and wildtype mice, or N1029 control mice, were detected at any time-point investigated.

Discussion: Results show no evidence of oxidative damage to lipid detectable using this technique in

G93A spinal cord.

Table 16: Malondialdehyde Levels in Mouse Spinal Cord

Mouse Line 30 Days 50 Days 70 Days 110 Days

G93A 12.4 ± 1.8 8.67 ±0.67 8.18 ± 1.53 10.88 ± 1.63
n=16 n=9 n=10 n=16

N1029 6.17 ± 2.17 10.42 ± 1.70
n=9 n=10

Wt 10.5 ± 2.4 8.05 ± 1.40 6.44 ± 1.33 9.99 ± 2.41
n=16 n=12 n=8 n=19

Data are mean + SEM, malondialdehyde levels(nM TBA/mg protein), n = 8-19 per group.
p >0.05, relative to both N1029 and wildtype control values (ANOVA).

Objective #11. Measurement of Cerebral Metabolite Levels in HD Mouse Brains

HPLC was used to measure levels of the energy metabolites ATP, ADP, AMP, creatine and

phosphocreatine in brain tissue from R6/2 HD mice, according to methods in the original proposal.

Studies are currently being carried out in R6/2 mice at younger ages, and in Hdh mice.
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Animals: Studies in 12 week old mice were performed using brain tissue from R6/2 (n=6) and

wildtype littermate mice (n=5).

Results: Metabolite levels in cerebral cortex are presented in Table 17. Results demonstrate that at

this time-point, when mice are symptomatic and towards end-stage of their short lifespan, ATP levels

in cortex are markedly reduced. In contrast to the approximate 3-fold decrease in ATP levels in

R6/2s, relative to wildtype mice, levels of all other metabolites measured were significantly

increased.

Table 17: Energy Metabolite Levels in Cerebral Cortex of End-Stage R6/2 mice

Wildtype R6/2 Unpaired t test
n=5 n=6

Creatine 49.40 _ 2.66 68.46 ± 1.56 P<0.0001

Phosphocreatine 15.09 _ 0.57 39.30 ± 2.01 P<0.0001

AMP 2.70 _ 1.14 7.99 ± 0.13 P<0.0001

ADP 3.14 _ 0.44 5.78 ± 0.30 P<0.0003

ATP 15.81 _ 1.43 4.65 ± 0.47 P<0.0001

Data are Mean ± SEM (nmol/mg protein).

Discussion: Results suggest that generation of ATP is hindered in symptomaticl2 week old mice in

this brain region. Elevations in cellular levels of AMP and ADP may reflect an inability to actually

generate ATP in cells, leading to a build up of precursors. Increases in levels of other metabolites,

phosphocreatine and creatine, may implicate that at this late stage in the disorder, cells are using

alternative energy sources. Alternatively, energy demand in this region may be reduced. Further

studies are required to determine the significance of these increase in creatine and phosphocreatine.

However, the finding of reduced ATP levels is consistent with previous observations using NMR

spectroscopy (REF!). We are currently performing studies in another brain region in these mice

(cerebellum), and are extending studies to mice at ages preceding symptom onset (4 and 7 weeks) and

around symptom onset (9 weeks), to determine the temporal profile of events.
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Objective #12. Measurement of the Effects of 3-NP on Local Cerebral Glucose Use in Rats.

3-Nitropropionic acid (3-NP) is an inhibitor of complex II of the electron transport chain in

mitochondria. Systemic administration in multiple species, including humans, non-human primates,

rats and mice, results in selective degeneration of the same populations of basal ganglia neurons that

are targeted in Huntington's disease, (ie. spiny projection neurons, with relative sparing of aspiny and

cholinergic interneurons). Pathologic changes are accompanied by motor abnormalities and

cognitive impairment, again resembling HD. In addition, the enzyme targeted by this agent, complex

II (succinate dehydrogenase) has been found to have markedly reduced activity in the caudate and

putamen of advanced-stage HD patients (Browne wt al., 1997, Gu et al., 1996). Hence, 3-NP is

widely used as a neurotoxin model of HD.

The reason for the selective cell death seen in the brain following 3-NP is unclear, especially

since systemic administration of 3-NP results in similar levels of 3-NP throughout the brain, and

inhibits complex II activity to the same extent throughout the brain (Browne and colleagues,

unpublished observations). Histopathologic investigations suggest that the onset of motor

impairment closely correlates witht eh first pathological changes in the striatum I rodent models of 3-

NP neurotoxicity. In these studies, we investigated whether bioenergetic changes were evident in the

striata of rats treated with 3-NP prior to cell loss and motor impairment in these animals, using [14C]-

2-deoxyglucose in vivo autoradiography. In the first study we chose a time-point of 3 days post-3-

NP treatment commencement, as this time-point preceded histopathologic and motor changes by

approximately 1 day. In the same experiment, we also assessed the effects of creatine pre-treatment

on glucose use. Creatine has previously been shown to ameliorate cell death induced by 3-NP in rats,

possibly by providing an alternative energy supply to cells under energetic stress. The aim of this

study was to determine if creatine treatment altered any energetic changes induced by 3-NP treatment

at this time-point.

Intraperitoneal injection of 3-NP in rats induces a motor phenotype characterized by initial

hindlimb weakness, which rapidly progresses to hindlimb paralysis and death ensues, generally

within 24 to 36 hours after the first observations of paralysis. The time-course of this phenotype is

dose-dependent, but at doses used in this study (7.5 mg/kg b.i.d.), the first signs of motor impairment

occur 4 to 6 days after dosing begins. Rats were fed with diet containing 1% creatine, or normal

control diet, for two weeks before 3-NP administration. 3-NP (7.5 mg/kg i.p. b.i.d.,) or vehicle

(PBS, Iml/kg i.p. b.i.d.) was administered for 3 days. On the morning of the fourth day (3 days post

first injection), rats underwent the 2DG procedure (as described in the original procedure).
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Animals: The experiment initially used 44 male Sprague Dawley rats (250-300g at start of

experiment). Six animals were excluded from the 3-NP treatment stage due to being over the

maximum weight limit (420g) after 2 weeks of creatine treatment. Three rats were excluded on the

basis of weight after the 3-NP treatment. Two rats died during the 3-NP administration period.

Thirty-three rats (340-420g) underwent the 2-DG procedure. Of these, ten were excluded from the

final analysis on the basis of abnormal plasma glucose levels, poor blood gases (indicating non-

physiologically normal animals), or poor perfusion of the radionuclide of the animal.

Physiological Vartiables: Arterial plasma glucose, blood gas levels, rectal temperature, and arterial

blood pressure were recorded 5 minutes before the commencement of the 2-DG procedure ("Pre"

value), and 35 minutes into the procedure ("+35 min" value; 10 minutes prior to rat decapitation at

the end of the procedure). Data are presented in Table 18. Glucose levels and temperature were also

monitored throughout the procedure. Circulating plasma glucose levels, arterial p02 and pCO2

tensions, and blood pressure values did not significantly differ between creatine / control or 3-

NP/vehicle groups at either test time. Arterial pH and body temperature did show small magnitude

reductions in 3-NP treated rats that received creatine, compared with non-creatine fed rats, however

levels in these animals were still well within normal physiological ranges, and should not impact

upon measured glucose use rates. There were no significant alterations in any parameters within

animals over the time course of the experiments (paired t-test, p>0.05), indicating that animals did not

undergo adverse stress during the procedure.

Con/PBS Con/3-NP Cre / Veh Cre / 3-NP

Glucose Pre 156.0 ± 6.8 200.6 ± 23.1 160.3 ± 5.9 195.7 - 27.2
Glucose + 35 min. 154.6 ± 7.6 209.0 ± 17.1 171.2 _ 6.9 188.6 _ 28.7

Pa0 2 Pre 82.7 ± 1.0 87.0 ± 2.0 88.3 ± 4.5 87.5 ± 3.3

pa0 2 + 35 min. 84.3 ± 1.9 94.6 ± 2.5 t 87.2 ± 3.5 92.8 - 1.8

PaCO 2  Pre 39.4(1.1 39.8 (0.8 39.6(1.0 38.1 (1.1

PaCO 2  + 35 min. 37.3 (0.6 35.7 (1.6 39.7 (1.2 35.3 (1.2

pH Pre 7.5 (0.0 7.4 (0.0 7.5 (0.0 7.4 ( 0.0 **

pH + 35 min. 7.5(0.0 7.4(0.0 7.5(0.0 7.4 ( 0.0*

TABLE 18: Physiological variables in 3-NP-treated rats. Data presented as mean ( SEM for: arterial
plasma glucose concentrations measured immediately before [14C]-2-deoxyglucose isotope injection (Pre-Glucose) and at
the end of the 2-DG procedure (Glucose + 45 min); and arterial blood gas levels at the end of the procedure. *p<0.05,
significant difference relative to N171-18Q mice (ANOVA, followed by Fisher's PLSD post-hoc unpaired t-test). a:
pCO2 data only available for 6 N171-18Q mice. Arterial plasma glucose levels did not alter significantly over the 45 min
duration of the experiment in any group (p> 0.05, Student's paired t-test).
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Glucose Use: Local cerebral glucose use values were measured in twenty brain regions, chosen to

include multiple regions throughout the striatum (where 3-NP eventually induces cell loss), regions

anatomically connecte with or structurally close to the striatum, and internal control regions

(cerebellum grey, and white matter). We found no statistically significant alterations I glucose use

between 3-NP-injected and vehicle-injected rats, or between creatine and control-treated rats (with or

without 3-NP administration) (Table 19). Values in Control diet fed / Vehicle rats were generally

higher than in other groups, but differences did not reach statistical significance.

REGION Con/PBS Con/3-NP Cre / PBS Cre / 3-NP

Frontal Cortex I-III 102 ± 7 85 ± 10 87 _ 5 89 ± 11
Frontal Cortex IV 117 ± 7 102 ± 11 103 5 108 12
Frontal Cortex V-VI 87 ± 6 76 ± 8 77 3 79 9
Rostral Striatum: Dorsolateral 98 ± 8 88 ± 11 83 ± 4 88 ± 10

Ventromedial 88 ± 6 77 ± 10 78 3 78 ± 11
Dorsomedial 84 ± 8 75 ± 11 74 3 76 ± 10

Striatum: Dorsolateral 93 ± 5 84 ± 10 83 ± 5 82 ± 11
Dorsolateral Rim 99 ± 5 90 ± 12 86 5 86 ± 9
Ventromedial 91 ± 7 77 ± 10 75 ± 3 74 ± 9
Dorsomedial 94 ± 8 80 ± 11 83 6 78 ± 9

Caudal Striatum 91 ± 5 80 ± 11 74 ± 3 80 ± 9
Globus Pallidus 55 ± 4 49 ± 8 45 ± 2 49 ± 7
Hippocampus: CAl 61 ± 4 48 ± 8 48 ± 3 49 ± 6

CA3 77 ± 4 65 ± 9 61 ± 4 63 ± 7
Dentate Gyrus: Molecular Layer 84 ± 8 86 ± 10 75 ± 3 81 ± 10
Nucleus Accumbens 87 ± 7 76 ± 11 71 ± 4 75 ± 8
Substantia Nigra: pars reticulata 51 ± 7 57 ± 10 44 ± 2 49 ± 7

pars compacta 81 ± 8 88 ± 8 69 ± 3 80 ± 14
Cerebellum: Grey matter 60 ± 4 57 ± 7 52 ± 3 50 ± 6

White matter 29 ± 4 32 ± 4 27 ± 2 26 ± 4
Number of Animals 6 5 6 6

Table 19: Local Cerebral Glucose Utilization (lCMRg5 1 ) in rats following 3-NP administration, in animals
fed with 1% creatine or control diet. lCMRg.c (nmol/100g/min) in homozygous (90/90) and heterozygous (90/7) Hdhe92

knock-in mice; and wild-type (7/7; HdhQ7) CHANGE! littermate controls. Data presented as mean ± SEM, (n=4-6 per group).
* P < 0.05, ** P < 0.01 relative to levels in 7/7 mice; t P < 0.05 relative to 90/7 mice (ANOVA, followed by Fisher's PLSD).

Discussion: Results suggest that no abnormal alterations in glucose utilization occur in the striatum

at this time-point post-3-NP injection, prior to cell degeneration in this region. Observations appear

to be consistent with an "all or nothing" effect of 3-NP, suggesting that perhaps cell dysfunction

occurs extremely rapidly after critical levels of complex II inhibition are reached following 3-NP
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treatment. However, this is not proven by our data, since using this experimental approach it is not

possible to determine exactly when motor impairment and cell degeneration would have occurred in

these animals. A major problem with 3-NP toxicity studies is that there is a large inter-animal

variability in time of symptom onset after dosing. Rat strains also vary in vulnerability. Hence, it is

difficult to predict when an animal is close to developing striatal defects. However, our data do

suggest that if energetic changes occur in this model, they do not occur until later than 3 days in the

course of lesion generation (using this dose and rat strain). The original proposal aimed to measure

glucose levels at multiple time-points prior to lesion formation, however we will not measure levels at

times preceding 3-days, on the basis of the current data. We have conducted pilot studies to try to

identify a useful time-point to detect presymptomatic glucose use changes (if any exist). Studies in

rats showing the first signs of motor impairment show marked reductions in glucose use in striatal

regions where cell loss is already evident (data not shown). However, we have not been able to detect

any significant alterations in striatal cell loss prior to striatal cell degeneration, to date.
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6. INTRODUCTION - 2: Consortium Project

"Mitochondrial free radical generation in Parkinson's disease"

In 2002 this proposal was extended by the addition of a second project, entitled "Mitochondrial

Free Radical Generation In Parkinson's Disease", which is a constituent (Project III) of a Research

Consortium made up of four investigators. This project continues the theme of determining the

interactions between energy metabolism and oxidative stress in the etiology of neurodegenerative

disorders. The aims were to ascertain in vivo: 1) Whether inhibition of a component of the

mitochondrial respiratory chain (complex I), implicated in the pathogenesis of Parkinson's disease

(PD), induces pathogenesis via free radical generation; and, 2) Whether mitochondria are the initial

source of these free radicals. Findings may give insight into potential drug targets for PD. These

questions are more readily addressed by in vitro approaches (covered in other projects within the

Consortium), given the extreme technical difficulties of discretely measuring purely mitochondrial

events in vivo. Therefore we are taking an indirect approach, by measuring the time-course and

nature of oxidative events caused by toxic insults directed against discrete mitochondrial

components. Results for the second year of this consortium project are presented here. NB: In the

course of this second year the post-doctoral fellow conducting the bulk of these studies left the

department. Since it took some time to recruit a replacement, a no-cost extension was requested, and

granted.

A: Overview of Consortium Projects

The overall goals of this grant are to gain insight into the roles of mitochondrial energy metabolism

and oxidative stress in the etiology of neuronal damage and death in neurodegenerative disorders.

This study is Project III of a Consortium consisting of four projects (Project I, G. Fiskum PI, Grant

# 17-99-1-9483; Project II, T. Sick PI; and Project IV, I. Reynolds PI, Grant # 17-98-1-8628).

Projects comprising this consortium used different in vitro, ex vivo, and in vivo approaches to

elucidate the specific roles of mitochondria and reactive oxygen species (ROS) in the pathogenesis

of Parkinson's disease (PD). Project III specifically addresses the contribution of mitochondrial

complex I to ROS generation in vivo, by measuring oxidative damage markers in rat brain after

inhibiting activity of specific complex I subunits.
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B. Background

Parkinson's Disease, Complex I, and ROS: Oxidative damage and mitochondrial dysfunction,

specifically reduced activity of NADH:ubiquinone oxidoreductase (complex I) of the electron

transport chain, are well characterized components of Parkinson's disease (PD) etiology. In vivo

studies show that complex I inhibition in the brain, by MPTP/MPP÷ or rotenone for example, can

result in region-specific neuropathologic changes resembling PD. In vitro studies implicate

mitochondria as a major source of ROS mediating oxidative damage and pinpoint a number of the

>45 complex I subunits identified to date as candidate sites for ROS production.

An important step towards understanding the mechanism of region-specific cell damage in PD

is to determine in vivo whether there is a direct link between abnormal mitochondrial function and

the generation of ROS in the disease. We are approaching this question by manipulating the

activities of different mitochondrial complex I subunits, using intracerebral delivery of subunit-

specific complex I inhibitors in rats. Markers of ROS generation will then be examnied in post-

mortem brain tissue, and in vivo by microdialysis, and correlated with measures of complex I

activity. We will test inhibitors with different specificities for complex I subunits that are encoded

both by mitochondrial (mt) DNA (eg. the ND1 subunit), or by nuclear (n) DNA (eg. the PSST

subunit). We will thus determine if selectively altering certain functional components of complex I

affects either its activity, and/or ROS generation. By limiting the intervention to a mitochondrial

component, and by measuring ROS production shortly after the mitochondrial insult, we will

ascertain if generated ROS derive from mitochondria rather than other cellular origins.

Complex I: Structure, Function and ROS Generation: NADH-ubiquinone oxido-reductase

(complex I) is the first and largest enzyme complex of the mitochondrial respiratory (or "electron

transport") chain. The overall function of complex I is to transfer one pair of electrons from NADH

to flavin mono-nucleotide (FMN), and ultimately to ubiquinone (UQ), whilst simultaneously

pumping hydrogen ions out of the mitochondrial matrix into the inter-membrane space. Complex I

has a molecular mass of approximately 900-1000 kDa and comprises at least 45 subunits (Bourges et

al., 2004), 7 of which are encoded by mtDNA (ND1-ND6, ND4L), and the remainder by nDNA.

Subunits are organised into an L-shape structure consisting of a hydrophobic membrane arm

embedded into the inner mitochondrial membrane (IMM), and a hydrophilic peripheral arm aligned

perpendicular to the IMM and directed into the mitochondrial matrix. The peripheral arm has two

fractions; a flavoprotein (FP) where electron transfer begins, and iron-sulphur (Fe-S) clusters (N)
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several of which act as redox groups that facilitate electron transfer. Binding sites for NADH and

FMN are found on the peripheral arm. The membrane arm is comprised of at least 24 nDNA-

encoded subunits, the 7 mtDNA subunits, and possibly two Fe-S clusters (Okun et al., 1999).

The electron carrier NADH enables entry of electrons into complex I. There are two well

defined binding sites for NADH in eukaryotes, the 511kDa and 39kDa subunits. It is believed the

39kDa subunit is required to maintain stability of the redox group "X" , facilitating electron transfer

(Schulte et al., 2001). Electron input occurs via the FMN prosthetic group and the Fe-S clusters

(Rasmussen et al., 2001). The 'catalytic core' of complex I is comprised of the PSST, TYKY,

NUOD, ND1 and ND5 subunits (Schuler et al., 2001). PSST is a 23-kDa subunit containing one

binding site for Fe-S cluster N2. It plays a vital role in electron transfer by functionally coupling N2

to CoQ (Schuler et al., 1999). The binding of CoQ is the final stage in electron transfer via complex I

and an important function of the membrane arm. The actual quinone binding site has not been

equivocally proven, and different studies suggest it is encoded by the ND1 and ND4 proteins

(Triepels et al., 2001), or a hydrophilic 49-kDa/NUOD subunit located at the interface of the

peripheral and membrane arms (Darrouzet et al., 1998). The TYKY subunit is proposed to bind two

tetranuclear Fe-S clusters (N6a and N6b) that form the novel redox groups found in complex I.

TYKY is part of a special class of 8Fe-ferredoxins and works as an electrical driving unit for the

proton pump (Rasmussen et al., 2001).

7. BODY - 2: Consortium Project RESULTS

"Mitochondrial free radical generation in Parkinson's Disease"

All studies used male Lewis rats, 250-300g at the commencement of studies. For stereotactic drug

injection into the brain, rats are anesthetized with a cocktail of ketamine (100mg/kg) and xylazine

(10mg/kg). Rats are placed in a Kopf stereotactic frame, and body temperature maintained at 37°C

by means of a heating pad.

Aim 1: To characterize the regional and temporal development of complex I inhibition in
specific brain regions at time points after administration of subunit-specific complex I
inhibitors to rats.

The first requirement of this aim was to find an optimal dosing regime for rotenone.

Rotenone induces selective degeneration in dopaminergic nigro-striatal projections following

systemic administration (either intravenous via the jugular veing, sub-cutaneous injection, or

intraperitoneal) (Betarbet et al., 2000; Alam and Schmidt et al., 2002, Sherer et al., 2003,
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Antkiewicz-Michaluk et al., 2003). These effects are associated with widespread decreases in

complex I activity throughout the brain (Hoglinger et al., 2003), but require chronic low dose

administration paradigms for generation of these selective lesions (Antkiewicz-Michaluk et al.,

2003). In this study we want to identify oxidative damage paradigms as soon after the complex I

inhibition is induced as possible, to try to localize these events to the mitochondria, rather than

measuring the downstream repercussions of long-term energetic compromise affecting ROS

production in other cellular compartments. Therefore we opted for a direct intracerebral injection

administration paradigm for the complex I inhibitors.

(i) Dose-response Curve for Rotenone: Complex I Inhibition 1 hour Post-injection

A dose range of 6, 20 and 60 fmol rotenone was selected for the initial experiments, based

on reported effective doses in studies using other routes of administration. Rotenone (6, 20, 60

jimol) or vehicle (DMSO/polyethylene glycol cocktail) was injected bilaterally into the striata

of rats (3yl volume, injected over 10 min, plus 5 min lag time before needle is removed; n=4-

5/group). After one hour animals were sacrificed by Na-pentobarbital overdose. The striata,

cortex and cerebellum were dissected from the brain and rapidly frozen on dry ice.

Mitochondrial extracts were prepared from brain regions by repeated centrifugation and

exposure to a percoll gradient (modification of Lai and Clark, 1979). Complex I activity was

measured in cortex and striatal mitochondria by spectrophotometric assay of the rate of

oxidation of NADH at 340nm (Hatefi, 1978). Values were corrected for protein content,

determined by the method of Bradford (1976), and for variable amounts of mitochondria in the

assay preparations, by measuring activity of the mitochondrial matrix enzyme citrate synthase

(rate of oxidation of DTNB at 412nm; Shepherd and Garland, 1969). Results for striatal tissue

are demonstrated in Figure 8. Doses of 20 and 60 pmol rotenone produced 25% reductions in

complex I activity in the striatum (compared with levels in vehicle-treated rats, p>0.05).

The level of complex I inhibition induced by rotenone was more pronounced in the cortex,

shown in Table 20. It is postulated that this effect (which was greater than that anticipated) may

be due to back-flow of rotenone up the needle tract. Alternatively, it may reflect transport back

to cortex via cortico-striatal nerve terminals, although this seems unlikely given the relatively

short period following rotenone injection (lh).
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Figure 8: Complex I activity in Striatum lh post-rotenone injection.
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Table 20: Complex I Activity in Cortex lh Post-Intrastriatal Injection.

Rotenone Complex I % Inhibition
(/mol) (nmol/min/mg protein/CS)

0 (Vehicle) 0.22 ± 0.11

6 0.16 ± 0.07 27

20 0.18 ± 0.10 18

60 0.09 ± 0.04* 59

Data presented as mean ± SEM. * p< 0.05, ANOVA followed by
Student's unpaired t-test. N=4-5/group.

(ii) Time Course of Rotenone Effects: Complex I inhibition

We were dissatisfied with the magnitude of complex I inhibition in the striatum following

60pmol rotenone injection, and therefore conducted pilot experiments with a higher dose, 120tmol.

This dose produced an approximate 3 fold reduction in complex I activity in mitochondrial

prearations from striatum, in pilot studies assessing effects at 0, 2, 4, 8 and 24h pst-injection.

Therefore we chose to use this dose in subsequent experiments. Experiments were expanded to

larger group sizes, and results are shown in Figure 9. Complex I activity was not markedly altered

up to 4 hours post-injection, but showed a reduction at 8 and 24 hours post-injection.
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Figure 9: Time course of Complex I activity in Striatum After Rotenone Injection.
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Problems encountered:

(a) Lesion reproducibility: Attempted to improve by changing rotenone administration route:

We carried out pilot experiments using an alternative route of rotenone administration, namely

intracerebroventricular (i.c.v.) administration, in an attempt to rapidly generate striatal lesions

without inducing the mechanical damage inherent to stereotactic injections. Preliminary results using

i.c.v. injection of 120pM rotenone were extremely variable in terms of lesion size and complex I

inhibition, and therefore this administration route was not pursued.

(b) Complex I Activity Reproducibility: Attempted to improve the measurement of Complex I

activity changes by inhibitors, using Complex I quantitative histochemistry:

We encountered many problems with the variability of complex I measurements in brain tissue using

the spectrophotometric assay approach. This proved to be extremely time consuming, and tissue

consuming. One particular confound is that the inhibitors used likely do not affect complex I activity

throughout the entire striatum, and therefore any changes in discrete areas of striatum may be

masked in our spectrophotometric assays of complex I activity that use whole striatum. Therefore we

performed further time course studies on the effects of rotenone (1201M, intrastriatal injection) on

complex I activity, this time using a histochemistry approach with quantitative densitometry to
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localize regions of striatum in which complex I was impaired, and to quantify activity changes

within these areas (Jung et al. (2002) and Higgins and Greenamyre (1996).

Rats were sacrificed at 1, 4, and 8 hours after unilateral injection of rotenone into one striatum

(120jM, 3p1, n=6/gp), and vehicle (3pl DMSA/PEG) into the contralateral striatum. Brains were

removed and frozen in isopentane at -43°C, cut into 10m-thick coronal cryostat sections, and

processed for complex I histochemistry with densitometry according to the methods of Jung et al.

(2002) and Higgins and Greenamyre (1996), respectively. This procedure is a colorimetric assay

that measures a change in color of nitro blue tetrazolium (NBT) in response to NADH oxidation by

complex I. The amount of complex I activity is extrapolated from the optical density (OD) of the

colored product in discrete brain regions, over a given time period. The technique requires

comparison of relative enzyme products between sections, and therefore tissue sections must be

processed simultaneously under identical conditions.

The areas where NADH oxidation occurred following injections were easily delineated within

the striatum, as shown in Figure 10.

Lesion caused by rotenone
injection. Note. Darker area
around lesion site compared-
to contralateral vehicle
injected hemisphere

Figure 10: A representative section showing complex I activity histochemistry after injection of 120lCM
rotenone (left hemisphere) or vehicle (right hemisphere) into the striatum. In this "inverse" phase image a
'ring' of increased intensity appears around the rotenone injected hemisphere, compared to the vehicle-
injected hemisphere where a slight increase is evident only in the area of mechanical damage immediately
around the needle tract and injection site.
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Rotenone produced a decrease in complex I activity (increased density in this inverse

exposure) in a larger area of the striatum than vehicle. Relative optical densities in affected regions

are shown in Table 20, presented as the difference in optical densities between vehicle-injected and

rotenone-injected striata. The extent of rotenone's effect on complex I was minimal lh post-

injection, but increased with time, and was highest 8h post-injection (Table 21). We are still in the

process of optimizing incubation conditions to take advantage of this procedure in other

experiments.

Table 21: The extent of NADH oxidation following intrastriatal injections. Mean difference values
reflect the differences in ODs between vehicle and rotenone-injected hemispheres, measured in the
same sections, at each time point (n=4-6/rats gp).

Time Mean p-Value
post- Difference
injection

1 hour 0.009 0.6376

4 hours 0.017 0.1595

8 hours 0.048 0.7727

Aim 2: To characterize the regional and temporal development of cerebral oxidative damage

after complex I inhibition in rats.

The research goals of this objective were to use HPLC and immunohistochemical approaches to

characterize the nature of any oxidative damage arising after intra-striatal inhibitor injections, and to

assess the time course of oxidative damage.

(i) HPLC Measurement of Tissue MDA Levels After Rotenone Administration:

We used HPLC to measure tissue levels of malondialdehyde (MDA, lipid peroxidative damage

marker) in the striatum, cortex and cerebellum of rats that had received bilateral intrastriatal

injections of rotenone (120/M, 3/l), or vehicle (DMSO/PEG, 3pl). Rats were sacrificed at 1, 4, and

8h after rotenone, and 8h after vehicle injection (n=6/gp). Non-injected rats (n=6) were used as

baseline controls. Brains were removed, regions dissected out, tissue frozen in isopentane at -43°C

and stored at -80°C. For HPLC analysis, tissues were homogenized in 40% ETOH. MDA in the
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sample was reacted with thiobarbituric acid (TBA, 42mM), in the presence of butylated

hydroxytoluene (BHT, 0.05% in ETOH) and 0.44M phosphoric acid (H3P0 4), for detection of the

MDA-TBA product by the method of Agarwal and Chase (2002). MDA content was extrapolated

relative to an MDA standard (Sigma, St. Louis, MO). Results for striatum, cortex and cerebellum

are presented in Figure 11. MDA levels were not significantly altered in any of the regions

examined up to 8h after rotenone injection.
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Figure 11: MDA measurements in homogenate preparations from (A) Striatum, (B) cerebral cortex, and (C)
cerebellum of rotenone, vehicle and un-injected rats. Data presented as mean +/- SEM (nmol/mg protein),
p>0.05 (ANOVA, n=6/group).
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(ii) Immunocytochemical assessment of oxidative damage markers in the striatum immediately

after rotenone injection.

Immunohistochemical Studies: Firstly. we completed assessment of the effects of rotenone insult

on levels of the lipid peroxidation markers malondialdehyde and 8-iso-prostaglandin F2, and on the

oxidative stress response marker heme oxygenase. Experiments used immunohistochemical

approaches at 8h and 24h after rotenone administration. Heme oxygenase-1 is a member of the

stress-response protein superfamily that catalyzes the rate-limiting step in heme degradation in brain

and other tissues. We used a marker for inducible hemeoxygenase, HO- 1. The HO-I gene contains a

heat shock element in its promoter region and is rapidly induced upon exposure to heme, metal ions,

sulfhydryl compounds, UV light, and various pro-oxidants. Its metabolic products (carbon monoxide

and bilirubin) have been shown to exert potent antioxidant and anti-inflammatory activities, and thus

the HO pathway is a fundamental defensive mechanism for neurons exposed to an oxidant challenge.

In the brain, astrocytes strongly express HO-1 in response to injury (Gonzales et al., 2002).

Rotenone (120/ymol in 3/1 ) was unilaterally injected into one striatum in rats (as previously

described), and vehicle (DMSO/PEG) into the contralateral hemisphere. Rats were euthanized by

transcardial perfusion with 4% paraformaldehyde under Na-pentobarbital anesthesia, and fixed

brains removed and cut into coronal cryostat sections. Adjacent serial sections through the striatum

were then stained for:

a) Malondialdehyde, using rabbit antiserum against malondialdehyde-modified protein (kindly

provided by Dr. Craig Thomas, Hoechst Marion Roussel) 1:1,000.

b) 8-iso-prostaglandin F2, using rabbit anti-8-iso-prostaglandin F2 (Assay Designs, Inc., Ann

Arbor, MI) 1: 1,000.

c) Heme oxygenase-1, using rabbit anti-heme oxygenase-1 (StressGen, British Columbia, Canada)

1: 3,000.

Results are shown in Figure 12. Increased staining for all three markers were evident in

rotenone-injected striata, compared with vehicle-injected hemispheres in the same animals, both at

8h post-injection, and at 24h. The pattern and approximate numbers of positively stained cells for

each marker did not markedly differ between the two time points, suggesting that the maximal initial

effect on oxidation may be achieved by 8 hours. Differences were apparent in the pattern and scope

of staining with each of the markers. Malondialdehyde-positive cells were most prominent in the

immediate vicinity of the lesion/injection site following rotenone. Cell morphologies suggest that

most cells stained were neurons, but this must be verified by colocalizaion studies. Iso-prostaglandin
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F2 showed an intermediate level of staining, affecting more cells than malondialdehyde, over a

larger area of striatum. Hemne oxygenase-1 positive cells were the most abundant of all the markers

examined. They were also present in the largest striatal volume. In addition, both glial and neuronal

populations appear to stain positively for heme oxygenase- 1.

A

""C

Figure 12
Malondialdehyde (A, B), Isoprostane (C, D) and Herne oxygenase-I
(E, F) iminunostaining of the caudate adjacent to the injection site,
8 hours after vehicle (A, C, E) or rotenone (B, D, F) injection. Immu-
noreactive neurons (arrows) and glia (asterisks) are shown.

We then extended these studies by examining levels of these markers (MDA, F2 isoprostane,

and HO-1 immunostaining), in addition to and the DNA oxidation marker 8-hydroxydeoxyguanosine

(8-OHdG), in rat striatum 1, 2 and 4h after unilateral stereotaxic intra-striatal injections of rotenone

(120pM, 3pl), and vehicle (DMSO/PEG) into the contralateral striatum. Rats were perfused with 4%

paraformaldehyde, their brains removed and post-fixed in paraformaldehyde for 24 hours,

transferred to 70% ETOH, and then paraffin embedded. Coronal (30ym) sections were cut with a

microtome. Sections were immunostained as follows:
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d) Malondialdehyde (MDA): Rabbit anti-malondialdehyde-modified protein (kindly provided by Dr.

Craig Thomas, Hoechst Marion Roussel), diluted 1:1,000.

e) 8-iso-prostaglandin F2 (PgF2): Rabbit anti-Pg F2 (Assay Designs Inc., Ann Arbor, MI), 1: 1,000.

f) Heme oxygenase-1 (HO-1): Rabbit anti-HO-1 (StressGen, British Columbia, Canada), 1: 3,000.

d) 8-OHdG: Mouse anti-8-OHdG (Vector Laboratories (Burlingame, CA, USA), diluted 1:500.

Haematoxylin and eosin (H&E) staining was used to delineate the extent of the lesion in each

animal.

Results are shown in Figure 13. In contrast to the elevations in lipid peroxidation (MDA, PgF2)

and oxidative stress (HO-1) markers by 8h post-rotenone, reported previously, these markers were

unaltered acutely (ih) after rotenone injection. The DNA damage marker 8-OHdG, however, was

markedly upregulated ih after rotenone injection compared to levels in both vehicle-injected and

control (uninjected) rats. The nature of the 8-OHdG effect is examined at higher magnification in

Figure 14. Figure 15 demonstrates that increased DNA damage could also be seen distal to the actual

injecion site, demonstrating a diffuse response to complex I inhibition. These observations suggest

that DNA oxidation is induced extremely rapidly after inhibition of complex I by rotenone, whereas

other stress responses are relatively delayed. Results implicate ROS generation as a rapid and

therefore potentially pathogenic consequence of rotenone administration.

The findings of elevated MDA immunoreactivity at the site of rotenone injection, evident at 8

and 24h post-injection contrast with our previous HPLC observations of no detectable changes in

striatal MDA levels. We hypothesise that this discrepancy results from the fact that increased MDA

immunoreactivity was restricted to an area of striatum in close proximity to the needle tract,

suggesting that in this time frame MDA generation is restricted to regions close to the core area of

complex I inhibition. Hence, we would not expect to detect MDA elevations in either the cortex or

cerebellum in the HPLC studies, and any changes in striatum may be masked by the relatively large

amount of striatal tissue sampled with respect to the area in which immunoreactivity reveals MDA

generation is elevated.

Figure 13: Immunohistochemical staining for oxidative damage markers in serial sections
from the striatum of control (uninjected), vehicle, or rotenone injected animals, one hour post-
injection. Left panels, a representative control rat; Center panels, Vehicle-treated; Right panels,
representative sections from a rotenone-injected rat. A-C: Haematoxylin and eosin (H&E) staining.
D-F: MDA; G-I: F2-Isoprostane; J-L: HO-1; M-O: 8-OHdG. After local administration of rotenone
acute formation of 8-OHdG is seen indicating marked DNA oxidation. Local injection of rotenone
did not propagate formation of oxidative markers for lipid peroxidation (MDA or F2-Isoprostane), or
the stress-response element HO-1. Scale bar = 100ltm.
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V4

Fig 14: Magnification of plate 0 above, 8-OHdG in rotenone injected animal, scale bar 50itm

Lesion

8-OHdG
staining

Figure 15: 8-OHdG staining is seen ventral to the lesion site within the striatum.

Discussion: The major finding is that the complex I inhibitor rotenone induces oxidative damage

extremely rapidly after introduction into tissue, with elevated levels of the DNA damage marker 8-

OHdG evident as soon as lh after rotenone injection. This time-point appears to precede evidence of

complex I enzyme activity inhibition by rotenone (measured by spectrophotometric and

histochemical assays in this project). This observation suggests that deleterious effects of rotenone

may be independent of its effects on the NADH oxidative activity of complex I, but do not rule out

complex I as a source of ROS. Damage to other cellular elements, including lipids, is slower, but is

evident by 8h post-injection. We are currently assessing oxidative damage markers at intermediate

time points after rotenone.
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8. KEY RESEARCH ACCOMPLISHMENTS

(1) Neurotoxin Exposure Program Studies:

a) HD Mouse Studies:

1. The finding that cerebral glucose use is not significantly altered in HdhQ50 CAG knock-in mice at

4 months of age, relative to levels in wild type animals; and that no gene dosage effect is seen in

HdhQso mice (48/48 vs. 48/7 CAG repeats).

2. The finding of impaired activities of complexes II-Ill and IV of the electron transport chain in

HdhQ50 and Hdh Q92 mouse brain cerebellum at 4 months of age (preceding symptom onset and

NII formation).

3. The finding that cerebral glucose use is significantly increased in Hdh 9 2 CAG knock-in mice at

4 months of age, relative to levels in wild type animals, and relative to levels in HdhQ50mice.

4. The finding that cerebral glucose use in HdhQ9 2 CAG knock-in mice shows a gene-dosage effect,

with homozygote (90/90 CAG repeat) mice showing increased glucose use elevations than

heterozygote (90/7) mice. In fact, the magnitude of glucose use increases in 90/90 mice is

approximately double levels in 90/7 mice.

5. The finding that alterations in cerebral glucose use in HdhQ92 mice is evident at 4 months of age

in these animals (the earliest time-point investigated). These changes precede pathological or

behavioral changes in HdhQ92 mice. (NB: HdhQ92 mice do not develop a movement disorder,

unlike Hdh111 mice and other HD transgenic mouse models). There is evidence that mutant

huntingtin protein (htt) is translocating to the nucleus at this time-point, but neuronal intranuclear

inclusions (NII) are not evident until 15 months of age in this model (Wheeler et al., 2000).

Aggregate formation occurs faster in HdhQ... mice, hence we are currently examining the same

parameters of energy metabolism in these animals.

6. The finding that presymptomatic increases in glucose utilization also occur in multiple forebrain

regions in another transgenic HD mouse line, N171-82Q mice expressing a mutant human HD

fragment with an 82 polyglutamine repeat. Taken together, findings suggest that metabolic

compromise may be an early event in the pathophysiology associated with the expression of

mutant huntingtin protein. Glucose use elevations suggest that cells may be attempting to

increase glycolytic ATP production, or increase substrate feed into mitochondrial energetic

pathways to compensate for a metabolic stress or blockade. The exact mechanism has yet to be

elucidated.
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7. The finding that aconitase activity is increased in the cerebellum of HdhQ5 ° (48/48) mice at 4

months of age.

8. Assessment of cerebral respiratory rates in the Hdh°111 mutant moue model of HD - no alteration

at a timepoint when cerebral glucose uptake is elevated (4 months of age).

9. Assessment of ATP synthesis in the HdhQ... mutant moue model of HD - trend to increase at a

timepoint when cerebral glucose uptake is elevated (4 months of age).

10. The finding that R6/2 transgenic HD mice develop a diabetic profile, with onset at 7-8 weeks of

age (around the time of movement disorder symptom onset).

11. Observations that metabolic enzymes which show impaired activity in late-stage HD patients

(reduced complex II-111 and IV in post-mortem brain) do not show evidence of altered activities

in pre-symptomatic R6/2 HD mouse brains (whole tissue homogenate preparations; 3.5 and 8

week-old mice). Some alterations are evident in late-stage (12 week-old) R6/2 mice. However,

the nature of the metabolic enzyme activities we detected did not correlate with observations in

symptomatic HD patients (Browne et al., 1997), or with previously reported alterations in

homogenate samples from 12 week old R6/2 mice (Tabrizi et al., 2000). It is possible that use

of whole brain homogenate preparations is masking any subtle region-specific changes occur, for

example in the striatum of R6/2 mouse brains. Therefore we are currently repeating these assays

in striatal preparations from these mice.

12. The finding of reduced ATP levels in symptomatic HD mice (R6/2 model) forebrain, and to a

lesser extent in cerebellum.

13. Demonstration of elevations in other key phosphorylated energy metabolites over the course of

phenotype generation in the R6/2 HD mouse model - most notably phosphocreatine.

14. Determination of the time course of alterations in high-energy phosphates, over the life-span of

R6/2 HD mice.

15. The observation that cerebral glucose utilization in striatum does not appear to be significantly

altered prior to lesion formation induced by 3-NP administration in rats, and acute model of HD-

like pathology.

16. The finding of increased lactate production in symptomatic HD mice, suggesting abnormal

energy metabolism at this stage of the disorder in R6/2 mice. This is consistent with lactate

elevations seen in symptomatic HD patients.
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17. Increases in multiple oxidative damage markers (OH8dG, hydroxyl radical, F2

isoprostaglandins, and hydroxynonenol) in symptomatic R6/2 and N171-82Q HD mouse models.

b) ALS Mouse Studies:

18. The finding that cerebral glucose use is reduced in several forebrain regions in the G93A

transgenic mouse model of FALS at 60 days of age - a time point preceding the onset of the first

pathological changes in these mice.

19. Reduced glucose use rates are first evident in the brain - preceding changes in the spinal cord,

although motor neuron degeneration in the spinal cord ultimately occurs - suggesting that

cerebral energetic changes may influence neuronal function and integrity in the spinal cord.

20. More profound cerebral glucose use changes are evident in brains of older, symptomatic ALS

mice (120 days), when metabolic defects are also evident in the spinal cord.

21. Glucose use alterations in G93A ALS mouse brains occur in discrete anatomically related

components of the cerebrospinal motor tract.

22. The finding of increased complex I activity in the forebrain of G93A mice at 60 days of age,

indicating impaired mitochondrial energy metabolism consistent with the defect seen in FALS

A4V patients with a SODI mutation, which precedes onset of symptoms and pathological

changes.

23. Profound reductions in cerebral ATP levels as early as 30 days of age (presymptomatic) in G93A

ALS mice.

24. Findings of increased oxidative damage to protein (carbonyl detection), but not lipid

(malondialdehyde) in the G93A ALS model. Earliest effects occurred in symptomatic mice

(1 lOd).

(II) Consortium Project:

25. Elucidation of optimum dosing paradigms and complex I measurements in a rat rotenone

intrastriatal-injection model of PD-like neurodegeneration.

26. Elucidation of the time-line of complex I inhibition following rotenone injection.

27. Demonstration of early elevations in lipid peroxidation markers (malondialdehyde and 8-iso-

prostaglandin F2) around the site of rotenone insult in rat striatum.
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28. Demonstration of early and extensive induction of the cell stress marker heme oxygenase 1,

following rotenone insult in rat striatum.

29. Development and characterization of the histochemical/densitometric assay of complex I activity

in post-mortem rat brain sections.

30. Demonstration of the area of complex I inactivation by rotenone in rat striatum, using the

histochemical procedure.

31. Demonstration of the temporal development of complex I activity impairments after intrastriatal

rotenone injection, using the histochemical procedure.

32. Testing of intracerebroventricular adminstration of rotenone to rats as a possible alternative route

of inhibitor administration, to improve reproducibility of striatal complex I inhibition; and

subsequent dismissal of this approach.

33. Demonstration of extremely early elevations in a marker of oxidative damage to DNA (8-OHdG)

in the striatum of rotenone-injected rats (evident by lh post-injection; earliest time-point

examined to date).

34. Demonstration that although lipid peroxidation markers (malondialdehyde and 8-iso-

prostaglandin F2) are elevated around the site of rotenone insult in rat striatum by 8h post-

injection (previously shown), these markers are induced after DNA damage is evident (ie. they

are not evident lh post-injection).

35. Demonstration that induction of the cell stress marker heme oxygenase 1 following rotenone

insult in rat striatum (previously reported), follows DNA damage (ie. not evident at lh post-

injection).

36. The finding that increased generation of the lipid peroxidation marker MDA locally around the

site of rotenone injection 8h post-injection (reported previously), is not reflected in an overall

elevation of striatal MDA levels measured by HPLC. We hypothesize this is most likely due to

the discrete localization of any MDA production induced by rotenone, which may be masked in

the whole-striatum homogenate preparation used for HPLC studies.
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Invited Presentations (Since 2002)

May 7 th 2002 Biochemistry Department Seminar Series
University of Maryland, Baltimore, MD, USA.
"Animal Models of Neurodegenerative Disorders: Insights into
Pathogenesis"

July 20th -21 t 2002 Hereditary Disease Foundation, Mary Jennifer Selznick Workshop,
Cardiff, WALES, UK.
"Behavioral Assessment in Mouse Models of Huntington's Disease."

October 16th_ 18 th 2002 Young ALS Investigator's Workshop
Lafayette, PA, USA.
"Cerebral Energy Metabolism in G93A Mice."

April 15th 2003 American Society for Pharmacology and Experimental Therapeutics,
Symposium: Animal Models of Neuropsychiatric Diseases.
San Diego, CA, USA.
"Modeling Huntington's Disease in the Mouse: Mechanistic and Therapeutic
Insights"

June 5th 2003 University of Edinburgh, SCOTLAND, UK,
Department of Neuroscience Seminar Series.
"The Cerebral Energetics of Huntington's Disease"

November 17 th 2003 Farber Institute for Neuroscience, Research Seminar
Thomas Jefferson University Medical College, Philadelphia, PA, USA.
"CNS Energetics and SOD1 in ALS Pathogenesis".

December 2nd 2003 McLean Hospital, Neuroscience Seminar.
Harvard Medical School, Belmont, MA, USA.
"CNS Metabolism and the pathogenesis of ALS."

March 19th 2004 Mayo Clinic Seminar Series,
Mayo Jacksonville, Jacksonville, FL, USA.
"CNS Energy Metabolism and the Pathogenesis of Huntington's Disease"

August 15th 2004 Hereditary Disease Foundation, "HD 2004: Changes, Advances and Good News"
Boston, MA, USA.
"Phenylbutyrate Administration Post-Symptom Onset Improves Survival in a Mouse

HD Model"

August 1 7 th 2004 American Neurochemistry Society, 35th Annual Meeting.
Symposium: Role of mitochondria in Neurodegeneration"
New York, NY, USA.
"Huntington's disease pathogenesis - key roles for mitochondria."
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December 4 th 2004 Cold Spring Harbor Conference on Drug Discovery in Neurodegenerative Diseases.
Cold Spring Harbor, NY, USA.
"Administration of a histone deacetylase inhibitor post-symptom onset improves
outcome in a mouse model of Huntington's disease."

June 8th 2005 International Society of Cerebral Blood Flow and Metabolism, Brain 05 & Brain/PET 05
Meeting.
Amsterdam, NL.
"Metabolic Abnormalities Precede Pathologic Changes in the G93A SOD] Mouse
Model of ALS."

August 2 6th 2005 International Society for Neurochemistry, and European Society for Neurochemistry,
2 0 th Biennial Meeting.
Innsbruck, Austria.
"Mitochondrial and Energetic Dysfunction in Animal Models of Huntington's
Disease."

10. CONCLUSIONS

The overall goals of this proposal were to gain insight into the roles of defects in CNS energy

metabolism and oxidative stress in mechanisms of neuronal death and dysfunction in

neurodegenerative disorders. Outcomes may impact therapeutic strategies for treatment of both

degenerative disorders and neurotoxin exposure. Previous studies in human and animal models have

implicated the involvement of mis-metabolism and oxidative damage in the pathogenesis of several

neurodegenerative diseases including Parkinson's disease (PD). This project concentrated largely on

using in vivo techniques in whole animal models of degenerative disorders, to gain insight into

disease mechanisms at all stages of pathogenesis.

In the first three years of this grant we made substantial progress in characterizing the nature of

changes in cerebral energy metabolism seen in the R6/2, N171-82Q and Hdh mouse models of HD,

both in vivo and in vitro. We have also shown that cerebral glucose metabolism is impaired in the

G93A transgenic mouse model of FALS (overexpressing human mutant SODl) at 60 days of age,

and ATP generation is depressed as early as 30 days. Our observations suggest that energetic

dysfunction may play an intrinsic role in the pathogenesis of the motor neuron disorder seen in both

HD and ALS mouse models, since alterations precede symptomatic and pathological changes in

these animals.

Results in mutant mouse models of both ALS and HD clearly demonstrate the early

involvement of metabolic changes in the sequence of events initiated by expression of the mutant

disease gene, prior to pathologic changes, symptom onset and cell death. The nature of the metabolic
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changes seen differs between the HD and ALS models, suggesting that the nature of triggering

events set in motion by the gene defect may vary in these disorders. It still remains to elucidate the

exact pathway from mutant gene expression to induction of metabolic changes. Overall, outcomes

of these studies will have a great impact on the development of therapeutic strategies for these

diseases and potentially for other neurodegenerative disorders in which metabolic dysfunction

occurs, including PD and mitochondrial neurotoxin exposure. Results support the potential efficacy

of pro-energy agents, or metabolism-enhancing agents, in therapeutic strategies for HD and ALS.

We have been successful in completing the majority of studies outlined in our specific aims, and

have also conducted additional studies to augment findings from the original proposal.

In the consortium project section of this grant report we extended studies to explore the role of

mitochondria, and in particular mitochondrial complex I, as a source of reactive oxygen species

(ROS) in the context of another degenerative disorder, PD. Studies address the inter-relationship

between energetic defects and oxidative damage in neurotoxin models of PD in rats. Again using in

vivo approaches, we have made progress towards optimizing experimental conditions for assessing

the temporal association between inhibiting complex I activity at specific mitochondrial subunit

sites, and producing free radicals and hence oxidative damage. We have further characterized the

nature of the complex I inhibition induced by rotenone, and have commenced studies with another

complex I inhibitor, pyridaben, which shows a different pattern of complex I subunit specificity to

rotenone (dosing with this agent still needs fin-tuning, as results to date show substantial variability

in lesion size and reproducibility). We have also expanded on our novel observations of increased

free radical-mediated damage after rotenone injection into rat striata. We have novel and tantalizing

data showing the induction of oxidative damage to lipids and DNA, and the induction of the cell

stress-responder heme oxygenase-1, at a time point shortly after complex I inhibition. Notably, we

have been able to demonstrate that oxidative damage to DNA is evident as soon as lh post-rotenone

injection (manuscript in preparation).
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b) 10 Manuscripts and 2 book chapters directly arising from these studies are appended (Listed in
manuscripts and book chapter section of 9, Reportable Outcomes).
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ABSTRACT

Multiple cell death pathways are implicated in the etiology of amyotrophic lateral sclerosis

(ALS), but the cause of the characteristic motor neuron degeneration remains unknown. To determine

whether CNS metabolic defects are critical for ALS pathogenesis, we examined the temporal evolution

of energetic defects in the G93A SODI mouse model of familial ALS. [14C]-2-deoxyglucose in vivo

autoradiography in G93A mice showed that glucose utilization is impaired in components of the

corticospinal and bulbospinal motor tracts prior to either pathologic or bioenergetic changes in the

spinal cord. This was accompanied by significant depletions in cortical ATP content in presymptomatic

mice, which was partially ameliorated by creatine administration. Findings suggest that bioenergetic

defects are involved in the initial stages of mSODl-induced toxicity in G93A mice, and imply that the

selective dysfunction and degeneration of spinal cord motor neurons in this model may be secondary to

dysfunction within cerebral motor pathways.

Key words: Amyotrophic lateral sclerosis; ATP; brain; cerebral glucose metabolism; corticospinal

tract; creatine; 2-deoxyglucose; motor neuron; motor neurone disease; spinal cord.
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INTRODUCTION

The rapidly progressing phenotype of muscle weakness and wasting, paralysis, and ultimately

death in amyotrophic lateral sclerosis (ALS) results from the selective and inexorable loss of CNS

motor neurons (Mulder et al., 1986). ALS is distinguished from similar disorders by the involvement

of both lower motor neurons in spinal cord and brainstem (innervating skeletal muscle) and of upper

motor neurons in cerebral cortex and brainstem constituting the corticospinal and bulbospinal tracts

(Tandan and Bradley, 1985). Several different detrimental processes have been identified in the CNS

during the disease course in ALS (see Strong, 2003), but the definitive pathogenic mechanism remains

unclear. Findings of Cu/Zn superoxide dismutase (SODI) mutations in 25% of familial ALS (FALS)

patients (Ratovitski et al., 1999), and observations that mice expressing mutant SODI (mSOD1)

recapitulate phenotypic and pathologic features of the disease, suggest that the toxic downstream events

induced by mSOD1 may be common to both FALS and sporadic-onset ALS (SALS).

Among the deleterious processes identified in ALS, abnormalities in CNS energy metabolism are

well documented. Symptomatic SALS patients display progressive hypometabolism in brain motor

regions (Hatezawa et al., 1988). Reports of abnormal structure, number and localization of

mitochondria in ALS motor neurons and skeletal muscle led to suggestions of compromised

mitochondrial function (Hirano et al. 1984: Sasaki and Iwata, 1996; Siklos et al., 1996), corroborated

by findings of altered respiratory chain enzyme activities in ALS spinal cord and motor cortex

(Bowling et al., 1993; Fujita et al., 1996; Browne et al.,1998; Borthwick et al., 1999). Mutant mouse

models of ALS have subsequently provided evidence that mitochondrial dysfunction may be critically

involved in ALS pathogenesis. Morphological changes in mitochondria are the earliest detected

pathologic events in mouse lines over-expressing SODI with G37R or G93A mutations (Dal-Canto and

Gurney, 1995; Wong et al.,1995; Kong and Xu 1998; Sasaki et al., 2004). In G93A mice, decreased

mitochondrial respiration and abnormal enzyme activities have been reported (Browne et a1.,1998;

Kirkinezos et al., 2005), and agents that enhance energy metabolism extend life-span and delay
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symptom onset (Matthews et al., 1998; Klivenyi et al., 1999). In addition, studies of mitochondrial

toxins in preparations of mixed cells from spinal cord suggest that motor neurons are especially

vulnerable to metabolic compromise (Kaal et al., 2000; Van Westerlaak et al, 2001). There is also

evidence that mSOD1, recently shown to enter mitochondria (Higgins et al., 2002; Mattiazzi et al.,

2002; Liu et al., 2004; Vijayvergiya et al., 2005), can alter mitochondrial function. Expression of

human G37R or G93A mSOD1 in a motor neuron cell line induced morphological abnormalities in

mitochondria, reduced mitochondrial complex II and IV activities, and increased cell vulnerability to

oxidative stress (Menzies et al., 2002).

Despite these numerous reports, it remains unclear whether energy defects underlie neuronal

death in ALS. To address whether mSOD1-induced metabolic defects are key factors in cell death

processes, we used in vivo imaging procedures to map functional alterations in CNS glucose

metabolism throughout the brain and spinal cord of the G93A mouse model of FALS, at pre- and post-

symptomatic ages. We found that CNS glucose metabolism is defective before the first pathological

signs of motor neuron disease occur in G93A mice, and that impairments occur primarily in discrete

brain motor regions contributing to corticospinal projections. Decreased glucose utilization in the

cerebral motor cortex was accompanied by marked reductions in ATP generation. Glucose utilization in

the spinal cord, in contrast, was unaltered at this age, but becomes impaired as mice age. Results

suggest that metabolic defects may be principal components of the neurotoxic mechanism in ALS, and

provide insight into the temporal involvement of upper and lower motor neurons in this FALS model.
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MATERIALS AND METHODS

Animals.

G93A transgenic mice over-expressing human mutant SODI (G9 3AG1H/B6SJLF1) and N1029 mice over-

expressing human wild type SODI (Gurney et al., 1994) were obtained from Jackson Laboratories (Bar

Harbor, ME). Lines were maintained by crossing into the B6SJLF1 mice (Jackson Laboratories, Bar

Harbor, ME). Non-transgenic wild type littermates served as controls. Mice were housed at room

temperature in a 12h light/dark cycle with free access to food and water. All procedures were reviewed

and approved by Institutional Animal Care and Use Committees (Massachusetts General Hospital and

Weill Medical College) prior to experiment commencement.

In Vivo Measurement of CNS Glucose Utilization Rates.

Fully quantitative [14C]-2-deoxyglucose (2-DG) in vivo autoradiography was carried out

according to Sokoloffs method (Sokoloffet al., 1977) modified for use in mice (Browne et al., 1999).

Briefly, mice were anesthetized with 2.0% isoflurane in 02, and PElO polyethylene cannulae inserted

into one femoral artery and one femoral vein. Cannulae were fed under the skin to extrude at the nape

of the neck. Animals recovered from anesthesia for 2-3h and were allowed free movement throughout

the experimental period. The 2-DG procedure was initiated by intravenous injection of 4gtCi [14C]-2-

deoxy-D-glucose (56.0 mCi/mmol; NEN, Boston MA) in 50l heparinized saline over 30 sec, followed

by a 501il saline bolus to clear the cannula. Over the subsequent 45min, ten timed arterial blood

samples were collected for analysis of blood glucose (Glucose 2 Analyzer, Beckman Coulter, USA)

and 14C levels (Liquid Scintillation Counter, Beckman Coulter, USA). Arterial blood gases pCO2, p02

and pH were measured in 80l of blood withdrawn 44min into the procedure (IL 1725 Blood Gas

Analyzer, Instrumentation Laboratory, Lexington, MA). 45min after isotope administration animals

were decapitated, their brains and spinal cords removed and rapidly frozen in isopentane at -43°C.

Brains and spinal cords were cut into 20tm-thick coronal cryostat sections and triplicate serial sections
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collected onto heated coverslips at 140im intervals. Sections were exposed to 14C-sensitive film

(Kodak Biomax MR-i) along with precalibrated 14C standards (Amersham) for 4-6 days. Local tissue

isotope concentrations in 58 areas of interest were measured from the resultant autoradiograms by

computer-assisted densitometry (MCID 5 Image Analysis System, Imaging Research, Ontario,

Canada). Optical densities were measured in discrete structures in three to six serial sections per

structure. Mean local rates of glucose use (lCMRgi) were then calculated using Sokoloff's operational

equation for the procedure employing the lumped constant for the rat (Sokoloff et al., 1977), in the

absence of calculated rate constants for mouse CNS. Anatomical regions were localized using the atlas

of Paxinos and Franklin (2001).

HPLC Determination of Bioenergetic Markers.

Tissue Preparation: Creatine (Cr), adenosine monophosphate (AMP), adenosine diphosphate (ADP),

and adenosine triphosphate (ATP) levels were measured by HPLC using a modification of published

procedures (Bernocchi et al., 1994). Metabolites were measured in brain and spinal cord from G93A

transgenic mice and age-matched littermate controls at 30, 60, 90 and 120 days of age; in 120 day old

G93A and wildtype mice treated from 90 days with creatine (2% in diet; Purina Mills, Richmond, IN);

and in N1029 transgenic mice overexpressing human wildtype SODI at 180 days of age (n = 5 or 10

per group, per time point). Mice were sacrificed by decapitation into liquid nitrogen. Brain and spinal

cord were later removed on a frozen cold plate (-20°C), and the rostral (frontal) area of cerebral cortex,

and the cerebellum, were dissected out. Brain and spinal cord samples were then stored at -80'C.

HPLC Protocol: The apparatus consisted of a gradient HPLC pump (Perkin-Elmer, Norwalk, CT), a

490 multiple UV wavelength detector (Waters Associates, Milford, MA) with a WISP 712 autosampler,

and a Shimadzu 501 integrator (Shimadzu Scientific Instruments Inc., Columbia, MD). Frozen motor

cortex, cerebellum and spinal cord tissue was dissected on a freezing cold plate (-20'C) and

homogenized in 0.4 M perchloric acid (10 ml per mg wet weight). The homogenate was centrifuged
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and 200[il of the supernatant neutralized with 10 ýtl of 4M K2CO 3 and re-centrifuged. The resultant

supernatant was then stored at -80'C until injected. Standards of creatine, AMP, ADP, and ATP were

prepared in 0.4 M perchloric acid at concentrations of 10 mM for creatine, cyclocreatine, and PCr, and

5 mM for AMP, ADP, and ATP (based on tissue concentrations), and then neutralized by the same

procedure. Samples were separated on a 15 cm x 3 grm C18 Nikko Bioscience HPLC column (ESA,

Inc., Chelmsford, MA) at a flow rate of 1 ml/min, using a gradient consisting of buffers A (25 mM

Na2HPO 4,100 mg/L tetrabutylammonium (TBA), pH 5.5) and B (200 mM NaH2PO4, 100 mg/L TBA,

10% acetonitrile, pH 4.0). Gradient conditions were 100% buffer A for minutes 0-5, 100% buffer A

transitioning to 100% buffer B over minutes 5-20, and 100% buffer B from minute 20 to 31. Samples

were monitored at 214 nm over 0-9 min, and at 260 nm over 9-31 min. The retention times were (in

min): creatine, 1.8; AMP, 19.5; ADP, 21.7; and ATP, 23.8. All standards were linear over a 100-fold

concentration range. Reagents were obtained from Sigma Aldrich (St. Louis, MO).

Statistical Analysis.

2-DG: Systemic physiological variables, and local rates of cerebral glucose use (1CMRglc) in brain and

spinal cord regions, in G93A, N1029, and wild-type littermate mice are presented as mean ± SEM.

Statistical comparisons between G93A mice and littermates, or N1029 mice and littermate controls,

were made by Student's unpaired t-test. Arterial plasma glucose concentrations before (-pre) and at the

end of the experiment (+45min) within animals were compared using Student's paired t-test.

HPLC: Tissue ATP, ADP, AMP and creatine levels in G93A mice, littermates and N1029 mice are

presented as mean ± SEM. Statistical comparisons between SODI mice and littermates were made by

one-way ANOVA followed by the Tukey-Kramer multiple comparisons test (InStat; GraphPad, San

Diego, CA, U.S.A.)
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RESULTS

Glucose Utilization in G93A FALS Mice

Rates of glucose utilization were measured in multiple discrete regions throughout the brains and spinal

cords of conscious, freely moving G93AGIH SODI mice at ages preceding pathological changes (60

days) and at end-stage of the disorder (120 days), in age-matched wildtype littermate mice, and in aged

transgenic wildtypes (N1029 mice over-expressing human wildtype SODI, 21 months). Assays used

the fully quantitative in vivo [14C]-2-deoxyglucose (2-DG) technique of Sokoloff et al. (1977) adapted

for the mouse (Browne et al., 1999).

Physiological Variables

Arterial plasma glucose concentrations were measured before and during the 2-DG procedure, and

blood gases (pCO2, p0 2, and calculated pH) were assayed immediately prior to sacrifice, to determine

if any experimental groups displayed physiologic abnormalities that might impact on glucose utilization

(Table 1). Slight alterations in initial plasma glucose levels in G93A (60 day) and N1029 mice, andpH

levels in 120 day old G93A mice, relative to age-matched wildtypes, were detected (Student's unpaired

t-test, p<0.05). Levels, however, remained well within normal physiological limits for mice, and

therefore are unlikely to impact on glucose use rates. No other statistically significant differences were

detected. Arterial plasma glucose levels did not alter over the course of the experiments (Student's

paired t-test, p>0.05), indicating that mice were not abnormally stressed by the experimental procedure.

Local Rates of Glucose Use in G93A Brain

Local cerebral metabolic rates for glucose (1CMRglc) were measured in 49 brain regions in transgenic

G93A mice (n=6 per group) and age-matched littermate controls (n=8-9 per group). Results are

presented in Table 2. Glucose utilization rates were found to be impaired in multiple brain components

of the motor system as early as 60 days of age in G93A mice (the earliest time-point examined).
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Motor regions of cerebral cortex: Significant glucose use reductions (-19%) were evident in primary

motor cortex at 60 days (Table 2, Figure 1). Hypometabolism was evident in both cortical innervation

sites (layers I-II) and in efferent projection zones (layer V) in Fri motor cortex (anatomical

classification according to Zilles and Wree, 1995). In contrast, sensorimotor cortical regions, including

the hindlimb region, showed no significant glucose use alterations over the life-span of the G93A mice.

Sensorimotor cortical regions process overlapping motor and sensory inputs, and send projections both

to other motor cortical regions and to the spinal cord via the corticospinal tract (Zilles and Wree , 1995;

Gu et al., 1999). Within this complex motor circuitry, however, the present results suggest that activity

in the spinal cord in G93A mice may be influenced by impaired functional activity in projections from

the primary motor cortex and its collaterals, rather than by somatosensory efferents.

Motor cortex efferent projections: The principal projection targets of the primary motor cortex

comprise the spinal cord via the corticospinal tract, the striatum, reciprocal connections with other

cerebral cortical regions including sensorimotor cortex, and projections to the brainstem pontine nuclei,

red nucleus and cranial motor nuclei via collaterals from the corticospinal tract. We found that a pattern

of hypometabolism emerged in several of these areas synaptically associated with the primary motor

cortex (Figure 2, Table 2), which differed between regions in age of onset. At 60 days, marked

reductions in glucose use in G93A mice were evident in the pontine nuclei (-25%) and the pontine

reticular formation (-17%), which contribute to the bulbospinal pathway innervating axial and proximal

musculature. Within the rubrospinal pathway, involved in modulating movement in the distal limbs, a

trend towards reduced glucose use was apparent in the red nucleus at 60 days, and was statistically

significant at 120 days of age.
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Thalamic relay nuclei: As noted above, significant reductions in glucose use were evident in G93A

motor cortex input layers (I-11), as well as projection zones (layer V) at 60 days of age. It is therefore

of great interest that glucose use was decreased in multiple thalamic nuclei at this age (Table 2, Figures

1 and 2). The motor system is extremely complex, and Fri of primary motor cortex receives afferent

innervation from multiple other cortical and sub-cortical regions. Key components of this innervation

are thalamic nuclei, in particular ventrolateral (VL) and ventromedial (VM) nuclei (Cicirata et al.,

1986; Zilles and Wree, 1995). We found early reductions in glucose use in the rostral VL thalamus

which projects to caudal primary motor cortex (hindlimb modulation), in both dorsal and ventral

aspects (projecting to proximal and distal hindlimb areas of motor cortex, respectively) (Cicirata et al.,

1986). The caudal VL thalamus (projecting to rostral, forelimb, motor cortex) shows early trends to

reduced glucose use, significantly decreased by 120 days. Ventromedial and ventroposterior-medial

thalamic nuclei also show impaired glucose metabolism at 60 days of age. However, interpretation of

these glucose use changes to determine the principal site of functional impairments in the motor cortex

is complicated by the fact that there are many reciprocal projections between thalamus and motor

cortex. In particular, the ventrolateral thalamus is innervated by both direct and indirect (via the

reticular thalamic nuclei complex) projections arising from Fri of primary motor cortex (Figure 2)

(Cicirata et al., 1990). In addition, reciprocal connections exist between sensorimotor cortex and

thalamic nuclei (Killackey and Sherman, 2003; Tracey and Waite, 1995).

Other brain regions; recruitment with increasing age: In pre-symptomatic (60 day-old) G93A mice,

glucose use changes were largely restricted to regions involved in motor control. Glucose utilization

was unaltered in 36 of the 49 brain regions examined, including non-motor control regions. As G93A

mice aged, the magnitude of existing cerebral glucose use reductions were exacerbated (Table 2). By

120 days of age reduced glucose uptake was also evident in multiple other forebrain regions, including

cingulate, auditory and visual cortices, dorsolateral geniculate body, mammillary body, sub-thalamic
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nucleus, superior colliculus, and some cerebellar regions. Other motor projection targets including the

striatum showed trends towards reduced glucose use that did not reach statistical significance.

It should also be noted that wildtype mice showed a trend towards lower glucose use rates as

mouse age increased, in multiple brain regions (Table 2). Since glucose use rates were assayed in 60

day-old mice (randomized G93A mice and age-matched wildtype littermates) and in 120 day-old mice

in separate experiments, at different times, the effects of age on wildtype (G93A littermate) mouse

glucose use rates cannot be statistically compared in this study. It is therefore unclear whether this age-

effect on wildtype rates is artifactual. However, despite this caveat, the magnitude of the difference in

rates between G93A and wildtypes is generally exacerbated in the majority of affected brain regions in

older (120 day) mice.

Temporal pattern of glucose use changes in spinal cord.

Local cerebral metabolic rates for glucose (ICMRgk) were also measured in 9 spinal cord regions

in the G93A mice and age-matched littermate controls (Table 3). In contrast to findings in cerebral

motor cortex projection zones, no alterations in glucose use were detected in cervical, thoracic or

lumbar regions of the spinal cord in 60 day-old G93A mice (Table 3, Figure 3). This observation

suggests that despite abnormalities in projection pathways arising from motor control brain regions at

60 days, functional activity in corticospinal projection zones is maintained at normal levels. By end-

stage of the disorder (120 days), glucose use was significantly reduced in the gray matter of all three

spinal cord regions in the transgenic mutant mice, relative to levels in non-transgenic wildtype controls

(Table 3, Figure 3). The extremely low glucose use levels in G93A spinal cord at this time point likely

reflect loss of corticospinal innervation of motor neurons, and low motor neuron density in the spinal

cord at end-stage (Zang and Cheema, 2002).
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In summary, the pattern of alterations in glucose use rates in 60 day old G93A mice suggest that

functional impairments occur primarily in cerebral motor regions in this model, largely in primary

motor cortex and its collaterals, preceding functional dysregulation in corticospinal projection targets.

In particular, components of the bulbospinal projection pathway are compromised by 60 days of age,

whereas rubrospinal projections become significantly involved later in the disorder, suggesting that

axial and proximal components of motor regulation may be affected early in the disease process in this

FALS mode .

Overexpression of human wildtype SOD1 (N1029 mice) had no effect on CNS glucose use rates

It has been reported that overexpression of purely wildtype human SODI in N1029 mice

eventually induces a motor degeneration phenotype (Jaarsma et al., 2000). We measured energy

parameters in these mice at a mature age (21 months), since this advanced age greatly exceeds that at

which glucose use changes were detected in G93A mice (2 months), and is therefore deemed likely to

reveal any SOD1-related glucose use changes. Mice did not exhibit any overt signs of motor defects.

No significant differences in glucose use values between 21 month-old N1029 and age-matched

wildtype litterinate mice were detected in any of the five representative brain regions (including

primary motor cortex) or the 9 spinal cord regions examined (Table 4). These observations suggest that

the glucose use changes detected in G93A mice result from expression of the G93A SODI mutation,

rather than increased SODI activity due to the transgene overexpression.

ATP generation is impaired in G93A mouse CNS at 30 days of age.

Following our observations of decreased cerebral glucose use rates in 60 day-old G93A mice, we

examined whether glucose uptake reductions were reflected by alterations in the generation of ATP and

other high energy metabolites. Findings suggest that metabolic defects and glucose use changes may be

functionally linked in this FALS model.
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Basal levels of the energy metabolites ATP, ADP, AMP and creatine were determined in flash-

frozen rostral cerebral cortex, cerebellum, and spinal cord from G93A and littermate wildtype mice at

30, 60, 90 and 120 days of age (Table 5). Basal ATP levels in cerebral cortex were 42% lower in

G93A mice than in age-matched controls in 30 day-old animals (p < 0.01). The extent of impairment in

ATP production progressed with age, and was 71% lower than levels in age-matched controls by 120

days of age (Figure 4). ADP levels were also significantly reduced in G93A cortex at 60 days of age,

although to a lesser extent than ATP, with a maximum observed reduction of 48% by 120 days.

Creatine levels were normal in 30 day old G93A mice, but were depleted maximally in both cerebral

cortex and spinal cord by 90 days (by 44% and 47%, respectively). Reductions in ADP and ATP levels

in G93A spinal cord were apparent at 60 days of age (the youngest age examined for this region), but

alterations were not statistically significant. ATP depletions in spinal cord did, however, show a

marked attenuation following 30 days treatment with 2% creatine. AMP levels did not alter over time

in any region. No metabolite changes were detected in the cerebellum. Metabolite levels in aged (180

day) N1029 mice overexpressing normal human SODI did not significantly differ from levels in wild-

type littermate mice, suggesting that metabolite depletion is caused by the SODI mutation, as oppose to

SODI overexpression. ATP, ADP and creatine levels in the cerebral cortex of these mice were

significantly higher than in 120 day old G93A mice, whereas no significant changes were found when

compared with the 120 day old G93A-littermate wildtype mice.

Creatine rescues ATP depletion.

We have previously reported beneficial effects of creatine treatment in the G93A mouse model of

FALS (Klivenyi et al., 1999). Creatine's protective effects purportedly arise from enhancing access to

energy stores within cells (Tarnopolsky and Beal, 2001). We examined the effects of creatine

administration, from the time of symptom onset, on levels of ATP and other metablites. Treatment of

mice with 2% creatine in the diet from 90 days of age markedly attenuated the declines in cerebral
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cortical levels of both ATP and ADP seen in G93A mice, increasing concentrations to 72.5% and 75%

of wild-type control levels, respectively, at 120 days (Table 5, Figure 4). This was associated with a

complete restoration of creatine levels in the spinal cord, and partially restored levels in cerebral cortex

by 120 days.

DISCUSSION

Mitochondrial and energetic defects are implicated in the pathogenesis of motor neuron

degeneration in ALS, but their precise contribution to the disease mechanism is unclear. Here we

demonstrate that expression of the G93A SODI mutation induces energy dysfunction in discrete CNS

motor regions long before motor neuron degeneration occurs. The marked reduction in cerebral cortex

ATP levels detected in 30 day-old G93A mice, well before pathology and symptom onset, represents

the earliest deleterious event reported to date in this ALS model. Not only do these studies strongly

support the hypothesis that metabolic dysfunction in the CNS plays a critical early role in mSODl's

mechanism of toxicity, but most importantly the glucose utilization studies provide novel

neuroanatomic information about the evolution of functional deficits in CNS motor regions.

Specifically, we have demonstrated that widespread mSOD1 expression in mice results in impaired

functional neuronal activity discretely in CNS motor circuitry. Glucose use impairments were detected

first in brain motor pathways, including components of the corticospinal tract, while deficits in the

spinal cord occurred later. It is therefore postulated that the ultimately damaging events that lead to

spinal cord motor neuron dysfunction and degeneration in ALS may result from impaired transynaptic

activation in corticospinal projections.

G93A I mSOD1 mice were used in this study because they develop a disease syndrome closely

resembling ALS neuropathology and symptoms, including hind-limb weakness and tremor at 80-90

days of age, paralysis between 105-115 days, and premature death at 120-150 days (Gurney et al.,
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1994; Dal-Canto and Gurney, 1995; Kong and Xu, 1998). The earliest pathologic changes in these

animals are swelling and vacuolization of spinal cord motor neuron mitochondria at approximately 70

days of age (Dal-Canto and Gurney, 1995; Higgins et al., 2003). We found that CNS glucose use rates,

measured in conscious and freely moving animals, were impaired in several forebrain motor regions of

G93A mice prior to both symptom and pathology onset (60 days). Primary motor cortex, brainstem

components of the bulbospinal tract, and thalamic nuclei involved in the regulation of motor control

were principally affected, while glucose use was unaltered throughout the spinal cord at this age. By

120 days, when the mice were grossly phenotypic, paralyzed and approaching death, glucose use

impairments were exacerbated and hypometabolism more widespread, affecting other motor tracts

including the rubrospinal pathway, cervical, thoracic and lumbar spinal cord, and non-motor areas.

These spinal cord deficits likely reflect the motor neuron loss prevalent at end-stage and concomitant

reductions in presynaptic activity.

Under normal physiologic conditions, alterations in rates of glucose uptake into CNS tissue is

driven by, and therefore reflects, rates of functional activity within neurons (Sokoloff et al., 1977).

Glucose use correlates principally with changes in activity at neuron terminals since these are the

primary sites of energy consumption (largely maintaining ionic gradients at the membrane), and hence

mitochondrial localization (Ames, 2003). The pre-symptomatic glucose use reductions in G93A mice

indicate decreased synaptic activity in the primary motor cortex and associated thalamic and pontine

nuclei. In the context of a chronic neurodegenerative disorder, possible causes include the disruption of

neurotransmitter pathways innervating these regions, synaptic dysfunction or loss, or effects on glucose

transport. In tandem studies we found simultaneous region-specific ATP depletions that exceeded

glucose deficits in magnitude (in 30 day-old G93A mouse cerebral cortex ATP is decreased by 43%

versus a 19% maximal suppression of glucose use). It is currently unclear whether the detected

functional impairment is secondary to metabolic changes, or vice versa.
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A number of potential scenarios exist. One possibility is that ATP generation is impaired,

perhaps as a result of defects in the mitochondrial respiratory chain, leading to reduced activity of ATP-

dependent cellular processes, which may eventually translate into a reduced demand for glucose.

Whilst there are several reports of respiratory chain enzyme defects in cell lines and yeast expressing

mSODI (Menzies et al., 2002; Gunther et al., 2004), in G93A mouse CNS measurable defects have

thus far only been detected in older mice (Browne et al.,1998; Jung et al., 2002; Mattiazi et al., 2002;

Kirkinezos et al., 2005). However, Kirkinezos et al (2005) recently reported reduced respiration of

CNS mitochondria from 30-56 day-old G93A mice, under certain substrate conditions, linked with a

cytochrome c defect. A detectable complex IV deficiency was not, however, evident until mice were

symptomatic. In addition, we previously reported a slight reduction in complex IV activity in brainstern

and spinal cord tissue as early as 60 days in G93A mice, although its activity was unaltered in cerebral

cortex mitochondria at this age (Browne et al., 1998). It is also plausible that mSOD1 may directly

interfere with glucose consumption mechanisms, resulting in less ATP availability and concomitant

reduced neuronal activity. Alternatively, it is possible that the G93A SODI mutation may induce an

uncoupling of ATP generation from glucose uptake. These possibilities have yet to be investigated.

In the scenario that impaired energy metabolism underlies neuronal dysfunction and degeneration,

increasing ATP generation may be beneficial. We previously found that creatine administration delayed

symptom onset, extended lifespan, and reduced neuronal loss, oxidative damage and cerebrospinal fluid

(CSF) glutamate levels in G93A mice (Klivenyi et al., 1999; Andreassen et al., 2001). In this study we

found that creatine supplementation in the diet was associated with a partial restoration of the

diminished ATP and ADP levels found in G93A cerebral cortex and spinal cord. This effect was

significant even though metabolite levels were markedly reduced (>50% reductions in ATP in frontal

cerebral cortex) when creatine administration commenced at 90 days of age. It appears that creatine's

protective effects are most likely due to improved energy metabolism, since we have previously

demonstrated that creatine's beneficial effect in G93A mice is independent of a direct effect on the
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mitochondrial creatine kinase (mitoCK, a component of the mitochondrial permeability transition

located in the intermembrane space of mitochondria, IMM) (Wendt et al., 2002), and that it is

neuroprotective in mice lacking mitoCK (Klivenyi et al., 2004). Creatine is phosphorylated to PCr in

the IMM, and is then transported into the cytosol (Walliman et al., 1998). There, the energy pool can be

regenerated by transphosphorylation of PCr to ATP, which is catalyzed by cytosolic CK (B-CK in

brain) located in close vicinity of cellular ATPases (Wendt et al., 2002). The present data support the

hypothesis that increased cellular levels of creatine, following dietary supplementation, can enhance

ATP regeneration via elevated PCr levels, and thus improve the cellular energy status of CNS cells.

The exact mechanism whereby mSOD1 expression inhibits neuronal functional activity has yet to

be determined. One possibility is that a direct interaction between mSOD1 and mitochondria has

detrimental effects on ATP generation. This hypothesis is supported by findings that mSODI can

penetrate mitochondria (Higgins et al., 2002; Mattiazzi et al, 2002; Liu et al., 2004; Vijayvergiya et al.,

2005), and is associated with mitochondrial dysfunction (Carri et al.,1997; Jaarsma et al., 2001;

Takeuchi et al., 2002). In addition, the majority of studies in G93A mice cite mitochondrial

abnormalities as the earliest pathological changes evident at -70 days (Dal-Canto and Gurney, 1995;

Higgins et al., 2003; Sasaki et al., 2004). Neurodegeneration occurs primarily in spinal cord motor

neurons (-90 days), although brain motor regions show cell loss at later stages (Dal-Canto and Gurney,

1995). One recent study, however, reports subtle neuronal loss (-10%) in the corticospinal, bulbospinal

and rubrospinal tracts of G93A mice at 60 days of age (Zang and Cheema, 2002). This degree of cell

body loss is unlikely to explain the -20% reductions in energy demand we detected in primary motor

cortex, but may contribute to reduced synaptic activity in affected pathways. Overall, these

observations highlight the fact that pathologic events in this FALS model are not restricted to the spinal

cord, and that cerebral motor neurons are involved relatively early in the disease process.

How then do our novel findings of early upper motor neuron dysfunction correlate with the

traditional view of ascending motor neuron loss in ALS, and in the G93A model? Lower motor
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neurons degenerate in G93A mice. The present results suggest that this neuronal selectivity may result

from reduced activity in transynaptic pathways innervating spinal cord motor neurons, coupled with an

increased vulnerability of this neuronal population to metabolic impairments (Menzies et al., 2002).

Our observations that mSOD1 induces early metabolic defects outside the spinal cord are in accord

with increasing evidence that mSODl's toxic trigger does not occur in spinal cord motor neurons.

Neuronal expression of mSOD1 alone is insufficient to induce motor neuron degeneration (Lino et al.,

2002). Furthermore, mSODls effects are not restricted to motor neurons, including widespread

aggregate deposition and Na,K-ATPase deficits throughout the CNS (Ellis et al., 2003; Strong and

Rosenfeld, 2003). It appears that mSOD1 expression in other cell types may initiate widespread

metabolic impairments in multiple motor CNS regions to which motor neurons are innately sensitive.

Coupled with characteristics peculiar to spinal cord motor neurons, including their length and

consequent high energy demand and dependence on efficient axonal transport mechanisms, metabolic

defects may increase the susceptibility of motor neurons to excitotoxic damage in ALS.

While the prevailing view is that motor neuron loss in ALS involves retrograde degeneration, an

alternative hypothesis is that an anterograde ("dying-forward") transneuronal degeneration occurs in

ALS (Eisen and Weber, 2001). Support for this proposal is currently somewhat limited, but includes

observations of corticospinal degeneration in patients (Ellis et al., 2001). Further, a report that the

initial degeneration in G93A mice involves upper motor neurons (Zang and Cheema, 2002), may be

consistent with the present study's observations of early functional impairment in components of the

forebrain motor system.

A number of detrimental cellular events are set in motion during ALS pathogenesis. Evidence

supports the eventual involvement of apoptotic cascades, inflammatory responses, impaired

neurofilament function and axonal trafficking, aberrant protein processing, oxidative damage and

excitotoxicity (Julien, 2001; Strong and Rosenfeld, 2003). Energetic defects can induce or exacerbate

several of the toxic pathways listed above and thus could provide a unifying link between multiple
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detrimental cascades. The most compelling hypothesis for pathogenesis following metabolic defects is

secondary excitotoxicity, induced by decreased ATP production. Subsequent impairment of membrane

Na,K-ATPases may be sufficient to allow membrane depolarization and render neurons vulnerable to

extracellular glutamate (Albin and Greenamyre, 1992). It has been proposed that glutamate

excitotoxicity in ALS spinal cord is exacerbated by elevated CSF glutamate levels and alterations in

EAAT2 glutamate transporters (Alexander et al., 2000; Howland et al., 2002; Spreux-Varoquax et al.,

2002), and the glutamate release inhibitor riluzole affords partial protection in both ALS patients and

animal models (Bensimon et al., 2002). Motor neurons are also extremely sensitive to damage by

glutamate and mitochondrial toxins (Kaal et al., 2000; Rothstein et al., 1993). Our findings of motor

region-specific reductions in glucose uptake and ATP production in G93A mice support the possibility

that motor neurons are under metabolic stress that increases their susceptibility to glutamate injury.

Furthermore, a recent study demonstrated that G93A mice have an underlying Na,K-ATPase defect

(Ellis et al., 2003). Energetic compromise in motor neurons in combination with existing Na,K-ATPase

defects may be sufficient to exceed thresholds for cell damage.

In conclusion, these studies provide novel evidence that bioenergetic defects are extremely early

consequences of mSOD1 expression in vivo, and therefore may be key components of the

neurodegenerative mechanism induced by mSOD1 in FALS. However, many different SODI

mutations occur within the FALS populations, in addition to the fact that FALS patients represent only

a small fraction of the ALS population. It is therefore possible that the energetic abnormalities detected

here are not universal in FALS, but are restricted to the G93A SOD1 mutation. To determine whether

these findings are relevant in the broader context of FALS pathogenesis, we have therefore conducted

pilot experiments to determine CNS glucose use rates in G85R mSOD1 mice. This mouse line was

chosen because the animals express a different SODI mutation that is associated with a similar ALS-

like phenotype, but lacking overt mitochondrial pathology. Preliminary results show decreased glucose
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use in brain and spinal cord of symptomatic G85R mice (data not shown), suggesting that bioenergetic

defects may be common to mSODI-associated pathogenesis.

The findings of impaired glucose utilization in transynaptic corticospinal motor pathways

provide, to our knowledge, the first demonstration of a functional correlate for CNS metabolic

impairments in ALS mouse models. Results also imply that mSOD1 toxicity initially induces

functional changes in discrete motor processing regions in G93A mouse brain, presaging events in

spinal cord execution centers. These observations suggest that the selective vulnerability of spinal cord

motor neurons in mouse models of FALS may be influenced by impaired functional activity in

corticospinal motor afferents.
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Figure 1. Reduced glucose utilization in primary motor cortex and thalamic nuclei of pre-

symptomatic G93A mice. Representative autoradiograms from a 60 day old G93A mouse (bottom),

and an age-matched wild-type littermate (Wt), at the level of the rostral primary motor cortex (left), and

the rostral thalamus (right). Images are color-coded for local cerebral metabolic rates for glucose

(lCMRgic) according to the calibration bar. Glucose use is markedly reduced in G93A motor cortex (Fri

delineated by arrows in Wt), and in thalamic nuclei including the rostral ventrolateral thalamus. No

overt glucose use changes are apparent in the hindlimb column of sensorimotor cortex (arrowhead).

Figure 2. Glucose use alterations in G93A corticospinal tract and collaterals. Major afferent and

efferent connections of the primary motor cortex are shown schematically. Bar charts are mean ± SEM

local cerebral metabolic rates for glucose (lCMRgic, pmol/100g/min) at 60 days and 120 days of age, in

G93A mice (open bars) and age-matched wildtype (Wt) littermates. *p< 0.05, significantly different

from levels in age-matched wildtypes (Student's unpaired t-test).

Figure 3. Hypometabolism in spinal cord is evident in symptomatic G93A mice. Local cerebral

metabolic rates for glucose (ICMRg1c, pmol/100g/min) in gray and white matter of cervical, thoracic

and lumbar spinal cord regions at: A, 60 days, and B, 120 days of age. Data are mean + SEM in G93A

mice (open bars) and age-matched wildtype (Wt) littermates. *p< 0.05, significantly different from

age-matched wildtype levels (Student's unpaired t-test). 60 days, n = 6 Wt, 8 G93A; 120 days, n = 5

Wt, 4 G93A. Abbrev. Dors, dorsal gray area; Vent, ventral gray area.

Figure 4. Reduced cortical ATP and ADP levels in G93A mice are partially restored by creatine.

Metabolite levels in G93A mice and N1029 mice are presented as percent of levels in age-matched

wild-type littermate mice. N1029 levels (180 day old mice) were compared with metabolite levels in

the oldest G93A wildtype group assessed (120 days). Data are mean + SEM in 30, 60, 90 and 120 day

old G93A mice, and in 120 day old mice treated with 2% creatine from 90 days of age (120d + Cre).

*p< 0.05, **p< 0.01, significant difference relative to age-matched wild-type levels; t p< 0.05,

significant difference relative to level in creatine-treated mice (ANOVA followed by post-hoc Tukey-

Kramer multiple comparisons test).
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Table 1: Physiological Variables in G93A and N1029 Mice.

G93A SOD1
60 Days

Wt G93A

Glucose -Pre (mg/dL) 141 ± 8 179 ± 12*

Glucose +45 min (mg/dL) 160 ± 12 183 ± 9

paO2 (mmHg) 110 ± 4 107 ± 4

paCO 2 (mmHg) 34 ± 2 39 ± 3

pH 7.34 ± 0.02 7.31 ± 0.01

120 Days
Wt G93A

Glucose -Pre (mg/dL) 138 ± 9 143 ± 10

Glucose +45 min (mg/dL) 134 ± 16 179 ± 34

paO2 (mmHg) 100 ± 3 93 ± 10

paCO 2 (mmHg) 32 ± 2 40 ± 3

pH 7.38 ± 0.01 7.32 ± 0.02*

N1029 SODI

Wt N1029

Glucose -Pre (mg/dL) 187 ± 8 144 ± 6*

Glucose +45 min (mg/dL) 170 ± 16 147 ± 6

pa02 (mmHg) 117 ± 18 109 ± 8

paCO 2 (mmHg) 49 ± 4 42 ± 4

pH 7.30 ± 0.03 7.32 ± 0.01

Variables in 60 day (n = 6) and 120 day old (n = 6) G93A mice, 21 month old N1029 mice (n 4-5),

and age-matched littermate wildtypes (Wt) (n = 9, 7-8 and 3, respectively). Data are mean ± SEM for

arterial plasma glucose concentrations at the start (Glucose-Pre) and end of the 2-DG procedure

(Glucose +45 min), and terminal blood gas levels. *p<0.05, significant difference relative to age-

matched Wt (Student's unpaired t-test). Plasma glucose levels did not alter over the 45 min experiment

in any group (p> 0.05, Student's paired t-test).
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Table 2: Local Rates of Glucose Use in FALS Mouse Brain

60 Days 120 Days
Wt G93A Wt G93A

Cerebral Cortex
l°Motor: layerl-Ill 70±3 57±2** 47±5 32±2*

(Rostral) layer IV 74 ± 3 62 ± 2** 48 ± 5 33 ± 2*

layer V-VI 65 ± 3 53±2** 47 ± 5 32 ± 2*

1P Motor: layer 1-III 64±-2 57±2* 47±-5 32±-2*

(Caudal) layer IV 67 ± 3 60 ± 3 50 ± 6 33 ± 2*

layer V-VI 58± 3 52 ± 2 42 ± 5 28±2*

Sensorimotor, Hindlimb:

layer 1-III 55±2 51 ±4 40±6 29±-3

layer IV 58 ± 2 53 ± 4 43 ± 6 32 ± 2

layer V-VI 53 ± 2 49 ± 3 38 ± 6 27 ± 2

Sensorimotor, Barrel field:

layer 1-I1 67 ± 3 60 ± 4 47 ± 5 33 ± 3

layer IV 75 ± 2 68 ± 5 53 ± 5 37± 3

layer V-VI 66±2 58±4 44±5 31 ±.3

Anterior Cingulate 69 ± 3 65 ± 4 53 ± 7 34 ± 2*

Posterior Cingulate 77 ± 2 72 ± 3 61 ± 7 37 ± 2*

Auditory: layer IV 75± 4 73 ± 5 59 ± 7 35 ± 3*

Visual: layer IV 57±4 49±3 43±5 29±2*

Motor Tracts
Striatum 76 ± 5 66 ± 4 58 ± 7 41 ± 3

Thalamic Nuclei:

Reticular Complex 62 ± 4 53 ± 4 46 ± 7 32 ± 3

Anteromedial 74 ± 5 66 ± 5 59 ± 8 43 ± 2

Anteroventral 74 ± 5 62 ± 4 58 ± 6 39± 1*

Ventrolateral - Rostral, dorsal 62 ± 3 53 ± 3* 46 ± 5 29 ± 2*

Ventrolateral - Rostal, ventral 59 ± 2 52 ± 3* 45 ± 5 27 ± 3*

2
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Ventrolateral - Caudal 60 ± 3 52 ± 4 43 ± 5 26 ± 2*

Ventromedial 75 ± 4 62 ± 4* 57 ± 6 38 ± 3*

Ventroposterior - Medial 58 ± 3 50 ± 3* 42 ± 4 28 ± 2*

Red Nucleus 69 ± 4 60 ± 4 53 + 2 38 ± 3**

Interpeduncular Nucleus 69 ± 5 65 + 4 57 + 10 40 ± 3

Pontine Nuclei 51±-4 38±-1* 37±-4 20+-2**

Pontine Reticular Formation 48 ± 2 40 ± 3* 37 ± 6 22 ± 2*

Paramedian Raphe Nucleus 63 ± 5 52 ± 3 47 ± 7 29 ± 3

Inferior Olive 62 ± 2 58 ± 6 39 + 2 30 ± 6

Linibic/Extrapyramidal/Other
Hippocampus: CAI 38 ± 2 34 ± 2 25 ± 4 19 + 2

CA3 49 ± 4 43 ± 2 38 ± 6 25±4:3

Globus Pallidus 45 ±2 41 ±2 31 ±4 23±-3

Dentate Gyrus 55 ± 3 47 ± 3 43 ± 6 34 ± 3

Dorsolateral Geniculate Body 58 ± 4 50 ± 3 46 ± 5 32 ± 2*

Subthalamic Nucleus 62 ± 3 53 ± 3* 53 ± 5 34 ± 3*

Mammillary Body 78±-4 68±-3 71±-8 42+-3*

Medial Geniculate Body 72 + 4 61 ± 4 50 ± 7 34 ± 4

Substantia Nigra:

pars compacta 55 ± 3 47 ± 3* 42 + 5 29 ± 3

pars reticulata 39 ± 5 33 ± 2 26 + 5 18 ± 3

Superior colliculus:

superficialis 56 ± 3 49 ± 3 45 ± 6 30 ± 2*

profundum 56 + 3 48 ± 3 46 ± 7 30 ± 2

Superior Olivary Nucleus 73 ± 3 61 - 4* 48 ± 7 36 ± 4

Inferior Colliculus 97 ± 7 85 ± 8 64 ± 10 42 ± 5

Cochlear Nucleus 92+ 11 74+-7 60± 10 344-5*

Cerebellar Grey- molecular 48 + 3 43 ± 2 34 ± 4 24 ± 3*

Cerebellar Grey- granular 35 ± 2 33 ± 2 24 ± 4 17 ± 3

3
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Cerebellar White 24+± 1 22+1 16 -3 15-5

Data are mean ± SEM 1CMRgjc (pimol/1OOg/min) in G93A and age-matched littermate wildtype

(Wt) mice. *p<0.05, **p<0.005 significant differences relative to age-matched Wt mice

(Student's unpaired t-test). G93A and Wt mice, n = 6 and 9 (60d), and n = 6 and 8 (120d),

respectively. Cerebral regions are classified according to the nomenclature of Zilles and Wree

(1995). Primary (10) motor cortex corresponds to Frl.

Table 3: Local Rates of Glucose Use in FALS Mouse Spinal Cord

60 Days 120 Days

Wt G93A Wt G93A

Spinal Cord
Cervical - Dorsal 31 +-9 36+-4 21 ±-3 9-3*

Ventral 29 ± 7 36 ± 5 22 ± 4 8+4*

White 15 -3 16+2 13+-3 9-3*

Thoracic - Dorsal 34 + 4 36 + 3 20 + 3 8 ± 4*

Ventral 34+-4 36+-3 21 ±-4 4+-3

White 17+-2 18+1 11+-3 11+-3*

Lumbar- Dorsal 33+-3 36+-3 25+-4 10+-3

Ventral 32+ 3 37 ± 3 24 ± 4 6 + 2

White 16+2 19+-1 13+-3 9-3*

Data are mean ± SEM 1CMRglc (gmol/100g/min) in G93A and age-matched littermate wildtype (Wt)

mice. *p<0.05, **p<0.0 05 significant differences relative to age-matched Wt mice (Student's

unpaired t-test). G93A and Wt mice, n = 6 and 9 (60d), and n = 6 and 8 (120d), respectively.
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Table 4: Glucose Use Rates in Brain and Spinal Cord of Wildtype SODI Transgenic Mice

Wt N1029

Brain

Frontal Cortex 43 ± 9 49 ± 2

Motor Cortex 38 ± 5 42 ± 3

Striatum 45 ± 9 51 ± 1

Hippocampus CA3 30 ± 12 39 ± 3

Cerebellar Gray Matter 22 ± 3 26 ± 1

Spinal Cord
Cervical - Dorsal 27 ± 2 24 + 2

Ventral 26 ± 3 24 ± 1

White 14 ± 2 14 ± 2

Thoracic - Dorsal 24 ± 1 26 ± 3

Ventral 22 ± 3 27 ± 3

White 11 ± 2 14 ± 1

Lumbar - Dorsal 27 ± 7 25 ± 3

Ventral 26 ± 6 26 ± 4

White 14 ± 2 14 ± 2

Data are Mean ± SEM lCMRgic (gtmol/1OOg/min) in 21 month old N1029 mice over-expressing

wildtype SODI, and age-matched littermate wildtype (Wt) mice. ICMRglc in N1029 mice did

not differ from rates in wildtypes (p > 0.05, Student's unpaired t-test).
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Table 5: CNS Metabolite Levels in SOD1 Transgenic Mice

AGE Mice n ATP (nmol/mg protein) ADP (nmol/mg protein)

Days Cortex Cerebellum Spinal Cord Cortex Cerebellum Spinal Cord

30 Wt 10 16.0 ± 0.9 17.8 ± 0.7 N/A 7.3 ± 0.3 3.9 ± 0.4 N/A

G93A 10 9.3 ± 1.1** 15.7 ± 0.9 N/A 3.5 ± 0.3** 3.5 ± 0.3 N/A

60 Wt 5 15.3 ± 0.5 12.6 ± 0.9 8.6 ± 2.1 9.1 ± 1.1 4.6 ± 0.4 5.8 ± 1.1

G93A 5 8.7±0.6** 12.5_±1.9 4.9_±1.5 6.1_±0.4 4.7±0.5 5.6_±1.0

90 Wt 5 14.1 ±_2.4 11.9± 1.5 7.8_±2.8 9.9_±0.7 5.0_±0.8 6.0± 1.2

G93A 5 7.0± 1.1** 6.1 ± 1.2 4.4 ± 1.2 5.8 ± 0.8** 4.2 ± 0.7 5.3 ± 1.0

120 Wt 5 10.9 ± 1.2 13.7 ± 1.6 9.2 ± 2.6 10.0 ± 0.5 4.6 ± 0.7 5.2 ± 0.9

G93A 5 3.1_± 1.1** 13.2-± 1.2 3.0±_0.8 5.2_±0.4** 5.4-±0.5 6.2_±0.9

120 G93A 5 7.9_ ±0.9 t 10.7± 1.7 8.5_±1.4 7.5_±0.6 4.1_±0.8 5.6_±0.7

+ Cre

150 N1029 4 10.5 ± 1.4 13.2 ± 3.3 6.3 ± 1.2 8.7 ± 1.2 5.3 ± 1.4 6.9 ± 0.5

AGE Mice n AMP (nmol/mg protein) CREATINE (nmol/mg protein)

Days Cortex Cerebellum Spinal Cord Cortex Cerebellum Spinal Cord

30 Wt 10 14.4_±0.6 8.8_±0.3 N/A 68_±2 71 ±_2 N/A

G93A 10 14.9 ± 0.8 8.7 ± 0.5 N/A 62 ± 2 66 ± 2 N/A

60 Wt 5 13.7 ± 1.0 3.9 ± 0.4 5.9 ± 1.0 84 ± 5 90 ± 4 84 ± 12

G93A 5 10.2 ± 0.6 4.1 ± 0.4 5.7 ± 0.7 54 ± 4** 87 ± 10 60 ± 8

90 Wt 5 15.6 ± 1.7 4.3 ± 0.8 6.9 ± 0.4 91 ± 5 79 ± 10 100 ± 6

G93A 5 10.3_±0.7 4.1_±0.7 5.6_±0.8 51_±4** 86_±18 63±5**

120 Wt 5 13.8_± 1.3 4.0_±0.6 5.1 ±0.4 76-±7 88± 14 73_±6

G93A 5 13.6 ± 0.8 4.9 ± 0.4 6.9 ± 0.7 55 ± 5 104 ± 4 71 ± 3

120 G93A 5 12.6± 1.4 3.7±0.6 4.6_±0.3 63 ± 7t 77-±9 91_±3 tt

+ Cre

180 N1029 4 13.9± 1.7 4.4_±1.3 6.3 ±0.3 78_±7 89_±2 72_±1

Data are mean ± SEM ATP, ADP, AMP and creatine levels measured in 30, 60, 90 and 120 day old

G93A mice, in 120 day old mice treated with 2% creatine from 90 days (G93A + Cre), and in 180 day

old N1029 mice. *p< 0.05, **p< 0.01, significant differences relative to age-matched wildtype levels;

6
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p P< 0.05, "t p< 0.01, significant differences relative to age-matched untreated G93A mice (ANOVA

followed by post-hoc Tukey-Kramer multiple comparisons test).
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Supplementary Data

Table 1: Local Cerebral Glucose Utilization (ICMRglc) in G85R transgenic mice.

G85R Mice
(10 Months - Endstage)

Wildtype G85R (+)

Frontal Cortex 65 ± 6 44 ± 14

Motor Cortex 60 ± 5 39± 16

Striatum 68 ± 9 50 . 14

Hippocampus CA3 45 ± 4 26 _ 9

Cerebellum Grey 41 ± 4 15 . 2*

Local cerebral metabolic rates for glucose (nmol/lOOg/min) in G85R transgenic
SODI mutant mice (n=5) and G85R wild type littermate controls (Wild Type;
n=3 per group). Data presented as mean ± SEM. * p<0.05, significant
difference between G85R mutant mice and wild type littermate controls
(Student's unpaired t-test).
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Huntington's disease (HD) is caused by an expansion glutamine containing proteins in cultured cell lines (5, 6). CBP
of exonic CAG triplet repeats in the gene encoding the is depleted from its normal nuclear localization and seques-
huntingtin protein (Htt), however, the means by which tered into Htt containing aggregates in cell culture, transgenic
neurodegeneration occurs remains obscure. There is ev- mice, and human HD postmortem brain tissue (7). CBP func-
idence that mutant Htt interacts with transcription fac- tions as a histone acetyltransferase enzyme. Mutant hunting-
tors leading to reduced histone acetylation. We report tin directly binds to the acetyltransferase domains of CBP and
that administration of the histone deacetylase inhibitor another protein, P300/CBP associated factor, which results in a
phenylbutyrate after onset of symptoms in a transgenic reduction of the acetyltransferase activity in cell-free assays as
mouse model of HD significantly extends survival and well as a decrease in the level of histone acetylation in mam-
attenuates both gross brain and neuronal atrophy. Ad- malian cells (8). There is, however, evidence of increased CRE-
ministration of phenylbutyrate increased brain histone mediated transcription in a transgenic mouse model of HD (9).
acetylation and decreased histone methylation levels as m iated transcription i acmous model o (
assessed by both immunocytochemistry and Western Histone acetylation helps transcription factors gain access to
blots. Phenylbutyrate increased mRNA for components specific regions of DNA when it is tightly packed in chromatin,
of the ubiquitin-proteosomal pathway and down-regu- and thereby increases gene transcription. In a Drosophila

lated caspases implicated in apoptotic cell death, and model of polyglutamine-dependent neurodegeneration, histone

active caspase 3 immunoreactivity in the striatum. deacetylase (HDAC) inhibitors arrest the ongoing progressive
These results show that administration of phenylbu- neuronal degeneration (8). The toxic effects of polyglutamines
tyrate, at doses that are well tolerated in man, exerts in yeast were mitigated by the HDAC inhibitor trichostatin A
significant neuroprotective effects in a transgenic (10). Furthermore, histone acetylation is reduced in cell lines
mouse model of RD, and therefore represents a very that express a mutant androgen receptor with an expanded
promising therapeutic approach for HD. polyglutamine repeat, and this is reversed by overexpression of

CBP or by treatment with HDAC inhibitors, with a concomi-
tant reduction in cell loss (11). The HDAC inhibitor suberoyla-

Huntington's disease (HD)1 is caused by a mutation that nilide hydroxamic acid (SAHA) ameliorates motor deficits in
leads to an expansion of a stretch of polyglutamines in the Htt the R6/2 transgenic mouse model of HD, although its effects on
protein. The expanded polyglutamine domains can interact survival were not assessed. (12). The HDAC inhibitor sodium
with other polyglutamine containing proteins, including sev- butyrate improves survival and attenuates striatal atrophy in
eral transcription factors (1). Alterations in gene transcription the R6/2 transgenic mouse model of HD when administered
occur as an early feature of transgenic mouse models of HD and presymptomatically starting at 21 days of age (13). A critical
other polyglutamine diseases (2-4). One example is recruit- issue, however, is whether HDAC inhibitors exert neuroprotec-
ment of CREB-binding protein (CBP) into aggregates of poly- tive effects when administered after the onset of symptoms,

analogous to the situation in HD patients. We found that the

* This work was supported by the Huntington's Disease Society of HDAC inhibitor phenylbutyrate exerts significant effects on

America Coalition for the Cure program, the Hereditary Disease Foun- survival and ameliorates histopathologic degeneration in the
dation, and National Institutes of Health NINDS Grants NS32958 (to N171-82Q transgenic mouse model of HD when administered
M. F. B.), NS35255, and NS045242 (to R. J. F.), and the Veterans after the onset of symptoms. Furthermore, we show for the first
Administration. The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be time that histone methylation is markedly increased in the

hereby marked "advertisement" in accordance with 18 U.S.C. Section N171-82Q transgenic mouse model of HD, and that this is
1734 solely to indicate this fact. ameliorated by phenylbutyrate treatment.

#$ To whom correspondence should be addressed: Dept. of Neurology
and Neuroscience, Weill Medical College of Cornell University, 525 MATERIALS AND METHODS
East 68 th St., Rm. F610, New York, NY 10021. Tel.: 212-746-6575; Fax:
212-746-8532; E-mail: fbeal@med.cornell.edu. Animals-Transgenic N171-82Q mice were originally obtained from

' The abbreviations used are: HD, Huntington's disease; Htt, hun- Drs. Ross and Borchelt (The Johns Hopkins University, Baltimore,
tingtin; HDAC, histone deacetylase; CBP, CREB-binding protein; MD), and maintained on a B6C3F1 background (Jackson Laboratories,
CREB, cAMP-response element-binding protein; PBS, phosphate-buff- Bar Harbor, ME). The offspring were genotyped using a PCR assay on
ered saline; RT, reverse transcriptase; SAHA, suberoylanilide hydrox- tail DNA. Mice were housed 4-5 per cage with free access to food and
amic acid. water, under standard conditions with a 12-h lightldark cycle. All
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animal experiments were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved by the 1
Weill Medical College of Cornell University Institutional Animal Care "G--- Na-Phep/IbutyIrte
and Use Committee. Male and female N171-82Q mice, and littermates, *; 0.8
were equally distributed between experimental groups.

Treatment-Mice received intraperitoneal injections of 4-phenylbu- cj"
tyric acid sodium salt (100 mg/kg/day, volume 3.33 ml/kg; Triple Crown * 0.6
USA, Inc., Perkasie, PA) or vehicle (PBS, 3.33 ml/kg), 6 days per week .,.

from 75 days of age. 0.4
Survival-Thirty-six mice (24 in the drug and 12 in the vehicle

groups) were used in survival, weight, and behavior studies. Mice were
observed daily, and deemed to have reached end-stage of the disorder S 0.2
when they could no longer initiate movement after being gently agi- 0
tated for 2 min. Death was recorded when animals reached this stage
and were euthanized by Na-pentobarbital overdose, or at the time of 0.0

natural death if this occurred between daily inspections. - - - - -----

Behavioral and Weight Assessment-Motor performance was as- 75 95 115 135 155 175 195 215
sessed using an accelerating rotarod apparatus (Columbus Instru- Age (d~qs)
ments, Columbus, OH). The rotarod was accelerated from 0 rpm at a
rate of 5.3 rpm/min over 180 s, then maintained at 16 rpm for a further FIG. 1. Effects of administration of phenylbutyrate starting at
120 s (300 s total). The time elapsed on the rotarod measures the motor 75 days of age on survival in the N171-82Q transgenic mouse
competency of the mouse in the task. Mice were given two rotarod model of HiD. Phenylbutyrate significantly improved survival (p <
training sessions to acclimate them to the apparatus, and then tested 0.0001, Mantel-Cox log-rank test).
twice weekly from 75 days of age. Each mouse undertook three 300-s
trials per test session, with the best result recorded. Mice were weighed number of huntingtin-positive aggregates. Striatal neuron areas were
twice a week. analyzed by microscopic videocapture using a Windows-based image anal-

HDAC Inhibition-The HDAC inhibitory action of phenylbutyrate ysis system for area measurement (Optimas, Bioscan Inc., Edmonds, WA).
was confirmed by an in vitro HDAC fluorescent activity assay (Biomol, The software automatically identifies and measures profiles. All computer
Plymouth Meeting, PA), as previously described (14). Phenylbutyrate identified cell profiles were manually verified as neurons and exported to
was incubated with the HeLa extract for 30 min, and then incubated for Microsoft Excel. Cross-sectional areas were analyzed using Statview.
25 min with developer. RNA Isolation and Microarray Analysis-Striata were dissected

Histone Acetylation and Methylation Levels in Brain Tissue-Fifteen from mouse brains and immediately frozen in liquid nitrogen. Total
N171-82Q and littermate wild-type mice (aged 4-5 months) received RNA was isolated by extraction with TRIzol (Invitrogen). Labeled cRNA
single intraperitoneal injections of 100 mg/kg Na-phenylbutyrate in probes were generated from total RNA samples using the Message-
PBS or vehicle (PBS). Mice were sacrificed 0, 1, 2, 3, and 4 h post- Amp' cRNA kit (Ambion Inc., Austin, TX). Briefly, the procedure
injection (n = 3 per group), brain and spleen were harvested and consists of reverse transcription of 2 gg of total RNA with a T7 oligo(dT)
immediately frozen in liquid nitrogen. Nuclear fractionation was car- primer bearing a T7 promoter sequence followed by in vitro transcrip-
ried out according to Ref. 15. Levels of acetylated H3 histones were tion of the resulting DNA with T7 RNA polymerase to generate anti-
measured by Western blot analysis according to published methods sense RNA copies of each mRNA (Ambion Inc.). The quality of total
(anti-acetylated H3 dilution 1:3000; anti-acetylated H4 dilution 1:2000) RNA and labeled cRNA were assessed with Agilent's Lab-on-a-Chip
(16). Levels were compared with butyrate-treated and untreated HeLa total RNA nano-biosizing assay (Agilent Technologies, Palo Alto, CA).
cell extracts. Histone methylation in both vehicle and Na-phenylbu- Biotinylated cRNA probes were hybridized to Murine Genome Array
tyrate-treated wild-type and N171-82Q mice at 0, 1, 2, and 3 h was U74Av2 chips, containing 6,000 identified genes and 6,000 EST clus-
measured by Western blot analysis using an anti-dimethylated H3 ters, using the Affymetrix Fluidics Station 400 according to the manu-
(Lys-9) antibody (Upstate Biotechnology, Lake Placid, NY). Anti-acetyl- facturer's standard protocol. The image data on each individual mi-
ated H3 and H4 antibodies as well as butyrate-treated and control croarray chip was scaled to 250 target intensity, using the Microarray
HeLa cell extracts were obtained from Upstate Biotechnology (Lake Suite software (Affymetrix, Santa Clara, CA). Drug-induced alterations
Placid, NY) and anti-rabbit IgG horseradish peroxidase from Amer- in gene expression were analyzed using the GeneSpring software (Sil-
sham Biosciences. The Western blots were quantitated using computer- icon Genetics, Redwood, CA). Data analysis was carried out on 10
assisted densitometry. microarrays (5 PBS-treated and 5 phenylbutyrate-treated mice). Nor-

Histology and Immunohistochemical Localization of Acetylated and malization was carried out using default normalization parameters by
Methylated Histones-Mice were treated with 100 mg/kg Na-phenylbu- GeneSpring software as follows: per sample, by dividing the raw data by
tyrate or PBS from 75 days of age. At 100 or 120 days of age, mice were the 50th percentile of all measurement, and per gene, by dividing the
deeply anesthetized and transcardially perfused with 4% paraformal- raw data by the median of the expression level to specific samples. Data
dehyde (n = 5 per group). Brains were removed, post-fixed with the from probe sets representing genes that failed the detection criteria
perfusant for 2 h, and then cryoprotected in 20% glycerol, 2% Me2SO. (labeled "absent" or "marginal" in all 10 microarrays) were eliminated,
Brains were then cut into frozen 50-gm thick sections, and serial and all further analyses were carried out in the remaining 7,116 probe
sections stained for Nissl substance (cresyl violet) or immunostained sets. The Welch t test statistical method was used to find differentially
with an antibody recognizing the first 256 amino acids of human hun- expressed genes by two-group comparisons, and genes were assumed to
tingtin (EM48, dilution, 1:1,000). An antibody to ubiquitin (dilution, be significantly up-regulated or down-regulated if the calculated p
1:200, Dako Corp., Carpintena, CA) was also used to confirm the pres- value was <0.05.
ence of protein aggregates. Immunocytechemical localization of acetyl- Real-time RT-PCR-One-step quantitative real-time RT-PCR using
ated histone H3 and acetylated histone H4 was conducted in adjacent a LightCycler thermal cycler system (Roche Diagnostics) was performed
sections, as previously described (17). Immunocytochemical detection of to confirm microarray results. PCR was carried out with the SYBR
histone methylation was done using an antibody to anti-dimethyl-his- Green quantitative RT-PCR system (Sigma) and gene-specific primers
tone H3 (Lys-9) (Upstate Biotechnology, Lake Placid, NY). Caspase for 40 cycles according to the manufacturer's protocols. After amplifi-
activation was examined using an affinity purified anti-active caspase cation, a melting curve analysis and length verification by gel electro-
3 antibody (dilution, 1:1000, BD Pharmingen). phoresis were carried out to confirm the specificity of PCR products. As

StereologylQuantitation-Serial-cut coronal tissue sections begin- a negative control, template RNA was replaced with PCR-grade water.
ning from the most rostral segment of the neostriatum to the level of the Calculations of threshold cycle and difference were analyzed with
anterior commissure were used for huntingtin aggregate analysis. Un- LightCycler analysis software (Roche). Gene-specific primers were de-
biased stereologic counts of huntingtin-positive aggregates (L-1.0 gm signed using LightCycler probe design software (Roche). PCR primer
diameter) were obtained from the dorsolateral neostriatum in 5 mice pairs used for each gene were as follows: Gfer, 5'-GCCTGCACAAT-
each from phenylbutyrate-treated and PBS-treated N171-82Q mice at GAGGT-3' and 5'-GGCTCAGATGCACTTTAAT-3'; Gstm3, 5'CTCTGC-
120 days using Neurolucida Stereo Investigator software (Microbright- CTACATGAAGAG-3' and 5'-GGAGAGAGAACCGGGA-3'; Psma3, 5'-
field, Colchester, VT). The total areas of the rostral neostriatum were CATTAGCAGACATAGCGAG-3' and 5'-ATCACGGCAAGTCATTT-3';
defined in serial sections in which counting frames were randomly Casp9, 5'-AGAACGACCTGACTGC-3' and 5'-CTCCCGTTGAAGATAT-
sampled. The optical dissector method was employed estimating the TCAC-3'; Cflar, 5'-TGGAATACCGTGACAGTC-3' and 5'-CTTGCAT-
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Al ~ ,Bi

FIG. 2. Gross brain and histopatho- A2 B2
logical neuroprotection with phenyl- -. •
butyrate treatment. Photomicrographs
of coronal serial sections through the ros-
tral neostriatum at the level of the ante-
rior commissure in phenylbutyrate-
treated (A1-5) and PBS-treated (B-5)
N171-82Q HD transgenic mice at 120 kDIdays. There was gross atrophy of the .......... 333• "n•i,:•

brain in the PBS-treated N171-82Q mice . ( ,,,

along with ventricular enlargement. In ,
contrast, the phenylbutyrate-treated -. ,< .,>i, •v:
N171-82Q mice at 120 days (A) show sig- /,i, "
nificantly less atrophy and ventricular ,.

enlargement than the PBS-treated N171-
82Q mice. Corresponding Nissl-stained u -
tissue sections from the dorso-medial as-
pect of the neostriatum in phenylbu- A4..... 34 .
tyrate-treated (06) and PBS-treated mice . •%, .• ,
(B6) showed marked neuronal atrophy in 7',
the PBS-treated N171-82Q mice. Scale f,'• ) 'J•j

bars in A and B equal 2 mm, except A6 .',
and B6 equal 100 gmn. ~

.4'
It Aý

ATCGGCGAAC-3'; Prkce, 5'-AAACACCCTTATCTAACCCA-3' and 5'- itor, SAHA, before onset of symptoms ameliorated rotarod def-
AGATCACTCCGTGCTG-3'; glyceraldehyde-3-phosphate dehydrogenase, icits, but had no effect on grip strength (12). Treatment with
5'-AGAGCTGAACGGAAG-3' and 5'-G•fGAGTCGCAGGAG-3'.5'-AAGCGAAGGGAG-'an 5'-~rGAGTGCAGAG3'. sodium butyrate starting at 21 days of age improved both

Data Analysis-Data were expressed as the mean ± S.E. Statistical
comparisons of rotarod, weight data, bioassay, and histological data rotarod performance and weight loss (13). The lack of beneficial
were compared by analysis of variance or repeated measures analysis of effects on motor symptoms in the present study may reflect the
variance. Survival data were analyzed using Kaplan-Meier survival fact that therapy was initiated after symptom onset.
curves and the Mantel-Cox log-rank test. Histopathologic studies in brains of treated and untreated

RESULTS mice were performed at both 100 and 120 days of age. These

Systemic administration of phenylbutyrate at a dose of 100 studies showed a significant attenuation of gross brain atrophy

mg/kg intraperitoneal 6 days per week starting at 75 days of and ventricular enlargement, as well as neuronal atrophy after

age produced a significant increase in survival of 23% in the phenylbutyrate treatment, which was significant at 120 days

N171-82Q transgenic mouse model of liD (Fig. 1) (p < 0.0001). (Fig. 2). At 120 days the total brain volume in the phenylbu-

Life span was 153.2 ± 4.8 days in the phenylbutyrate-treated tyrate-treated mice was 21.6% greater than in PBS (p < 0.01)

mice and 124.5 ± 5.4 days in mice that received vehicle, and the ventricular volume was 82.4% less (p < 0.001).

Surprisingly, phenylbutyrate treatment had no significant Whereas marked striatal neuron atrophy was present in un-

effects on weight loss or on motor performance as assessed by treated N171-82Q mice at 120 days, phenylbutyrate treatment
rotarod performance in the N171-82Q mice (data not shown). significantly reduced striatal neuron atrophy in N171-82Q
This contrasts with findings using other therapeutic interven- mice (wild-type littermate control: 143.9 - 11.9 Am 2 ; phenyl-
tions including creatine and minocycline, in which improved butyrate-treated N171-82Q mice: 116.5 + 17.5 Jim 2 ; PBS-
survival is accompanied by improved motor performance and treated N171-82Q mice: 54.2 ± 25.3 jm 2 ; F3,5 = 12.85; phe-
delayed weight loss (18). Treatment with another HDAC inhib- nylbutyrate versus PBS, p < 0.01). The numbers of Htt and
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Huntingtin/Ubiquitin Histone acetylation

FIG. 3. Huntingtin and ubiquitin immunoreactivity in phenyl-
butyrate-treated N171-82Q mice. Huntingtin-immunostained tissue
sections from the neostriatum of PBS-treated (A) and phenylbutyrate-
treated N171-82Q mice at 120 days (B) show no difference in the
number and size of huntingtin aggregates and inclusions between
treated and untreated mice. Similarly, there were no differences in
ubiquitin-positive inclusions between PBS-treated and phenylbutyrate-
treated N171-82Q mice (C and D, respectively). Scale bar in A equals 50 FIG. 4. Striatal tissue immunohistochemistry of acetylated hi-
jum and corresponds to all photomicrographs. stone 3 and 4 in phenylbutyrate-treated N171-82Q mice. Robust

acetylated histone 3 and 4 immunohistochemistry was present in wild-
type littermate control striatal tissue specimens (A and D, respectively),

ubiquitin-stained aggregates were unaltered by phenylbu- with hypoacetylation in the N171-82Q mice (B and E, respectively).
tyrate administration (Fig. 3) (Huntingtin aggregates in phe- Phenylbutyrate treatment increased acetylation of histone 3 and 4 in
nylbutyrate-treated N171-82Q mice: 3.25 X 106 -__ 1.11; PBS- N171-82Q mice (C and F, respectively). Bar in A equals 100 Jm and
treated N171-82Q mice: 3.11 X 106 , 1.02, F 2 ,10 = 1.09; p < applies to all figures.

0.38). These results are similar to observations with sodium

butyrate in the R6/2 transgenic mouse model of HD (13). Treat- markedly increased in the striatum of the N171-82Q mice as
ment with SAHA had no effect on numbers of aggregates and compared with controls, similar to the observations in the R6/2

gross morphology, but showed a tendency to reduce neuronal mice. The increase was markedly attenuated by phenylbu-
atrophy (12). To verify that the effects we observed were be- tyrate treatment.
cause of an increase in histone acetylation, we performed both
immunocytochemistry and Western blots. Administration of DISCUSSION

phenylbutyrate for 2 weeks increased immunostaining for both There is substantial evidence that impaired gene transcrip-

acetylated histone H3 and histone H4 in striatal neurons (Fig. tion plays a role in the pathogenesis of HD. Prior studies

4). Administration of phenylbutyrate at 100 mg/kg increased showed that treatment with HDAC inhibitors is effective in
histone acetylation in the spleen (not shown) and brain at 2 h attenuating polyglutamine toxicity in vitro (10, 11). Treatment

post-administration (Fig. 5). Another histone modification that with HDAC inhibitors arrests ongoing progressive neuronal

can repress gene transcription is methylation of lysine 9 on degeneration is a Drosophila model of polyglutamine neurotox-

histone 3. Using immunocytochemistry we found a marked in- icity (8). The HDAC inhibitor SAHA was recently shown to
crease in methylation of histone 3 in the striatum at 120 days of improve motor function in the R6/2 transgenic mouse model of
age, which was markedly attenuated by phenylbutyrate treat- HD (12), and sodium butyrate improves motor function and

ment (Fig. 6). This finding was confirmed by Western blots (Fig. exerts neuroprotective effects in this model when administered

7). We verified that phenylbutyrate dose dependently inhibited presymptomatically (13).
histone deacetylase activity in vitro with an IC5 o of -10 mm. In the present study we administered the HDAC inhibitor

We also examined the effects of phenylbutyrate on gene phenylbutyrate to the N171-82Q transgenic mouse model of

expression levels using Affymetrix gene arrays. Phenylbu- HD. N171-82Q mice express a cDNA encoding a 171-amino acid

tyrate was administered for 2 weeks starting at 75 days of age N-terminal fragment of huntingtin exon 1 containing 82 CAG
to 5 N171-82Q mice, whereas 5 mice received vehicle. Tran- repeats (20). The mice develop tremors, progressive weight

scription products in striatum of the two groups were compared loss, incoordination, and abnormal hind limb clasping by 3 to 4

(Table I). To validate the alterations of gene expression at the months of age, and die prematurely at 4-6 months of age (18,
mRNA level, which appeared on the microarray, real-time RT- 20). Mice appear normal for the first 2 months of life, but the
PCR was performed using a LightCycler thermal cycler system initial phenotypic abnormality is failure to gain weight from 2

(Fig. 8). Expression of selected genes (Gfer, Gstm3, and Psma3) months onwards. Striatal N-acetylaspartate concentration is
were significantly up-regulated after phenylbutyrate treat- reduced as early as 50 days of age (indicating neuronal dys-
ment compared with controls (p < 0.05), whereas the other function), and abnormal systemic glucose tolerance occurs by

genes (Casp9, Cflar, and Prkce) showed significantly lower 75 days of age (18, 21). Significant reductions in gene expres-
expression after phenylbutyrate treatment than in controls sion include reductions in dopamine D2 receptors, adenosine

(p < 0.05). Because caspase 9 is involved in activation of A2a receptors, and adenylyl cyclase (4). Diffuse nuclear accu-
caspase 3, and is increased in HD patients, we examined mulation of Htt and rare nuclear aggregates as well as cyto-

caspase 3 immunoactivity at 120 days of age (19) (Fig. 9). It was plasmic aggregates occur as early as 4 weeks of age (20). There
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MIG. 5. Western blots showing the effects of phenylbutyrate treatment (100 mg/kg intraperitoneal) on histone acetylation in the
brain of N171-82Q at 0, 1, 2, 3, and 4 h after administration. There were significant increases in acetylated histones 3 (AcH3) and 4 (AcH4)
at 2 h (p < 0.05, analysis of variance followed by Newman-Keuls). Control histones from untreated (-) or sodium butyrate-treated (+) HeLa cells
were used as a positive control for histone acetylation detection (lanes - and +, respectively).
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k. 0.6 *

~0 *
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k', FIG. 7. Western blots showing the effects of phenylbutyrate
treatment on histone methylation in the brain of N171-82Q mice
and age-matched wild-type (Wt) mice at 0, 1, 2, and 3 h after

- • V t'administration, or 3 h after vehicle (PBS). There was a significant
C .•decrease in histone methylation at 2 and 3 h after phenylbutyrate

(PBA) administration. *, p < 0.05; **, p < 0.01, significant difference
F1G. 6. Striatal tissue immunohistochemistry for methylation between phenylbutyrate. PBA-treated mice and control mice were sac-

of lysine 9 in histone 3 at 120 days of age. The immunocytochemical rificed immediately after PBA injection (PBA + 0 h); t p < 0.05,
staining for methylation is markedly increased in the N171-82Q mice significant difference relevant to vehicle (Veh, PBS)-injected mice.
(B) as compared with wild-type controls (A). Phenylbutyrate markedly n = 4/group.
attenuated the increase in methylation (C). Bar inA equals 100 pkm and
applies to all figures. ated after onset of symptoms. Administration of a combination

of coenzyme Q10 and remacemide to N171-82Q mice from 21
are degenerating neurons as assessed by caspase staining, days of age extended survival by 17% and improved motor
terminal deoxynucleotidyl transferase-mediated UTP nick end performance (24), however, when this dosing regimen was ini-
labeling, and electron microscopy (22). tiated at 56 days of age motor performance deterioration was

We found that administration of phenylbutyrate starting at delayed, but there was no beneficial effect on survival (25).
75 days of age produced a significant 23% improvement in Creatine administration in the N171-82Q mice improved sur-
survival. This is particularly impressive because we started vival by 19% when administered from 28 days of age (18),
therapy at 75 days, which is a time point after which the however, it is much less effective when treatment is initiated
N171-82Q mice have shown initial symptoms (20, 23). Admin- after the onset of symptoms in the R6/2 transgenic mouse
istration of other therapies is much less effective when initi- model of HD (26).
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TABLE I

Selected mRNA changes in the striatum of phenylbutyrate-treated N171-82Q mice

Gene GenBankTM Expression p value Description Chromosome Affymetrix probe
accession number pattern location set ID

Cc627 AW124975 Induced 0.0088 Chemokine (C-C motif) ligand 27 412.7 cM 100972_s_at
Sybll X96737 Induced 0.0157 Synaptobrevin like 1 X 0.5 cM 102885_at
Lyplal A1875934 Induced 0.0318 Lysophospholipase 1 1 Al 97207 f at
Gfer U40494 Induced 0.0342 Growth factor, ervl (augmenter of liver 1710.0 cM 160269_at

regeneration)
Gstm3 J03953 Induced 0.0435 Glutathione S-transferase 3 97682_r at
Strn3 AW124985 Induced 0.0067 sTriatin, calmodulin-binding protein 3 12 C1 100878_at
Cdv3 A1837005 Induced 0.0069 Carnitine deficiency associated gene 9 160326_at

expressed in ventricle 3
Usp29 AA673236 Induced 0.0191 Ubiquitin-specific protease 29 76.5 cm 96433_at
Psma3 AF055983 Induced 0.0121 Proteasome (prosome, macropain) 3 92544_f at

subunit, a type 3
Tcergl AB023485 Induced 0.0039 Transcription elongation regulator 1 18 B3 101008_at

(CA150)
Psmc3 AA409481 Induced 0.0129 Proteasome (prosome, macropain) 26 S 247.0 cm 100225_f at

subunit, ATPase 3
Casp9 AB019600 Repressed 0.0494 Caspase 9 4 El 100367_gat
Ephxl U89491 Repressed 0.0004 Epoxide hydrolase 1, microsomal 198.5 cm 101587.at
Prkcc AF028009 Repressed 0.0409 Protein kinase C 17 E4 94161_at
Cflar Y14041 Repressed 0.0190 CASP8 and FADD-like apoptosis 130.1 cm 103217_at

regulator
PsmdlO AB022022 Repressed 0.0126 Proteasome (prosome, macropain) 26 S X F1 103319_at

subunit, non-ATPase, 10
StklO D89728 Repressed 0.0453 Serine/threonine kinase 10 1116.0 cm 93680_at

Gfer Gstm3 Psma3
* 1.2 1.*

~ii~ 0.8

0 o.0. 4- . 4.

PBS NaPB PBS NaPB PBS NaPB

Casp9 Cflar Prkce

0.8 0.4

0.4 0.2

PBS NaPB PBS NaPB PBs NaPB

FIG. 8. Quantitative real-time RT-PCR analysis of genes identified by microarray analysis as differentially expressed. Total RNA
was extracted and real-time RT-PCR was performed with SYBR Green I dye using a LightCycler thermal cycler system. The expression level is
shown as the weight ratio of the target gene to glyceraldehyde-3-phosphate dehydrogenase (GAPDH); Gfer (growth factor), Gstm3 (glutathione
S-transferase), Psma3 (proteasome subunit, a type 3), Casp9 (caspase 9), Cflar (CASP8 and Fas-activated death domain-like apoptosis regulator),
and Prkce (protein kinase C). Data are mean :t S.E. for 4-5 samples; calculated by the comparative cycle threshold method. *, p < 0.05, compared
with PBS-injected mice.

The finding that phenylbutyrate is effective in symptomatic although it improved both rotarod performance and grip

transgenic HD mice is consistent with observations in a Dro- strength when administered presymptomatically (12).

sophila model of polyglutamine toxicity, which showed that Histopathologic studies of phenylbutyrate in the N171-82Q

HDAC inhibitors were neuroprotective even when adminis- mice showed a trend toward reduced atrophy at 100 days of

tered to animals already exhibiting neurodegeneration (8). In age. At 120 days of age there was a significant reduction in

addition, phenylbutyrate extends the lifespan in wild-type Dro- gross brain atrophy, ventricular enlargement, and striatal neu-

sophila when administered late in life (27). These observations ron atrophy. Presymptomatic treatment with sodium butyrate

suggest that phenylbutyrate administration may be beneficial also attenuates brain atrophy, ventricular enlargement, and

to HD patients after onset of symptoms. Surprisingly, there striatal neuron atrophy (13). Interestingly, phenylbutyrate
were no significant effects on weight loss or motor deficits, treatment had no effect on huntingtin and ubiquitin-stained

which may reflect the fact that therapy was initiated after aggregates, which is consistent with observations made with

symptom onset. Similarly, SAHA did not effect weight loss, SAHA and sodium butyrate (12, 13). The effects of HDAC
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(ATPase 3), whereas caspase 9, caspase 8/FADD-like apoptosis
regulator, and proteasome 26 S subunit (non-ATPase 10) were
significantly decreased. Consistent with the up-regulation of
caspase 9, active caspase 3 was also increased in the striatum,
and this increase was attenuated by phenylbutyrate treatment.
Because aberrant protein degradation and apoptosis are impli-
cated in HD pathogenesis, these alterations may contribute to
the therapeutic effects of phenylbutyrate (36, 37).

A •Our findings show that administration of the HDAC inhibi-
0 •.tor phenylbutyrate exerts neuroprotective effects and increases

survival in symptomatic HD transgenic mice, supporting stud-
ies in which HDAC inhibitors were administered presymptom-
atically (12, 13). The findings are robust and the 23% increase

-4 in survival is the best overall therapeutic effect yet reported in
the N171-82Q HD model. The effects of this HDAC inhibitor
are consistent with findings both in cell culture models and in
Drosophila models of polyglutamine toxicity (8, 10, 11, 38), and
are also consistent with reports that overexpression of several

. transcription factors including CBP, TAF,1 130, and Spl can
abrogate cell death produced by proteins containing polyglu-
tamine expansions in vitro (7, 39, 40). In addition, a recent
study showed that HDAC inhibitors can prevent oxidative neu-
ronal death via an Spi dependent pathway (41), which is of
particular interest with regard to HD mouse models because
we and others found evidence of increased oxidative damage in
HD transgenic mice (42-44).

Phenylbutyrate is a particularly promising agent for thera-
,C peutic trials in man because of extensive experience with its

FIG. 9. Striatal tissue immunocytochemistry for active use in patients for treatment of urea cycle disorders, sickle cell
caspase 3 at 120 days of age. The immunocytochemical staining for anemia, thalassemia minor, and cystic fibrosis (45-47). Pa-
active caspase 3 is markedly increased in the N171-82Q mice (B) as tients with ornithine transcarbamylase deficiency have been
compared with wild-type controls (A). Phenylbutyrate markedly atten- treated long-term with doses of phenylbutyrate between 350
uated the increase in active caspase 3 immunoreactivity (C). Br inres and 600 mg/kg/day without significant side effects (48, 49).

Phase one trials in cancer patients showed good tolerability at

doses of 400-500 mg/kg/day (50, 51). Our effective dose of 100
inhibitors contrast with the therapeutic effects of agents such mg/kg/day in mice is therefore well within the tolerable range.
as creatine, coenzyme Qo with remacemide, and cystamine, These findings suggest that phenylbutyrate is an extremely
which significantly reduce numbers of Htt immunoreactive promising agent for treatment of HD.
aggregates (18, 24, 28). Minocycline and dichloroacetate also
increase survival in transgenic HD mice, without altering ag- Acknowledgments-The secretarial assistance of Greta Strong,
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Mitochondrial Aconitase is a Transglutaminase 2 Substrate:
Transglutamination is a Probable Mechanism Contributing
to High-Molecular-Weight Aggregates of Aconitase and Loss
of Aconitase Activity in Huntington Disease Brain*
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Transglutaminase activity was found to be present in highly purified non-synaptosomal rat
brain mitochondria. A 78-kDa protein in these organelles was shown to be a transglutaminase
2 substrate, and incubation of a non-synaptosomal mitochondrial lysate with transglutamin-
ase 2 yielded high-Mr proteins. The 78-kDa protein was identified as mitochondrial aconitase
by MALDI-TOF analysis. Aconitase activity was decreased in a dose-dependent manner when
non-synaptosomal rat brain mitochondria were incubated with transglutaminase 2. Trans-
glutaminase activity is increased about 2-fold in the mitochondrial fraction of HD caudate.
Moreover, Western blotting of the mitochondrial fraction revealed that most of the
mitochondrial aconitase in HD caudate is present as high-Mr aggregates. Aconitase activity
was previously shown to be decreased in Huntington disease (HD) caudate (a region severely

damaged by the disease). The present findings suggest that an increase of transglutaminase
activity in HD caudate may contribute to mitochondrial dysfunction by incorporating
aconitase into inactive polymers.

KEY WORDS: Huntington disease; mitochondrial aconitase; non-synaptosomal mitochondria; trans-
glutaminase.
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to the carboxamide moiety of a glutaminyl (Q) neuronal cell death, improved behavior and pro-
residue of a protein/polypeptide substrate (acyl do- longed survival in R6/1 (an HD-like model) x TGase
nor) to form an N-(y-L-glutamyl)-L-lysine (GGEL) 2-/- (knockout) mice compared to R6/1 x TGase 2+/+
isopeptide bond (cross-link) and ammonia (1). The mice with intact TGase 2.
GGEL linkage is a marker for TGase activity, and Several mechanisms have been suggested to
has been used for that purpose in the studies explain how TGase activity might contribute to the
described below. Polyamines may also act as acyl pathogenesis of neurodegenerative diseases. One
acceptors (1). possibility is that TGase assists in the generation of

Several lines of evidence suggest that aberrant insoluble protein deposits such as senile plaques,
TGase activity, although not causative, may con- nuclear and cytosolic inclusions, and Lewy bodies
tribute to the inexorable decline associated with (4,6,15,18,19) that may trigger a cytotoxic cascade.
several neurodegenerative diseases. For example, It has also been proposed that increased expression
inherent TGase activity is increased in affected brain of TGase may escalate apoptosis (e.g., 20). Some
regions in several neurodegenerative diseases, evidence suggests that aberrant TGase 2 activity
including Huntington disease (HD) (2-4), Alzheimer leads to mitochondrial dysfunction. For example,
disease (AD) (5-7), Parkinson disease (PD) (8) and Piacentini et al. (20) showed that neuroblastoma
supranuclear palsy (9). GGEL linkages have been (SK-N-BE(2)) and 3T3 fibroblast cells transfected
detected in protein aggregates in AD- and HD brain with TGase 2 contain constitutively hyperpolarized
(6,10,11), and free GGEL isodipeptide is increased in mitochondria and increased reactive oxygen inter-
HD brain (10), HD CSF (12) and AD CSF (13). mediates. When subjected to oxidative stress, these
GGEL cross-links have also been detected in paired- cells showed increased apoptosis. Piacentini et al.
helical filaments in AD brain (14). In a model system, (20) suggested that TGase 2 may act as a 'sensitizer'
Junn et al. (15) showed that protein deposits are to apoptosis.
formed when COS-7 cells and human embryonic A defect in mitochondrial energy metabolism
kidney (HEK) 293T cells overexpressing cL-synuclein leading to increased susceptibility to excitotoxic in-
(a component of protein aggregates in PD brain) are jury has been suggested as a potential mechanism
co-transfected with TGase 2. Overexpression of contributing to the pathogenesis of HD (21-23).
ct-synuclein alone in COS-7 cells was not sufficient to Activities of mitochondrial enzymes involved in oxi-
induce formation of protein deposits (15). In addi- dative phosphorylation (complex II-II and IV) are
tion, the formation of cx-synuclein protein aggregates significantly reduced in the vulnerable regions of HD
was increased by the Ca2+ ionophore A23187 and brain by the end-stage of the disease (22,23). Aconi-
prevented by cystamine, an in vitro TGase inhibitor/ tase (Aco) activity is also reduced in the HD caudate
alternative substrate (15). Previous studies have and putamen (24). Administration of 3-nitroprop-
shown that cystamine treatment prolongs the lifespan ionic acid (3-NPA), a mitochondrial toxicant that
and reduces associated tremor and abnormal move- inhibits succinate dehydrogenase, causes a selective
ments in HD transgenic mice, possibly in part due to loss of medium spiny neurons in the striatum of rats
inhibition of TGase activity (3,10). Recently, Man- and primates that is similar to HD neuropathology
drusiak et al. (16) showed that the N terminus of the (25,26). Recent work shows that the mutant protein
androgen receptor containing a Q,, repeat is an in HD (huntingtin, htt) which contains an expanded
excellent Q and K substrate for TGase 2, forming Q, domain - or htt fragments containing the muta-
cross-linked polymers. Mutation of the androgen tion - localizes with mitochondria in models of HD,
receptor through elongation of a Q, repeat causes and may contribute to abnormalities of Ca 2+ influx
spinobulbar muscular dystrophy. HEK GFPu-1 cells and susceptibility of the mitochondria to a Ca2+_
expressing TGase 2 and mutated androgen receptor induced permeability transition and cytochrome c
exhibited proteasome dysfunction (16). Moreover, release (27-29). However, the mechanism by which
GGEL cross-links were detected immunohistochem- the mutated htt causes bioenergetic dysfunction
ically in protein aggregates in the brains of spino- remains unknown.
bulbar muscular dystrophy transgenic mice, but not We have recently shown that mouse brain
in the controls (16). Perhaps the most compelling mitochondria contain TGase activity (30). In the
evidence for a role of TGases in neurodegenerative present work we tested the possibility that mito-
disease is provided by the work of Mastroberardino chondrial proteins may be TGase substrates, thereby
et al. (17). These authors reported a reduction in contributing to mitochondrial dysfunction in HD.
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EXPERIMENTAL PROCEDURES interval, 16.8±2.3 h. Controls: 5 M, 3 F; age, 72.8±6.7 y; post-
mortem interval, 14.5 ± 3.8 h. There were no significant differences
between the two groups with P > 0.05]. Tissue was stored at -800 C.

Reagents Mitochondria were extracted from this tissue according to the

NAD', NADP÷, dithiothrcitol (DTT), thiamine pyrophos- method of Lai et al. (31,32). Briefly, brain tissue was homogenized

phate, sodium a-ketoglutarate, sodium pyruvate, leupeptin, succ- on ice in isolation buffer containing 1 mM Tris HCI, 1 mM EDTA,

inylated casein, succinylated casein, sodium thiomalate, EDTA, 0.25 M sucrose, pH 7.4 (5 vol: 1 g tissue). Mitochondria were

EGTA, HEPES, ferrous ammonium sulfate, a-cyano-4-hydrox- extracted by serial differential centrifugations, with application of

ycinammic acid, trifluoroacetic acid (TFA), trichloroacetic acid the sub-cellular pellet to a Ficoll gradient. The resultant mito-

(TCA), Tris, Tricine, Triton X-100, bovine serum albumin (BSA; chondrial pellets were diluted to the appropriate protein concen-

fatty acid free), magnesium chloride, sodium citrate, bovine tration in isolation buffer and stored at -80'C. The freeze-thawing

fibrinogen (plasma faction 1), semi-purified guinea pig liver TGase process might be expected to compromise the integrity of the

2 (specific activity -2 U/mg, where 1 U is 1 jamol of hydroxamate mitochondria purified from the previously frozen human brain

formed per min in a reaction mixture containing 100 mM tissue. However, in separate experiments the specific activity of

hydroxylamine and 50 mM carbobenzoxy L-glutaminylglycine; LDH (a cytosolic marker) in non-synaptosomal mitochondria iso-

37°C), porcine heart isocitrate dehydrogenase (NADP+) (20 U/ lated from previously frozen mouse brain was -3% that in the

mg), and lubrol PX were from Sigma (St. Louis, MO). cytosolic fraction (30). This finding indicates that if human brain
tissue behaves similarly to mouse brain tissue, then a single-freczc
thawing of human brain tissue should result in very little rupturing

Preparation of Non-Synaptosomal Rat Brain and resealing in the isolated human brain mitochondria.

Mitochondria

Non-synaptosomal rat brain mitochondria were prepared by Western Blotting
the method of Lai et al. (31,32) with minor modifications. Briefly, 6
rats were decapitated and the forcbrains were removed and rapidly Samples were applied to the wells of 10-20% gradient SDS

placed in ice-cold isolation medium containing 320 mM sucrose, gels using Tricine buffer (Invitrogen, Carlsbad, CA), and then

0.5 mM EGTA, 10 mM HEPES, pH 7.4. The brain samples were transferred to polyvinylidene difluoride (PVDF) membranes (In-

minced, washed in isolation medium and homogenized in a loose vitrogen, Carlsbad, CA). Western blotting was performed as

fitting Dounce homogenizer with 90 ml of isolation medium. The described previously (33). For Western blotting using monoclonal

brain homogenate was centrifuged for 3 min at 1300 g in a Beck- anti-isopeptide (GGEL) (anti-mouse, 814-MAM, CovalAb, Lyon,

man JA-17 rotor and the pellet was discarded. The supernatant was France), polyclonal anti-Aco 2 (anti-rabbit, from the late Dr. Paul

then centrifuged for 3 min at 1300 g. The supernatant from this Srere's laboratory at the University of Texas, Austin) (34), anti-

step was then centrifuged at 17,000 g for 8 min. The resulting TGase 2 (anti-human) (6), and monoclonal anti-a-complex
pellet, containing a crude mixture of mitochondria and synapto- I-NADH reductase (Oxph I, oxidative phosphorylation complex 1)

somes, was re-suspended in 10 ml of isolation medium and layered (Molecular Probes, Eugene, OR), the concentration of primary

onto a preformed Ficoll gradient (bottom layer, 7 ml 10% Ficoll; antibody was 5 pg/ml and that of secondary antibody was 0.1 jig/

top layer 7 ml 7.5% Ficoll). The crude mitochondrial fraction was ml. The blot was developed by enhanced chemiluminescence

centrifuged at 99,000 g for 30 min in a swinging bucket rotor (Pierce, Milwaukee, WI).

(Beckman SW-28). The pellet containing non-synaptosomal mito-
chondria was re-suspended in 15 ml of isolation media. The Positive Control for 814-MAM Antibod Recognition
mitochondrial suspension was centrifuged at 17,000 g for 8 min. y
The resultant brown pellet was washed once with 7.5 ml of isola- of GGEL Linkages

tion buffer supplemented with 500 lag/ml BSA and centrifuged at In vitro cross-linked fibrinogen was used as a positive control
17,000 g for 8 min. The final pellet, the purified non-synaptosomal for GGEL cross-linked protein. Purified fibrinogen (2 lag) was

brain mitochondrial fraction, was re-suspended by gentle homog- incubated with either 10-4 U or 10-3 U of guinea pig liver TGasc 2
enization in 250 p1l of buffer containing 320 mM sucrose, 20 pM for 1 h at 37°C in 20 pla of Tris-HCI, pH 7.5, containing 10 mM
EGTA, 10 mM HEPES, pH 7.4. The mitochondrial suspension CaCI2. After incubation, one half of the sample (10 [a1) was ana-
was frozen at -20'C. Aco 2 (mitochondrial isozyme of aconitase) lyzed by Western blotting for GGEL cross-links and the other half
activity in this mitochondrial preparation is stable following at (10 pa) was analyzed by SDS-PAGE and Coomassie Blue staining
least one freeze-thaw cycle. for protein bands. BSA (2 jig) was used as a negative control.

Preparation of a Mitochondrial Fraction from liD
Brains Identification of a Major Target of TGase 2 in Rat

Brain Non-Synaptosomal Mitochondria
Tissue was obtained at post-mortem from caudate and frontal

cortex (FCX) of eight HD patients (Vonsattel Grade 3 or 4) and The rat brain non-synaptosomal mitochondria prepared as
eight age- and sex-matched non-diseased control patients. The tis- described above (30 jig) were incubated for 30 or 60 min at 370 C
sues were obtained from the Harvard Brain Bank, and were from a with 10-2 U of TGase 2 in a buffer consisting of 30 pl1 of 10 mM

subgroup we employed previously in studies that demonstrated Tris-acetate (pH 7.5), 1 mM EDTA and 10 mM CaCI2. For
oxidative damage and changes in metabolic enzyme in end-stage controls, fractions were incubated in the same buffer without
HD brain (23) [HD: 5 M, 3 F; age, 65.1 ±=0.9 y; post-mortem Ca2 ÷ or TGase 2. The reaction was stopped by addition of an
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equal volume of SDS-Tricine sample buffer, boiled, and a 30-pl Determination of Aco 2 Activity in Purified Rat
aliquot analyzed by SDS-PAGE (10-20% polyacrylamide gels). Brain Non-Synaptosomal Mitochondria Exposed
After staining with Coomassie Blue, a protein with a molecular
mass of -78 kDa was noted to disappear with time (See the
results). This protein from a time zero lane was excised from the The previously frozen mitochondrial pellet (30 pg of protein)
gel for mass spectral analyses. was suspended in 500 pl of lysis buffer (50 mM Tris-HCI (pH 7.0),

1 mM DTT, 0.2 mM EGTA, 0.08 % (v/v) Triton X-100 and 50 piM
leupeptin). An aliquot (37.5 Pld) of this suspension was added to 30 pi

Mass Spectral Analysis of a solution containing 0.5 mM Ca 2 + and 10-3 or 10-2 U TGase 2,
and incubated at 37°C for I h. Aco 2 in the 67.5-pl suspension was

The gel containing the excised band was crushed and activated by addition of an equal volume of activation solution
extracted with 200 pl of 50% (w/v) acetonitrile in 25 mM Tris-HCl (20 mM sodium thiomalate and 4 mM ammonium sulfate). After
(pH 8.1), followed by 200 pi of 100% acetonitrile, and dried incubation at 37C for 30 min, an aliquot (25 pl)waswithdrawnand
in vacuo. The gel pieces were re-hydrated in 40 pll of 20 pg/ml aconitase activity was measured relative to controls containing the
modified trypsin (Promega) in 25 mM Tris-HC1 (pH 8.1) and mitochondrial suspension, but lacking either TGasc 2 or Ca2

-.

digested overnight at 37°C. Peptides were extracted with 150 pl of
60% (v/v) acetonitrile containing 0.1% (w/v) trifluoroacetic acid
(TFA), and concentrated under vacuum to 10-12 pl. The extracts Determination of Aco 2 Polymerization in Purified
were freed from salts with zip-tip pipette tips (Millipore), eluted
with 2-3 pla of 50 mM a-cyano-4-hydroxycinammic acid in 50% (v/ Non-Synaptosomal Rat Brain Mitochondria Exposed
v) acetonitrile and 0.1% (w/v) TFA and spotted directly onto a to TGase 2
mass-spectrometer sample plate. Mass spectra were acquired using The previously frozen mitochondria were suspended in
a Voyager DE-PRO MALDI-TOF mass spectrometer at an 320 mM sucrose, 20 pM EGTA, 10 mM HEPES, pH 7.4, and
accelerating voltage of 20 kV, a delay time of 100 ns, and a centrifuged. The reaction mixture was 20 pl of 10mM Tris-ace-
reflector voltage of 75% of maximum; 64-128 scans from a nitrogen tate nt ain mixtrewa d2al of 10 U

laser (337 nm) were averaged in each recorded spectrum. Identifi- tae, pH 7.5, containing 10 g of mitochondrial pellet, 102 Ucaton f potens as ccoplihedthrughan nlie dtabse TGase 2 with/without 20 mM Ca2 +, and with/without 50 mM
cation of proteins was accomplished through an online database EDTA. After 0, 30, and 60 min incubation, each sample was
search (ProFound http://129.85.19.192/profound-bin/WebPro- subjected to SDS-PAGE and transferred to a PVDF membrane for
Found.exe) (35). Western blotting against Aco 2 or GGEL.

Enzyme Assays Statistical Analysis

TGase was assayed by a modification of the method of Folk Data are presented as mean ± SEM. P values were deter-
(I), in which covalent binding of [1,4-14CIputrescine to succinylated mined by the Student's unpaired t-test. A P value of w 0.05 was

casein was determined. The reaction mixture (0.5 ml) contained considered statistically significant.

0.1 M Tris-acetate pH 7.5, 1% (w/v) succinylated casein, 1 mM

EDTA, 10 mM CaCI2, 0.5% (v/v) lubrol PX, 5 mM DTT, 0.15 M
NaCI, 0.5 p.Ci of [1,4-14C]putrescine (Dupont-New England Nu-
clear; 118 Ci/mole) and enzyme. Following incubation at 37C for RESULTS
1 h, the reaction was terminated by addition of 4.5 ml of cold (4°C)
7.5% (w/v) TCA. The TCA-insoluble precipitate was collected onto TGase Expression and GGEL Cross-links in the Non-
GF/A glass fiber filters, washed with cold 5% (w/v) TCA, dried and Synaptosomal Mitochondrial Fraction of Rat Brain
counted.

Aco 2 activity was measured by adapting the spectrophoto- TGase activity was detected in the highly puri-
metric procedure of Morton et al. (36) to a 96-well plate fluo- fled non-synaptosomal mitochondrial fraction of rat
rometer. The reaction mixture (250 psl) contained isocitrate brain (Fig. la). TGase activities in the cytosolic and
dehydrogenase (200 mU), 50 mM Tris-HCl buffer (pH 7.4),
0.6 mM magnesium chloride, 5 mM sodium citrate and 0.5 mM non-synaptosomal mitochondrial fractions were
NADP+. The linear increase in fluorescence (excitation 340 nm; 139 ± 19 and 18 ±4 pmol/h/mg of protein, respec-
emission 430 nm) due to formation of NADPH was monitored for tively. Thus, the specific activity of TGase in the non-
30 min at 30'C in a 96-well fluorometric plate reader (Molecular synaptosomal mitochondrial fraction is about 14%
Devices, Sunnyvale, California). To activate Aco 2 in the mito- that in the cytosolic fraction. Since the specific
chondrial pellet, the organelles were incubated with 20 mM sodium
thiomalate and 4 mM ferrous ammonium sulfate for 30 min at activity of TGase in the mitochondria is lower than
37°C prior to the fluorometric analysis. that in the cytosol the possibility existed that the

LDH and glutamate dehydrogenase (GDH) activities were TGase in the non-synaptosomal mitochondrial frac-
measured in a 96-well plate spectrophotometer (Molecular Devices, tion resulted from contamination with cytosol. To
Sunnyvale, California) as described (37), except that the incubation
temperature was 37°C. Proteins were measured by the micro-Biuret
method using the Sigma Bradford Protein Assay Kit and BSA as a little cytosolic contamination, the activities of LDH
standard. (a predominantly cytosolic enzyme) and GDH
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Fig. 1. TGase activity in the cytosol and non-synaptosomal mitochondria of rat brain and the presence of N•-(y-L-glutamyl)-L-lysine (GGEL)
in the mitochondrial fraction, a, Relative specific activities of TGase, lactate dehydrogenase (LDH; cytosolic marker) and glutamate dehy-
drogenase (GDH, mitochondrial marker) in cytosolic (C) and mitochondrial fractions (M). *The difference in TGase specific activity between
C and M is significant with P <0.001 (n = 6 different preparations). The differences in GDH and LDH specific activities between the C and M
fractions were also highly significant (P <0.001). The specific activities of LDH in the cytosol and GDH in the mitochondria were 520 ± 20 and
105±5 [imol/min/mg of protein, respectively. b, Western blots of cytosolic (C) and mitochondrial (M) rat brain fractions. Anti-GGEL
antibody was used in the Western blots; 30 pg of protein was added to each lane. c, Positive controls and negative controls for the antibody
used in (b). Lane 1 contained 2 .sg of BSA as a negative control. Notice the strong Coomassie Blue staining for BSA but complete lack of
staining on Western blots. Lane 2 contained 2 jig of fibrinogen incubated in the absence of TGase 2. Lane 3 contained fibrinogen incubated
with 10-4 U of TGase 2 (positive control). Lane 4 contained fibrinogen incubated with 10-3 U of TGase 2 (positive control). The band
denoted by the asterisk represents fibrinogen that was already dimerized by the action of Factor XIIIa during purification before addition of
TGase 2/Ca2 . Two additional major and several minor bands are also recognized by the antibody in lane 4. Coomassic Blue staining also
indicates the presence of additional bands in lane 4.
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(a predominantly mitochondrial enzyme) were mea- fibrinogen as a TGase substrate. Fibrinogen contains
sured in the preparation. Fig. la shows that LDH three main components (Aca, AP3, and y). Murthy et al.
activity is present in the mitochondrial fraction. (39) showed that TGase 2 catalyzes the covalent in-
However, the specific activity of LDH in the mito- termolecular cross-linking of Act to y yielding a
chondrial fraction (0.028 ± 0.003 pmol/min/mg of heterodimer and higher-Mr polymers. Factor XlIIa
protein) is very low relative to that in the cytosolic (but not TGase 2) catalyzes the covalent linkage of
fraction (0.824±0.032 pmol/min/mg of protein). The two y chains (39). The purified plasma fibrinogen
ratio of LDH specific activity in mitochondria versus obtained from Sigma has some GGEL cross-linked
that in cytosol (0.034) is considerably lower than the y-7 dimers (denoted by an asterisk in Fig. lc, lane 2),
specific activity of TGase in the mitochondria relative presumably formed by the action of endogenous
to the cytosol (0.14), indicating that the mitochon- Factor XIIIa. However, Western blotting shows
drial TGase activity is unlikely to be due primarily to additional GGEL-linked species after incubation with
contamination with cytosol. TGase 2 (Fig. 1c, lanes 3 and 4). The GGEL-positive

To determine whether the rat brain non-synap- bands are more prominent at the higher concentration
tosomal mitochondrial fraction possesses a "signa- of TGase 2 (compare lanes 3 and 4 in Fig. lc).
ture" of TGase catalysis, we subjected aliquots of the
purified organelles to Western blotting using antibody Aco 2 is a TGase 2 Target in Non-Synaptosomal Rat
(814-MAM, CovalAb) directed against the isopeptide Brain Mitochondria In Vitro
GGEL linkage. Six distinct positive bands (arrow-

heads) were detected in the non-synaptosomal mito- To determine possible targets of TGase 2 in the
chondrial fraction, but not in the cytosolic fraction rat brain non-synaptosomal mitochondrial fraction,
(Fig. lb). The specificity of some commercially extracts were incubated with TGase 2 for 30 and
available antibodies to GGEL linkages has been 60 min and subjected to SDS PAGE. Coomassie
questioned (38). We therefore tested in our own lab- Blue staining revealed that a protein with a mass of
oratory whether the antibody recognizes "authentic" about 78 kDa disappeared over the 1-h incubation
GGEL linkages. As a positive control we used period (Fig. 2a and b). This disappearance was

(a) (N) Ct 0 30 60 min

k~a
210-

78-
55- Vt V
45- 3000
34- V V
23-1 6 -. ...... . .. !

.2000-7--_ -V

S1000.
Ct 0 30 60min .

TGase + + + + 1000 2000

Mito - + + + m/z

Fig. 2. Identification of mitochondrial aconitase (Aco 2) as a mitochondrial target of TGasc 2 in vitro. (a) The lane marked + TGasc - Mito
contained 10-2 U of purified guinea pig TGase 2 only (control). The lanes to the right of this lane contained 30 Pg of protein from purified rat
brain non-synaptosomal mitochondria + 10-2 U TGase 2. At the times indicated, the reaction was stopped with SDS Tricine sample buffer.
(See the Experimental Procedures section). Aliquots from each time point were then subjected to 10-20% SDS-Tricine gel electrophoresis and
stained with Coomassie Blue. A -78 kDa protein at time zero was reduced in intensity after 60 min of incubation (small arrowhead). High-M,
material (at the top of the gel) increased with time (denoted by an asterisk). (b) Top: Enlargement of the area of the gel containing proteins
centered around the Mr value of -80,000. (b) Bottom: Mass spectrum of a tryptic digest of material excised from the gel centered at M, 78,000
at the time zero point. The arrowheads in the mass spectrum indicate exact matches to Aco 2 sequences.



Transglutaminase and Loss of Aconitase Activity in Huntington Disease Brain? 1251

accompanied by the time-dependent appearance of (a) (b) Western :Aco 2
large protein aggregates at the top of the gel (de- ct 0 30 60 30 30 min
noted by an asterisk in Fig. 2a). MALDI-TOF 1kDa
analysis of a tryptic digest of the 78-kDa protein " 210.-
showed an exact match (i.e., 100% probability) to
those predicted for Aco 2 (Fig. 2b). Database 78-

searching using ProFound was performed on line 40 l
(see the Experimental Procedures section). A total of TGase + + 4 - +

29 unique monoisotopic ions were obtained as Mita - 4 4 ,
compared to the negative control from the digest o CCt a b + *
and used for peptide mass fingerprinting in the rat +•, - T,4

NCBlnr database. MALDI-TOF analysis also Mito . . .
showed that the large M, complex contained Aco 2 kDa
(data not shown). 210-

Western: X-link

Inhibitory Effect of TGase 2 on Aco 2 Activity Fig. 3. Effect of TGase 2 on Aco 2 activity and polymerization.
a: Rat brain mitochondria (30 !tg) were incubated for I h at 37 'C

To determine whether TGase 2 affects Aco 2 with 10-3 U of TGase 2 (a), 10-2 U of TGase 2 (b), or without
activity, we measured the enzyme activity before and TGase 2 (Ct; control). Aco 2 activity in the whole mitochondrial

suspension was then measured (see the Experimental Proceduresafter incubation of rat brain non-synaptosomal section). N=3 separate preparations. The relative Aco 2 activities
mitochondria with TGase 2. The rat brain non- of (a) and (b) are significantly different from that of the control (Ct)
synaptosomal mitochondrial fraction was reconsti- with P<0.05. The absolute value in the control was 0.256 nmol/
tuted in Aco 2 activation buffer. The mitochondria min/mg. b: Rat brain mitochondria (30 pg) were incubated with or

without 10-2 U of TGase 2 for 0, 30, and 60 min. One half of the
were then incubated with 10-3 U of TGase 2 or with reaction mixture was subjected to Western blotting for Aco 2

10-2 U of TGase 2 for 1 h at 37°C (see the Exper- (upper blot) and the other half was subjected to Western blotting
imental Procedures section). After the incubation, for GGEL linkages (lower blot; X-link = GGEL). In the presence

of active TGase 2, Western blotting showed a decrease of Aco 2
Aco 2 activity was measured. Fig. 3a shows that (arrowhead) and an increase of high-M, polymers at the top of the
there is a TGase 2-dependent loss of Aco 2 activity, gel (denoted by an asterisk) (3rd and 4th lanes). Western blotting of

The specific activities of Aco 2 in control, TGase GGEL cross-links detected polymerized Aco 2 on the top of the gel.

treated (10-3 U) and TGase treated (10-2 U) brain
mitochondrial samples were 0.36, 0.24 and 0.20 mU/
pag of protein, respectively. Western blotting for Aco brains was carried out against Aco 2 and GGEL
2 showed that the decrease of intact Aco 2 (arrow- cross links (Fig. 4b,c,d). The intensity of the
head) is accompanied by the appearance of immu- --78 kDa Aco 2 band is diminished in HD caudate
nopositive high-Mr polymers at the top of the gel specimens relative to most of the control caudate
(denoted by an asterisk) in a time-dependent manner specimens (Fig 4bd). In every HD caudate sped-
(Fig. 3b). This high-M, material also cross reacts men, this diminished -78-kDa band is associated
with antibody to GGEL cross links (Fig. 3b). with the appearance of high-Mr material at the

bottom of the respective well. This high-Mr mate-
rial is immunopositive for Aco 2 and GGEL cross-

Human HD Brain Mitochondria: Increased TGase links by Western blotting (Fig. 4b). In contrast, in
only one control caudate specimen is there appre-

TGase activity was measured in the mito- ciable high-M material immunopositive for Aco 2.
chondrial fractions obtained from caudate and Loss of 78-kDa Aco 2 is not apparent in HD
frontal cortex (FCX) of human HD and control frontal cortex, and high-Mr material immunoposi-
brains (Fig. 4a). The TGase specific activity in the tive for Aco 2 and GGEL cross-links is not present
HD caudate and frontal cortex is increased about in the wells (Fig. 4b). The presence of a strong
100% and 30%, respectively, compared to that in OxPh I signal in the HD samples indicates that the
sex and age-matched controls (Fig. 4a). In a sepa- lack of Aco 2 immunoreactivity in these HD sam-
rate experiment, Western blotting of the mito- ples cannot be due to a general loss of mitochon-
chondrial fraction from human HD and control drial protein.
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(a) Caudate Sample

Western Control HD

Well .: -i

ACO 2 80 kOa - : -`6034 567
12 4 6 812345678

Mink Well ..
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

(b) Frontal Cortex Sample

Western Control HD

Aco 2[
80kea - ..........1...234567 12 45 71 1 2 3 4 5 6 7 8

X-link Well -

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

(c) **

2 200-

100-

ot

0
Ct HD Ct HD
'L I

Caudate FCX

(d) Caudate Sample

HD Control Control HD
Western I I r I -

we'll- s
Aco 2 8O k~c- a

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

OxPhI well-
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Fig. 4. Huntington Disease (HD) mitochondria: TGase activity, Western blots of Aco 2, and Western blots of GGEL cross links in
mitochondria from eight control and eight HD brains. (a) Relative TGasc specific activities in mitochondria prepared from the caudate and
frontal cortex (FCX) of normal control (Ct) and HD brains. *P<0.04 and **P<0.001, respectively; n=3. (b) Western blots of Aco 2 and
GGEL cross links (X-link) in caudate specimens. (c) Western blots of Aco 2 and GGEL cross links (X-link) in frontal cortex specimens.
Twenty lig of mitochondrial protein was added to each lane. Note that in (b) and (c) although the control and HD specimens were added to
separate gels, the gels were run simultaneously and blotted simultaneously. (d) Additional Western blots of Aco 2 in human brain. The blot is
the same as that shown in blot (b) except that controls and HD samples were analyzed on the same gel. The intensity of the Aco 2 band relative
to that of the mitochondrial marker (OxPh I) is considerably reduced in all HD samples relative to controls. Baseline values of TGasc specific
activities in mitochondria prepared from caudate and frontal cortex in normal brain were 1.48 and 6.30 pmol/h/mg of protein, respectively.
Although (b) and (d) contain similar information, both are shown to demonstrate that the loss of the Aco 2 immunopositive band in the
caudate of HD brain is reproducible.
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DISCUSSION that contain an internal cross-link or represent pro-
teins attached to small peptides. Precedence exists for

Presence of TGase in Non-Synaptosomal Rat Brain internal cross-linking. For example, TGase 2 can
Mitochondria catalyze internal cross-links in tau protein (14). The

We recently reported that TGase activity is finding of GGEL-containing protein bands in the
mitochondrial fraction is further evidence that TGase

present in non-synaptosomal mouse brain mito-chondria (30). The present work shows that TGase is present (and active) in rat brain mitochondria.
activity (30). als present work h hy o n-synha p- T~as Work on identifying these GGEL-containing pro-
activity is also present in highly purified non-synap- teins is ongoing in our laboratory. Fig. la shows that
tosomal rat brain mitochondria (Fig. 1). However, there is "20-fold enrichment of GDH in the non-
because the specific activity in the rat brain non- synaptosomal mitochondria relative to cytosol. Thus,
synaptosomal mitochondria is relatively low com- since we applied the same amount of protein in the
pared to that of the homogenate, it was important to sine appied thsam am ont rin in the
verify (1) that the low amount of TGase activity in the latter lane contained a considerably enriched
the purified rat brain non-synaptosomal mitochon- preparan, chntay accontiderabhenre reddria was not due to damage and leakage of contents preparation, which may account for the more readily
during purification, and (2) conversely, that the detectable cross links in the non-synaptosomal

mitochondria than in the cytosol. The commercial
presence of low TGase activity in the purified non- GGEL antibodies we used possessed satisfactory
synaptosomal mitochondria was not due to contam-
ination with TGase 2 (the major cytosolic TGase of specificity under the conditions in which we used
brain). The very high specific activity of GDH them (Fig. lc), although, as noted above, their spec-(mitochondrial marker) in the non-synaptosomal ificity has been questioned (38). In future work we
mitochondrial fractionrkelativento f the cytosol will identify the immunopositive proteins and verifymitochondrial fraction relative to that of the cytosol the presence of cross-links.

(Fig. 1) suggests that there was very little damage to
the non-synaptosomal mitochondria (leakage of
mitochondrial contents to the cytosol) during Aco 2 is a Substrate of TGase 2
homogenization of the rat brain. Moreover, the low Aconitase activity is present in mitochondria
specific activity of LDH (cytosolic marker) in the rat (Aco 2) and cytosolic (Aco 1) compartments in most
brain non-synaptosomal mitochondria (Fig. 1) sug-gest tht tereis rlatvel litle ontmintio of tissues, but in human brain it is mostly mitochondrial
gests that there is relatively little contamination of (41). Therefore, aconitase measurements in human
cytosolic elements in the purified organelles, and brain homogenates are a reflection of Aco 2 activity.
certainly too little to account for all the mitochon-
drial TGase activity. Data in the literature indicate Aco 2 is known to be especially sensitive to oxidative
that about I% of LDH activity in rat liver and heart stress (42). Brain aconitase activity is decreased inis truly associated with mitochondria (40, and refer- Friedreich's ataxia (43) and HD (24). We identified a
is trulyassociated writ. mioschondaia (40, andirefer- potential major TGase 2 target in rat brain mito-
ences quoted therein). No such data are available for chondria as Aco 2 by MALDI-TOF analysis (Fig. 2).
rat brain, but if a similar situation exists in that or- We also showed that incubation of rat brain mito-
gan, then this would strengthen the evidence that We also wethat incubti in mito-T~as isinhrenly reset i ra brin on- chondria with TGase 2 results in loss of Aco-2
TGase activity isactivity, which is accompanied by the appearance of
synaptosomal mitochondria, because the ratio of high-M, Aco 2 polymers (Fig. 3a,b). At present we
TGase specific activity in mitochondria to cytosol do not know whether Aco 2 is an acyl acceptor, acyl
(,-.0.14) is already considerably greater than the ratio donor, or both, or whether the high-Mr polymers

of LDH specific activity in mitochondria to cytosol formed in the experiments depicted in Fig. 3 contain
('.0.034). only Aco-2 or Aco-2 bound to other mitochondrial

Presence of GGEL Cross-Links in Rat Brain proteins. We also have not yet identified the

Non-Synaptosomal Mitochondrial Proteins enzyme(s) responsible for the TGase activity present
in rat brain mitochondria. We have used TGase 2 as a

At least six proteins in the mitochondrial frac- surrogate for the mitochondrial TGase. This is a
tion were detected by Western blotting using isodi- reasonable approach because TGases generally have
peptide (GGEL)-specific antibody (Fig. 1). Four of overlapping specificities. For example, it was recently
the cross-linked proteins found here are of relatively shown that TGases 1, 2 and 3 are each capable of
small size. Possibly, the bands may represent proteins cross-linking mutant htt in a cell model (44).
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Understanding how Aco 2 is polymerized may be of 2. Karpuj, M. V., Garren, H., Slunt, H., Price, D. L., Gusella, J.,
relevance in understanding the profound loss of Becher, M. W., and Steinman, L. 1999. Transglutaminase

aconitase activity in affected regions of HD brain, aggregates huntingtin into nonamyloidogenic polymers, and its
enzymatic activity increases in Huntington's disease. Proc.

The amount of 78-kDa Aco 2 (non-polymerized) Natl. Acad. Sci. USA 96:7388-7393.
in the severely affected caudate region of HD brain is 3. Karpuj, M. V., Becher, M. W., Springer, J. E., Chabas, D.,
greatly diminished compared to that in control cau- Youssef, S., Pedotti, R., Mitchell, D., and Steinman, L. 2002.

date. This loss of the --78 kDa band is associated Prolonged survival and decreased abnormal movements in

with the appearance of high-Mr material (in the wells) transgenic model of Huntington disease, with administration of
the transglutaminase inhibitor cystamine. Nat. Mod. 8:143-149.which cannot penetrate the gel, and which is immu- 4. Lesort, M., Chun, W., Johnson, G. V. W., and Ferrante, R. J.

nopositive for Aco 2 on Western blotting (Fig. 4). 1999. Tissue transglutaminase is increased in Huntington's
Loss of 78-kDa Aco 2 was not apparent in the rela- disease brain. J. Neurochcm. 73:2018-2027.
tively less affected HD frontal cortex, and high-Mr 5. Johnson, G. V. W., Cox, T. M., Lockhart, J. P., Zinnerman,
material immunopositive for Aco 2 was not present in M. D., Miller, M. L., and Powers, R. E. 1997. Transgluta-

the wells (Fig. 4). The mechanism of loss of Aco 2 in minase activity is increased in Alzheimer's disease brain. Brain
Res. 751:323--329.affected HD brain is not yet clear. Possibly, an in-Re.713-29

6. Kim, S-Y., Grant, P., Lee, J. H., Pant, H. C., and Steinert,
crease of TGase activity in the mitochondria or the P. M. 1999. Differential expression of multiple transglutamin-
availability of an abnormal, pathologically long Q,, ases in human brain. Increased expression and cross-linking by
substrate may be responsible, at least in part, for the transglutaminases 1 and 2 in Alzheimer's disease. J. Biol.

loss of Aco 2 activity. Chem. 274:30715-30721.
7. Citron, B. A., SantaCruz, K. S., Davies, P. J. A., and Festoff,

B. W. 2001. Intron-exon swapping of transglutaminasc mRNA
CONCLUSIONS and neuronal Tau aggregation in Alzheimer's disease. J. Biol.

Chem. 276:3295-3301.
TGase activity is present in rat brain non-syn- 8. Citron, B. A., Suo, Z., SantaCruz, K., Davies, P. J. A., Qin, F.,

aptosomal mitochondria, where it appears to be and Festoff, B. W. 2002. Protein cross linking, tissue trans-
responsible for cross-linking several proteins. TGase glutaminase, alternative splicing and neurodegencration.
activity is increased 2-fold in mitochondria prepared Neurochem. Int. 40:69-78.

from damaged areas of human HD brain. Under 9. Zemaitaitis, M. 0., Kim, S-Y, Halverson, R. A., Troncoso, J. C.,
pathological conditions, increased TGase activity in Lee, J. M., and Muma, N. A. 2003. Transglutaminase activity,

protein, and mRNA expression are increased in progressive
the mitochondrial fraction may contribute to the loss supranuclear palsy. J. Neuropathol. Exp. Neurol. 62:173-184.
of Aco 2 activity in HD brain, and possibly in neural 10. Dedeoglu, A., Kubilus, J. K., Jeitner, T. M., Matson, S. A.,
tissue in other neurodegenerative diseases, including Bogdanov, M., Kowall, N. W., Matson, W. R., Cooper, A. J.
AD. It is also conceivable that damaged mitochondria L., Ratan, R. R., Beal, M. F., Hersch, S. M., and Ferrante,

may expose some Aco 2 to cytosolic TGase 2. In- R. J. 2002. Therapeutic effects of cystamine in a murine model
meayd exose g so Aco 2of Huntington's disease. J. Neurosci. 22:8942-8950.creased cross-linking of Aco 2 may contribute to loss 11. Zainelli, G. M., Ross, C. A., Troncoso, J. C., and Muma, N. A.
of this key TCA cycle enzyme in neurodegenerative 2003. Transglutaminase cross-links in intranuclear inclusions
diseases. Such a loss of Aco 2 activity may contribute in Huntington disease. J. Neuropathol. Exp. Neurol. 62:14-24.
to the well-documented mitochondrial dysfunction 12. Jeitner, T. M., Bogdanov, M. B., Matson, W. R., Daikhin, Y.,
associated with neurodegenerative diseases. Yudkoff, M., Folk, J. E., Steinman, L., Browne, S. E., Beal, M.

F., Blass, J. P., and Cooper, A. J. L. 2001. N•-(7-L-Glutamyl)-L-
lysine (GGEL) is increased in the cerebrospinal fluid of pa-
tients with Huntington's disease. J. Neurochem. 79:1109-1112.
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The Energetics of Huntington's Disease*
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Huntington's disease (HD) is a hereditary neurodegenerative disorder that gradually robs suf-
ferers of the ability to control movements and induces psychological and cognitive impair-
ments. This devastating, lethal disease is one of several neurological disorders caused by
trinucleotide expansions in affected genes, including spinocerebellar ataxias, dentatorubral-
pallidoluysian atrophy, and spinal bulbar muscular atrophy. HD symptoms are associated with
region-specific neuronal loss within the central nervous system, but to date the mechanism of
this selective cell death remains unknown. Strong evidence from studies in humans and animal
models suggests the involvement of energy metabolism defects, which may contribute to exci-
totoxic processes, oxidative dmage, and altered gene regulation. The development of trans-
genic mouse models expressing the human HD mutation has provided novel opportunities to
explore events underlying selective neuronal death in HD, which has hitherto been impossible
in humans. Here we discuss how animal models are redefining the role of energy metabolism
in HD etiology.

KEY WORDS: Huntington's disease; Huntingtin; mitochondria; energy metabolism; glucose utilization;
genetic models.

INTRODUCTION DISCUSSION

Huntington's disease (HD) is an autosomal dom- The Neuropathologic and Genetic Basis
inantly inherited neurodegenerative disorder that is of Huntington's Disease
characterized by the insidious progressive develop- The motor and behavioral disturbances in HD
ment of mood disturbances, behavioral changes, reflect the selective pattern of cell loss in the brain
involuntary choreiform movements, and cognitive and the specific neurotransmitter pathways affected.
impairments. Onset is most commonly in adulthood, Although it is often regarded as a basal ganglia disease,
with a typical duration of 15-20 years before prema- because the predominant neuropathological feature is
ture death. progressive caudal to rostral degeneration of the caudate

putamen (1), HD is in fact a multisystem disorder. By
end stage, when more than 90% of caudate putamen

*Special issue dedicated to Professor John B. Clark. neurons are lost and the striatum is severely atrophic
'Departments of Neurology and Neuroscience, Weill Medical College and gliotic, degeneration is also evident in several other

of Cornell University, New York, New York. brain regions, including the cerebral cortex, globus pal-
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and Neuroscience, A-502, Weill Medical College of Cornell University,
525 East 68th Street, New York, New York, 10021. Tel: 212-746-4672; nucleus, nucleus accumbens, substantia nigra, cerebel-
Fax: (212) 746-8276; E-mail: sub2001@med.comell.edu lum, and white matter (1).
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GABA-crgic (y-aminobutyric acid) medium spiny abnormally low levels of murinc huntingtin exhibit devel-
projection neurons, which constitute 80% of striatal opmental abnormalities (15).
neurons, are most vulnerable in HD. The first clinical The preferential vulnerability of striatal neurons in
symptoms of the disease correlate with loss of 30%-40% HD is enigmatic and cannot be simply explained in
of striatal dopamine Dl and D2 receptors localized on terms of the distribution of abnormal huntingtin, because
the medium spiny neurons (2). Within these neurons, the gene mutation is expressed throughout the body and
GABA co-localizes with enkephalin (ENK), substance-P does not show a marked selectivity for cerebral regions
(SP), dynorphin, or calbindin. Aspiny interneurons con- targeted by the disease process (16,17).
taining nicotinamide adenine dinucleotide phosphate Within the striatum there is some evidence sug-
diaphorase (NADPH-d), neuropeptide Y (NPY), somato- gesting differential distribution between distinct neuronal
statin (SS), and nitric oxide synthase (NOS) are rela- populations (18-20), but it appears more likely that vul-
tively spared in HD. ENK-positive spiny neurons nerability to degeneration is conferred by another prop-
projecting to the external segment of the globus pallidus erty of striatal neurons. At the neuronal level, huntingtin
(GPe) degenerate earliest in the disease, preceding SP- protein is widely expressed throughout cells, with a
containing neurons projecting to the internal segment largely cytoplasmic distribution in perikarya, axons, den-
(GPi) (3). Hence the spontaneous, uncontrolled move- drites, and some nerve terminals. Mutant huntingtin
ments typical of HD appear to result from the disruption contains several cleavage sites for caspases and proteases
of basal ganglia-thalamocortical pathways that regulate (21), and as the disease progresses, N-terminal fragments
movement control (4). The pathological basis of the of huntingtin form ubiquitinated protein aggregates in
mood disturbances and personality changes that are often neuronal nuclei (neuronal intranuclear inclusions [NI1])
the earliest and most debilitating of the symptoms for and in dystrophic neurites (cytoplasmic inclusions [CI]).
patients, are less clear. However, it is likely that cortical These aggregates have been identified in both HD brain
neuronal dysfunction before overt cell loss, particularly and in the brains of multiple mouse lines expressing
in prefrontal regions, underlies these traits (5). mutant huntingtin (22-26). The question of whether

The genetic defect in HD is an expansion of an unsta- huntingtin aggregates are directly toxic is still a matter
ble CAG repeat encoding glutamines (Q), close to the 5' of debate, although the current weight of opinion favors
end of the chromosome 4 gene for huntingtin protein (6). a lack of involvement or even a neuroprotective role
Expansion of this trinucleotide stretch to 34-39 CAG (27,28). Nuclear localization of mutant htt, however,
repeats in one allele confers risk of developing HD, but does seem to be necessary for cell damage. One study
above 39 repeats the disease is completely penetrant. Sev- demonstrated that transfecting mouse clonal cells with
eral features of the disease phenotype are influenced by either full-length or truncated huntingtin containing
CAG repeat length, including age of onset (7) and the mutant CAG repeat lengths induced toxicity along with
extent of DNA fragmentation in striatal neurons (8). HD the formation of both nuclear and cytosolic inclusions,
also shows the trait of "anticipation" resulting from insta- whereas huntingtin with wild-type CAG repeats
bility of the repeat size during transmission (9). remained within the cytoplasm and was inert (29).

Despite knowledge of the HD gene defect, mutant Inhibiting caspase activity with Z-VAD-FMK increased
huntingtin's toxic action has not yet been identified. In cell survival but had no effect on either NII or CI
fact, the function of wildtype huntingtin is not clear either, number, implying that neuronal death is independent of
although it is implicated in developmental apoptosis, aggregate formation in this model. In addition, introduc-
neurogenesis, and intracellular trafficking mechanisms ing a nuclear export signal to mutant huntingtin abro-
(10-13). Evidence points to the mutation inducing a toxic gates toxicity in vitro (30). A provokative corollary to
gain of function, rather than causing loss of wildtype this issue is a recent report suggesting that nuclear locali-
huntingtin function, because mice lacking one allele of zation of mutant huntingtin only occurs in nondividing
wildtype huntingtin show little or no pathology (14). cells, perhaps contributing to the neuronal selectivity of
Huntingtin is, however, essential for development, as huntingtin toxicity (31).
evidenced by the fact that HD homologue-null mice die Although mutant huntingtin's initial toxic trigger
in utero. Findings that this phenotype can be completely remains elusive, experimental evidence supports roles for
rescued by crossing into knock-in mice that express several different detrimental cell pathways at some stage
a mutant polyglutamine expansion (Hdh' 50 mice) imply of the degenerative process within targeted neurons. These
that huntingtin's normal function persists despite the pres- include apoptotic cascades, excitotoxicity, the possibility
ence of a pathogenic glutamine repeat (11). Expression of huntingtin aggregate toxicity, and pernicious effects of
levels for huntingtin are also critical, and mice expressing huntingtin protein-protein interactions, putatively via
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transglutaminase-catalyzed polyglutamine interactions that striatal hypometabolism precedes the bulk of tissue
with glutamines, lysines, and polyamines in other proteins loss and occurs in asymptomatic at-risk subjects (44-46).
(32-34). The latter is a particularly intriguing hypothesis, Approximately 50% of gene-positive mutation carriers
because huntingtin has been shown to have an affinity exhibit metabolic defects years before the onset of clin-
for many proteins critically involved in cell survival, ical symptoms (46,47). In addition, patients suffering
including BDNF, glyceraldehyde 3-phosphate dehydro- psychological disturbances and mood changes often
genase (GAPDH), calmodulin, caspase-3, a-adaptin, and exhibit cortical hypometabolism before the onset of
a number of transcription factors, including Spl, CBP, and motor symptoms (5). The involvement of a defect in gly-
p5 3 (32,35-38). colysis has also been suggested by findings that symp-

Another prominent component of HD pathogenesis tomatic HD patients have elevated lactate production in
is altered energy metabolism. Energetic defects in the the basal ganglia and occipital cortex, detected by pro-
HD population have been chronicled for many years; ton nuclear magnetic resonance (1H-NMR) imaging
however, the specific role of impaired metabolism and (48,49). Interestingly, this abnormal lactate generation
mitochondrial defects in cell death pathways is still can be ameliorated by treatment with the metabolic co-
unclear. Are metabolic defects a primary event inducing factor coenzyme Q10 (50). NMR spectroscopy has also
cell death cascades, or are they secondary to another revealed marked increases in cerebrospinal fluid (CSF)
cellular defect? And if they are causative, how does pyruvate content and reductions in muscle phosphocre-
mutant huntingtin trigger this effect? Can huntingtin atine (PCr)/creatine and ATP/phosphocreatine ratios in
directly influence mitochondrial function, or are mito- symptomatic patients (50-52).
chondrial defects the result of intranuclear events? The Consequently, biochemical studies in HD post-
purpose of this review is to address the current status mortem tissue have revealed alterations in the activity
of knowledge on the role of energetic defects in cell of several key components of oxidative phosphorylation
death processes in HD, and how metabolic compromise and the tricarboxylic acid (TCA) cycle in brain regions
can influence other detrimental cellular processes that targeted in HD. Pyruvate dehydrogenase activity is
are implicated in the disease. A brief review of historical decreased in basal ganglia and hippocampus, and stri-
evidence for metabolic defects in HD patients is pre- atal oxygen consumption is reduced in HD patients (53).
sented, and the remainder of this review will concentrate Activities of complexes II, I1, and IV of the electron
more on the groundbreaking evidence gained in recent transport chain are markedly and selectively reduced in
years from genetic models of the disease. caudate and putamen of advanced grade (3 and 4) HD

patients (54,55). Impaired complex I activity has been
Bioenergetic Defects Are a Profound Feature reported in muscle from HD patients but appears to be

ioeHuntrgeti' DiseftsAe aunaffected in brain (54,56,57). However, findings that
of Huntington's Disease respiratory chain enzyme activities are unchanged in

The first hypotheses of energetic impairments in HD presymptomatic and early-stage HD patients suggests
arose from observations of pronounced weight loss in that these enzymatic changes are secondary to the path-
patients, despite sustained caloric intake (39). Weight ogenic process (58), a hypothesis largely supported by
loss does not correlate with chorea, suggesting it is an observations in mutant mouse models of HD (discussed
insidious event resulting from the disease mutation rather below). The most profound enzyme defect detected in
than secondary to hyperactivity (40). Then positron emis- HD to date is the dramatic reduction in activity of the
sion tomography (PET) studies revealed that glucose TCA cycle enzyme aconitase in affected brain regions
metabolism in the basal ganglia and cerebral cortex is and muscle (>-70%; 59). Sites of metabolic abnor-
markedly reduced in symptomatic RD patients (5,41,42). malities in HD are summarized in Figure 1. Interest-
Furthermore, the extent of caudate hypometabolism cor- ingly, mitochondrial abnormalities and metabolic
relates well with declines in clinical test scores for defects are also features of other trinucleotide repeat dis-
bradykinesia, rigidity, dementia, and functional capacity. eases including SCA1, SCA2, and SCA3, adding fuel
Similarly, putaminal hypometabolism predicts the extent to speculation that energetic defects play common roles
of chorea and defects in eye movements, whilst hypome- in these disorders and may be directly linked to the
tabolism in the thalamus correlates with the degree of polyglutamine defect (60,61).
dystonia in patients (5,43). Reduced cerebral functional GAPDH is another metabolic enzyme that has
activity in symptomatic patients may simply reflect neu- been implicated in HD pathogenesis, on the basis of
ronal loss, but more compelling evidence for a potential the propensity for polyglutamines to bind the enzyme
causative role of energetic defects comes from findings (35). Glycolytic activity of GAPDH, however, was



534 Browne and Beal

~G1 lucose'W~

Glycobyt,s

Lactate Pyruvat + CoA

Fig. 1. A schematic representation of the sites of impairments in the glucose metabolic pathway identified to date in neurons of HD patients,
and, in some cases, in mutant mouse models. Sites: 1, Glucose uptake; 2, glyceraldehyde-3 -phosphate dehydrogenase, GAPDH (glycolytic
dysfunction not proven); 3, lactate production increased; 4, pyruvate dehydrogenase; 5, aconitase; 6, succinate dehyrogenase; 7, cytochrome
oxidase.

found to be conserved throughout the brain in late encephalopathies and coma, and motor abnormalities
stage HD (54). This does not rule out the possibility (65). Systemic administration of 3-NP to both rodents and
that other actions of this promiscuous molecule are primates produces age-dependent striatal lesions that are
affected in the disease, including effects on microtubule- strikingly similar to those seen in HD (67,68). In primates,
mediated intracellular trafficking or apoptosis. Recent chronic 3-NP administration produces selective striatal
reports have subsequently shown that the subcellular lesions characterized by a depletion of calbindin neurons
localization of GAPDH is altered by mutant huntingtin with sparing of NADPH-d neurons, and proliferative
expression, with increased nuclear localization in both changes in the dendrites of spiny neurons. Animals also
human fibroblasts and in neurons from a transgenic show both spontaneous and apomorphine-inducible chor-
mouse model (62-64). The appearance of an abnormal eiform movement disorders resembling those in HD (66).
high molecular weight form of GAPDH in fibroblast 3-NP basal ganglia lesions in rats are associated with
nuclei has also been associated with decreased glyco- elevated lactate levels, similar to the increased lactate
lytic activity (62). production seen in HD patients (69). Inhibition of cerebral

SDH activity by 3-NP has been demonstrated in vivo in
a number of studies. 3-NP markedly inhibits SDH activityMitochondrial Toxins Mimic Huntington's within 2 h of intraperitoneal administration in rodents,

Disease producing 50%-70% reductions in SDH activity through-

The relevance of succinate dehydrogenase (SDH) out the brain (68; Browne and Beal, unpublished obser-
defects to the HD phenotype is underscored by the fact vations), consistent with the degree of complex II-Ill
that mitochondrial toxins that selectively inhibit succinate deficiency reported in HD striatum in postmortem
dehydrogenase in the TCA cycle and complex II, namely studies (54). Interestingly, the neurodegenerative seque-
3-nitropropionic acid (3-NP) and malonate, induce lae of systemic administration of the toxin are largely
striatal-selective lesions in humans, rodents, and primates restricted to the striatum, despite its relatively homo-
that closely resemble those seen in HD (65,66). Systemic geneous distribution and uniform reduction in SDH
3-NP intoxication in humans induces basal ganglia lesions activity throughout the brain (68; Browne and Beal,
visible by CT-scans, localized principally to the putamen unpublished observations). This observation appears to
but sometimes extending to the caudate, that are associ- once again underscore the vulnerability of striatal neu-
ated with multiple cognitive symptoms, including acute rons to metabolic stress.
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Genetic Models of Huntington's Disease: How Do Energetic Defects Contribute to Pathogenesis
Do Energetic Defects Evolve? in Mouse Huntington's Disease Models?

The discovery of the gene mutation in HD and the The most prominent metabolic alterations in HD
subsequent generation of animal models expressing this patients are weight loss and region-specific alterations
mutation has transformed studies into HD etiology, by in cerebral glucose use, cerebral lactate levels, and the
conferring the ability to map early events in the disease activities of mitochondrial enzymes involved in glucose
and track the development of pathologic processes rela- metabolism. These parameters are gradually being sys-
tive to disease symptoms. The mutant HD gene has now tematically investigated in different mouse HD models,
been expressed in a number of different organisms, and a temporal profile of pathogenic events is slowly
including Caenorhabditis elegans, drosophila, mice, and emerging.
rats (28,37,70,71). Although lower organisms may pro- Reduced body weight and brain weight are features
vide reasonable models for rapid screening of potential of mice expressing fragments of human huntingtin (e.g.,
therapeutic agents, rodent models are proving most use- R6/2 and N171-82Q) but are not so typical of full-length
ful for examining the contributions of different cellular htt models (25,72). Alterations in cerebral glucose
mechanisms of disease and for testing the efficacy of utilization, however, are early events in different HD
putative therapeutics. mouse lines (81,82). Using quantitative 2-deoxyglucose

Multiple mouse models of HD now exist, falling into densitometry in awake, freely moving mice, we found
three broad categories: (i) Mice expressing exon-1 frag- that glucose use changes occur presymptomatically in
ments of human huntingtin gene (HD) containing polyg- HD mouse brains. In contrast to most reports in humans,
lutamine mutations (in addition to both alleles of murine the first detected alterations in mouse lines are marked
wildtype huntingtin [hdh]). (ii) Mice expressing the full- elevations in glucose use in multiple forebrain regions.
length human HD gene (plus murine hdh). and (iii) Mice Most interestingly, this hypermetabolism occurs before
with pathogenic CAG repeats inserted into the existing any evidence of pathological changes, aggregate forma-
CAG expansion in murine hdh. These models vary in tion, or symptoms in these animals. This observation
terms of the site of transgene incorporation, promoter has now been recapitulated in two distinctly different
used, gene expression levels, CAG repeat length, copy HD mutant mouse models, HdhQ92 and HdhQ111 knock-in
number, and background mouse strain used. As a result, mice expressing mutant CAG expansions in the murine
mouse phenotypes vary greatly between lines, as demon- homologue HD gene (11) and N171-82Q mice express-
strated in Table I (10,24,25,72-79). Most notably, ing a fragment of human huntingtin gene containing 82
although all models exhibit some features typical of HD CAGs (25). HdhQ50 and Hdh292 mice do not develop an
(invariably including huntingtin protein aggregate form- overt behavioral phenotype, but Hdho"' mice show
ation at some stage), not all models develop striatal neuro- striatal-specific cell loss around 24 months of age (83).
nal death. This phenomenon seems to depend ultimately Further, nuclear retention of full-length htt is seen long
on the context in which the huntingtin mutation is before cell death (-12 weeks) and occurs selectively in
expressed (as demonstrated elegantly in [80]). However, striatal medium spiny neurons. Increased CAG repeat
some generalities can be drawn from surveying the avail- length in this line is associated with acceleration of neu-
able mouse lines. Firstly, mice require longer CAG ronal intranuclear inclusion (Nil) formation, evident by
repeats than humans to elicit pathogenic events, puta- 10 months of age in Hdha"' mice and by 15 months in
tively because of their relatively short life spans. Second, HdhQ92 , but Nil are not seen in Hdha50 mice (26,83).
age of onset of disease phenotype is accelerated by In contrast, N171-82Q mice that express a fragment of
expressing gene fragments and is faster with shorter frag- human huntingtin develop a behavioral phenotype more
ments. Similarly, mouse life span is more rapidly cur- closely reminiscent of HD, developing weight loss, gait
tailed by expressing shorter fragments. In contrast, abnormalities, impaired motor performance on a rotarod
expression of longer fragments or full-length huntingtin apparatus, systemic glucose intolerance, and Nil forma-
seems to be associated with the development of neuronal tion by 3-4 months of age, before premature death at
death patterns more closely resembling human HD around 4.5-6 months (25).
pathology. However, age of phenotype onset, aggregate Glucose use studies were performed in HD mice
formation, and cell death are all slower in full-length before the onset of symptoms or Nil formation (4-month-
models (including knock-in mice) compared with frag- old Hdh°50, HdhQ92, and HdhQ.l. mice, and 2-month-old
ment models. Within each of these subsets, longer CAG N171-82Q mice), and in HdhQ92 mice post-Nil formation
repeats accelerate all phenotypes. (15 months). Widespread increases in forebrain glucose
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use levels were evident in 4-month-old HdhQ92 and activities of mitochondrial enzyme complexes II and IV
Hdh211 mice (but not HdhQ50), and in 2-month-old N171- (known to be defective in late-stage HD) are normal
82Q mice. Notably, glucose use changes in Hdh mice in both Hdh and N171-82Q mice (82). This finding
were exacerbated in mice with longer CAG repeats and seems to be typical of multiple HD mouse models (58),
in homozygote versus heterozygote mice, suggesting the with only one exception to date, a report of reduced

extent of increased cerebral glucose demand in CAG aconitase and complex II activities in late-stage R6/2

length-dependent and gene dosage-dependent (81,82). In mice (85).

older HdhQ11' mice, striatal glucose use was depressed,
suggestive of neuronal dysfunction before cell loss. Does Mutant Huntingtin Directly Interact with
Increases in glucose uptake before any pathological Mitochondria? Evidence from Genetic Models
changes suggest that cells have increased their glucose
demand to fulfill functional requirements, perhaps as The studies described thus far are suggestive of
a result of impaired activity of specific metabolic an early role for mitochondrial defects in HD etiology,
enzymes, uncoupling of mitochondria, or increased but until recently a direct link between the huntingtin
dependence on glycolysis. Notably, there is one report in mutation and mitochondrial function has been lacking.
humans of elevated cortical glucose use in presympto- However, evidence is gradually emerging that the
matic HD gene-carriers (47). Limited observations in mutant protein may directly interact with neuronal
humans perhaps reflect a lack of studies involving early mitochondria. One study has systematically examined
enough imaging to detect subtle, region-specific presymp- histological parameters in four different mouse lines
tomatic hypermetabolism. Another point of interest is that (R6/2, R6/1, N171-82Q, and Hdhl50CAG mice) and
glucose use changes are not restricted to brain regions found evidence of degenerated mitochondria in striata
especially susceptible to degeneration (i.e., the cortex and in late-stage symptomatic mice (80). These degenerat-
striatum). This observation supports suggestions that ing mitochondria were most prominent in the R6/2 line
selective loss of striatal neurons may be associated with and notably could be detected before other marked
their apparent vulnerability to metabolic stress, pathological changes within neurons (at about 8-10

To determine the principal sites at which metabo- weeks of age) and concomitant with symptom onset in
lism is impaired, studies are in progress to examine the these animals. The degeneration is typified by mito-
functional capacities of multiple components of the glu- chondrial swelling, disruption of the cristae and mito-
cose metabolic pathway in these and other HD mice. chondrial membranes, and eventual condensation and
Additional models include R6/2 mice expressing a lysosomal engulfment. Moreover, this report provides
human HD N-terminal fragment and transgenics the first evidence of a direct interaction of huntingtin
expressing full-length human mutant HD with its con- protein with mitochondria, by demonstrating the local-
stitutive regulatory elements in a YAC construct (see ization of huntingtin N-terminal antibody EM48
Table I). R6/2 mice (with 144-170 CAGs) were the immunogold particles both within degenerating mito-
first mutant HD mice developed and therefore are the chondria, and on their surfaces, in R6/2 mouse brain
best characterized to date (22,72). Mice have an (80). Although R6/2 mice show evidence of striatal
extremely short life span (generally 13-17 weeks) and atrophy and neuronal shrinkage, there is little
develop (in chronological order) Nil (-3-4 weeks), detectable striatal cell loss by the time of their
gait abnormalities, rotarod impairments, glucose intol- premature death at 13-17 weeks of age (22). In con-
erance, body weight loss, brain weight loss, diabetes, trast, N171-82Q mice show much more marked striatal
striatal atrophy (6-10 weeks), and cerebral neurotrans- and cortical-specific neuronal degeneration by end

mitter receptor alterations (notably metabotropic gluta- stage. This cell death appears to be largely via apop-
mate and dopamine alterations around 12 weeks of totic mechanisms, and there is evidence that mito-
age) (22,72,76). YAC72Q transgenics show a more chondrial cytochrome c release is involved, triggering
slowly progressing phenotype, the earliest abnormality caspase-9 activation (34,80). Another study has
reported to date being impaired calcium handling by reported the association of full-length mutant hunt-
4-5 months of age (24,84). Mice go on to develop NIl, ingtin with the surface of mitochondria in YAC-72Q
and some striatal and cortical cell loss, but live a transgenic mice (84).
normal life span. Initial metabolic findings in these Functional changes in mitochondria caused by
models suggest that ATP synthesis may be impaired in mutant huntingtin have also recently been shown by the
N171-82Q and R6/2 mice (Browne, Beal, and Yang, demonstration that polyglutamines can influence mito-
unpublished observations). Interestingly, we found that chondrial calcium handling. Panov et al. (86) exposed
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mitochondria isolated from rat liver and human lym- the decline in "total functional capacity" of HD patients
phoblasts to glutathione S-transferase fusion proteins by 13%. Although findings were not immediately con-
containing polyglutamine tracts of different lengths. Path- elusive, results are encouraging and further studies of
ogenic polyglutamine constructs (62Q) slightly decreased different doses are planned.
mitochondrial membrane potential and rendered mito- An alternative strategy to enhance cerebral energy
chondria more vulnerable to Ca2+-induced depolarization metabolism is to increase brain energy stores of the high-
than mitochondria incubated with wild-type polygluta- energy compound phosphocreatine (PCr) via systemic
mine residues (19Q and 0Q). This impairment in calcium creatine administration (94,95). Oral creatine treatment
handling in the presence of only pathological-length successfully attenuated neurotoxicity induced by 3-NP in
polyglutamines implies that the polyglutamine stretch in rats, ameliorating increases in striatal lactate levels and
mutant huntingtin may alter membrane depolarization, decreases in levels of high-energy phosphate compounds
making cells more vulnerable to excitotoxic injury and (including ATP) induced by the toxin (69). Furthermore,
the consequences of permeability transition. However, oral creatine administration has been found to delay dis-
results to date give little insight into the regional vul- ease onset in two HD mouse models, and protect against
nerability of striatal and cortical CNS neurons in HD. purkinje cell loss in a transgenic mouse model of another
One potential explanation is that a combined effect of polyglutamine repeat disease, SCA1 (96-98). As a result
huntingtin-mediated increased vulnerability and region- of these promising effects, creatine's efficacy in HD is
specific alterations in ATP generation underlie regional currently being assessed in clinical trials. A -third
susceptibility, approach to modulate energy metabolism therapeutically

that has proved efficacious in HD mutant mice, is stim-
ulation of pyruvate dehydrogenase activity by treatment
with dichloroacetate (99). Pyruvate dehydrogenase com-Enhancing Metabolism is Protective in plex activity is impaired in symptomatic R6/2 trangenic

HuEnereting Disecse: nmice, but this defect can be reversed with dichloroacetate
of Energetic Defects (DCA) treatment (99). DCA also significantly increased

Circumstantial evidence that energetic defects con- survival, improved motor function, delayed loss of body
tribute to neurodegenerative processes in HD is provided weight, attenuated the development of striatal neuron
by findings that agents that enhance energy production atrophy, and prevented diabetes in both the R6/2 and
in the brain exert beneficial effects. NMR measurements N171-82Q mouse models of HD.
of lactate production in humans and in rodent mito-
chondrial toxin models suggest that coenzyme Q10 and How Are Energetic Changes Deleterious
creatine are neuroprotective, putatively via enhancing to Neurons in Huntington's Disease?
cerebral energy metabolism (50,69). Oral administration
of CoQ 10 ameliorated elevated lactate levels seen in the Excitotoxicity. Impaired energy metabolism, result-
cortex of HD patients, an effect that was reversible on ing from a toxic action of mutant huntingtin, may be
withdrawal of the agent (50). CoQ10, which also has detrimental to cells by inducing excitotoxic damage
antioxidant effects, also improves symptoms in some (100,101). Reduced ATP production can result in cell
other mitochondria-associated disorders, including death directly via disrupting energy-dependent processes.
MELAS and Kearns Sayre syndrome, reducing CSF and ATP is essential to fuel ionic pumps that generate and
serum lactate and pyruvate levels, and enhancing mito- maintain ionic and voltage gradients across neuro-
chondrial enzyme activities in platelets (87,88). Further- nal membranes, including Na+/K+-ATPase pumps that
more, CoQ10 attenuates neurotoxicity induced by the control resting membrane potential and ATPases that
mitochondrial toxins MPTP and malonate in animal regulate intracellular Ca2

1 levels. Impaired Na+/K÷-
models (89,90), and was found to increase survival and ATPase pump activity may prevent membrane repolar-
delay symptom onset in two genetic mouse models of ization, resulting in prolonged or inappropriate opening
HD (R6/2 and N171-82Q) (91,92). These findings led of voltage-dependent ion channels. If severe enough,
to CoQ10 being tested in a 30-month clinical trial in this partial membrane depolarization can facilitate acti-
early-stage HD patients, both in combination with the vation of NMDA receptors by endogenous, normally
weak NMDA receptor antagonist remacemide, and alone inert levels of glutamate. In this scenario a concomitant
(93). Although this multiarm trial did not detect a signifi- Ca2' influx will occur, triggering nitric oxide synthase
cant ameliorative effect of CoQ10, it did demonstrate a (NOS) activation and free radical production. This
trend toward a protective effect, with treatment slowing hypothesis is supported by findings that normally
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ambient levels of excitatory amino acids become toxic in NMDA, but not AMPA, which could be abolished by
the presence of oxidative phosphorylation inhibitors, the NMDA receptor NR2B subunit-specific antagonist
sodium-potassium pump inhibitors, glucose deprivation, ifenprodil. NMDA toxicity was also found to be abro-
or potassium-induced partial cell membrane depolari- gated in cerebellar cells, putatively as a result of their
zation (102-104). lower levels of NR2B expression (109). The authors

Evidence for excitotoxic processes in HD patients therefore hypothesized that regional expression of NR2B
comes primarily from studies of NMDA receptors in HD subunits may correlate with the severity of neuronal
postmortem tissue. Selective depletion of NMDA receptors degeneration in HD.
has been found in HD striatum, suggesting that neurons In contrast, another transgenic mouse model that
bearing NMDA receptors are preferentially vulnerable to expresses an N-terminal fragment of huntingtin and 46
degeneration (105). Findings of similar reductions in the or 100 CAGs (73) shows no preferential susceptibility
striatum of an asymptomatic at-risk patient imply that to quinolinic acid excitotoxic lesions (110). However,
excitotoxic stress may occur early in the disease process expression of the HD mutation in the context of a shorter
(106). Animal models provide the bulk of evidence for gene fragffient and longer CAG repeats in R6/2 (145
excitotoxicity in HD pathogenesis. Excitotoxic striatal CAG) and R6/1 (115 CAG) mice conferred resistance to
lesions in rats and primates closely resemble those seen quinolinic acid, malonate, NMDA, and 3-NP toxicity
in HD brain, with NMDA agonists such as quinolinic (111,112). One hypothesis to explain the resistance of
acid producing neuronal-specific lesions that show neurons in these mice is reduced synaptic activity.-
relative sparing of NADPH-diaphorase and parvalbumin- Dopamnine levels in R6/1 mice show 70% depletions in
positive neurons typical of HD (89). In primates, quino- extracellular dopamine relative to wildtype littermate
linic acid produces striking sparing of NADPH levels (112,113). However, intrastriatal malonate admin-
diaphorase neurons, as well as an apomorphine inducible istration in R6/1 mice resulted in a temporary increase
movement disorder (107). In contrast, although AMPA/ in local dopamine release, although lesion volume was
kainate receptor agonists also produce striatal lesions, they reduced by 80% in these animals. In contrast, increased
do not replicate the pattern of selective cell loss charac- susceptibility to NMDA of R6/2 striatal and cortical neu-
teristic of HD. rons has been demonstrated ex vivo (76), an observation

Excitotoxic processes are also implicated in cell death recapitulated in an HD knockin model (76). In another
mediated by mitochondrial toxins that deplete ATP study measuring EPSCs in R6/2 mouse striatal medium
production, including 3-nitropropionic acid (3-NP), spiny neurons, reductions in spontaneous activity were
3-acetylpyridine (3-AP), aminooxyacetic acid (AOAA), detected at the time of symptom onset in these mice
1-methyl-4-phenylpyridinium (MPP÷), and malonate (114). Transmission depression was overt by the time
(66,90). Systemic administration of 3-NP results in mice become severely impaired (-11-12 weeks of age).
increased binding of tritiated MK-801 (an NMDA recep- The authors demonstrated this to be due to reduced
tor channel ligand), consistent with activation of NMDA presynaptic events in glutamateric input neurons, impli-
receptors as a secondary consequence of energy depletion cating defects in the corticostriatal projection pathway in
in this model (108). Consequently, 3-NP and malonate this HD model. The fact that the glutamate release
lesions can be prevented by prior removal of glutamatergic inhibitor riluzole prolongs survival in R6/2 mice (115)
excitatory corticostriatal inputs by decortication, by gluta- reinforces suggestions of an excitotoxic component in
mate release inhibitors such as riluzole, and by NMDA this mouse model.
receptor antagonists including MK-801 (90). Taken Oxidative Damage. There is evidence that oxida-
together these observations imply that 3-NP toxicity is tive damage occurs in HD brain and in models of the
mediated by secondary excitotoxic mechanisms. disorder (54,81,116). Findings in HD patients include

Genetic models of HD also provide evidence of a increased incidence of DNA strand breaks, exacerbated
role for excitotoxic mechanisms in the development of lipofuscin accumulation (a marker of lipid peroxidation),
neuronal damage, but findings to date suggest differences elevated DNA oxidative damage products such as 8-
between mouse models dependent on the context in hydroxydeoxyguanosine (OH8dG), and increased immuno-
which the gene defect is expressed. In YAC-72Q mice, histocheniical staining of oxidative damage products in HD
striatal quinolinic acid lesions were exacerbated relative striatum and cortex, including 3-nitrotyrosine (a marker
to lesion volumes in wildtype mice, at ages preceding for peroxynitrite-mediated protein nitration), malondial-
motor symptom onset (109). Cultured neonatal medium dehyde (marker for oxidative damage to lipids), heme
spiny neurons expressing the YAC72Q transgene also oxygenase (formed during oxidative stress), and OH8dG
showed susceptibility to excitotoxic damage induced by (81). Oxidative stress may be a direct mechanism of
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huntingtin-linked cellular damage; however, findings that cription of genes regulated by cAMP responsive element
increased oxidative damage to DNA and lipids occurs (CRE) binding protein (CREB) have been implicated in
after symptom onset in the R6/2 transgenic mouse model several polyglutamine disorders, including HD. It has
of HD (117) suggest that it is a downstream event in been proposed that this decreased transcriptional activity
neuronal dysfunction. It is therefore possible that oxi- may be due to sequestration of transcriptional coactivators
dative damage is induced by energetic defects or secon- such as CREB binding protein (CBP) and TAFnl130 into
dary excitotoxicity. protein aggregates as the disease progresses. This seems

Ca2" influx into neurons after activation of excita- unlikely to be the primary step in HD pathogenesis,
tory amino acid receptors may trigger increased free because evidence shows that NII formation can occur
radical production via NO-mediated mechanisms, and relatively late in the disease process. Also, CBP
associated oxidative damage to cellular elements including sequestration cannot explain the dominant reduction in
proteases, lipases, and endonucleases, ultimately leading BDNF transcription observed in a STHdhQJ1J striatal
to cell death (118,119). Direct evidence linking excito- cell line, because these cells do not develop inclusions
toxicty to free radical generation comes from studies using (125). An alternative hypothesis is that a deficiency in
electron paramagnetic resonance that show that NMDA cAMP underlies abrogated CRE-mediated gene
dose-dependently increases superoxide formation in cul- transcription, cAMP generation is an energy-dependent
tured cerebellar neurons (120). The effects are blocked by process, requiring ATP as a precursor, that is reduced in
NMDA antagonists or removing extracellular Ca2". This CSF, parietal cortex, and lymphoblastoid cell lines-from
is consistent with findings that exposure of isolated corti- HD patients (125,126). Furthermore, the adenylate
cal mitochondria to 2.5 tM Ca2+, which is similar to intra- cyclase stimulator forskolin abrogates toxicity induced
cellular concentrations induced by excitotoxic stimuli, by expression of mutant huntingtin fragments in PC12
leads to free radical generation (121). NMDA, kainic acid, cells (127). In a recent study, Gines et al. (125) used
and AMPA all stimulate free radical generation in synap- HdhQ.. mice and striatal cell lines to test whether
tosomes and electron paramagnetic resonance have shown reductions in cAMP link energetic defects with altered
generation of free radicals in vivo following systemic CRE signaling in this HD model. cAMP levels were
kainic acid administration. Further evidence supporting a significantly reduced in cortex and striata of these mice by
role for oxidative damage in HD is that the energetic 10 weeks of age, far preceding the formation of nuclear
defects seen in HD brain are similar to those induced in huntingtin aggregates and neuronal death. Further,
cell culture by peroxynitrite, which preferentially inhibits associated reductions in levels of transcriptionally active
complexes II and III and (to a lesser extent) complex IV phospho-CREB, concomitant with reduced expression of
activity in the electron transport chain (122). BDNF, were also evident in the cortex of these mice by 5

3-NP toxicity in animals is also associated with months of age, indicative of reduced PKA/CREB
increased oxidative damage in the CNS. Hydroxyl (OH-) signaling. These authors went on to suggest that this
free radical production is elevated in the striatum defect is a result of impaired ATP synthesis induced by
following systemic 3-NP administration, as are levels of the mutant full-length huntingtin, based on observations
the DNA damage marker 8-hydroxy-deoxyguanosine in a transfected striatal cell line. Notably, mutant huntingtin
(OH 8dG) and 3-nitrotyrosine (123). Findings that 3-NP- transfected cells also display elevations in free radical
induced lesions and concomitant increases in oxidative generation and an increased vulnerability to the respiratory
damage markers are markedly attenuated in mice over- chain inhibitor 3-NP.
expressing the superoxide free radical scavenger Cu/Zn Changes in cAMP-mediated transcription will have
superoxide dismutase (SOD1), imply that oxidative free downstream effects on many cell components. One in
radicals contribute to lesion formation (66). Furthermore, particular that has gained much interest in HD is brain-
3-NP striatal lesions are attenuated by free radical spin derived neurotrophic factor (BDNF). Reduced cAMP-
traps and nitric oxide synthase (NOS) inhibitors (124). In dependent transcription of BDNF is a robust feature of

addition, lack of the free radical scavenging enzyme glu- HD pathophysiology. By grades II and III of the disease,
tathione peroxidase (GSHPx) in knockout mice exacer- BDNF protein and mRNA levels in frontoparietal cortex

bates striatal damage and 3-nitrotyrosine elevations caused are halved, and this effect can be mimicked by express-

by systemic administration of 3-NP (66). ing full-length human mutant huntingtin in a rat CNS

Energy Metabolism and Transcriptional Regula- parental cell line (128,129). Reduced levels of cortical

tion. One potential role for early metabolic alterations in and striatal BDNF have subsequently been demonstrated
huntingtin-mediated toxicity involves cyclic adenosine in multiple mouse models of HD expressing mutant hunt-
3',5'-monophosphate (cAMP) signaling. Decreased trans- ingtin (including R6/2, N171-82Q, Hdh, and YAC-72
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lines) and are associated with robust alterations in BDNF mediated regulation of mTOR activity has other
gene transcription across several different HD mouse implications for cell survival, because it is involved in
lines (125,129-131). In contrast, mice expressing human multible crucial cell processes, including growth and
wild-type huntingtin show increased levels of BDNF. translation of protein transcripts. Further, glucose is also
Taken with observations that the striatal pool of BDNF a possible regulator of Akt, which influences cell growth
arises from cortical projection neurons, in which hunt- and survival. Cell death in this model is abrogated by
ingtin is widely expressed, it has been suggested that the overexpression of the GLUT1 astrocytic glucose
selective vulnerability of striatal neurons may result from transporter. This may have direct consequences in HD,
loss of neurotrophic support by BDNF. BDNF also pro- as mutant huntingtin exon 1 expression in PC12 cell
tects neurons against metabolic and excitotoxic insults lines downregulates GLUT] expression (142), suggest-
(132,133) and has been shown to be a promising sub- ing an intrinsic mechanism of reduced clearance of
strate for cell replacement therapy approaches (134,135). proteins including huntingtin in HD. This group detected
Intrigueingly, a dietary restriction regimen that has been altered expression levels of four genes involved in
shown to increase BDNF levels in the cerebral cortex, glucose metabolism in huntingtin transfected PCI2 cells
striatum, and hippocampus of mice and rats, was found (Glutl, Pfkm, Aldolase A, and Enolase), and also
to increase survival, improve motor performance, ame- demonstrated that augmented expression of Glutl and
liorate weight loss, and delay huntingtin aggegate Pfkm (another key regulatory protein for glycolysis)
formation and systemic glucose intolerance in R6/2 HD rescued both COS7 and SK-N-SH cells from .
mice (136). The direct protective effect of downregulat- polyglutamine-induced death. These observations raise
ing metabolic substrates in this manner has yet to be elu- interesting questions regarding the possible conse-
cidated, but dietary restriction has previously been found quences of the initial increases in cerebral glucose uptake
to extend life span and is neuroprotective against a num- detected in mutant mouse models of HD, suggesting that
ber of cell stresses. perhaps a feedback loop to remove intracellular mutant

Gene profiling studies in HD mouse models also huntingtin is set in motion.
indicate that regulation of several genes involved in mito-
chondrial function and energy metabolism may be abnor-
mally affected by mutant huntingtin expression. These
include creatine kinase, ATP synthase, and subunits of CONCLUSION
cytochrome c oxidase, as well as genes modulating cal-
cium handling and multiple cAMP-regulated genes Studies in human postmortem tissue and in vivo
(130,131,137-139). Although it is tempting to speculate imaging techniques have indicated that defects in energy
that transcriptional changes in metabolic genes may con- metabolism contribute to neuronal decline at some stage
tribute to HD pathogenesis, caution is warranted in inter- in the HD pathogenesis, but are insufficient to charac-
preting these observations, because transcriptional changes terize their exact roles. The availability of genetic ani-
in a multitude of genes affecting a plethora of different mal models of the disease is now making it possible to
cellular pathways are detected in HD models, of which accurately elucidate the nature of this contribution and
metabolic components are only a small subset. its importance in modulating mutant huntingtin's

Mutant Huntingtin Influences Glucose's Activity as toxicity. It is apparent from initial studies that the nature
a Signaling Molecule. Another proposed mechanism of of the genetic model itself affects the pathogenic profile
cellular damage by mutant huntingtin is disruption of associated with expression of mutant huntingtin, and
proteosome clearance of ubiquitinated proteins, includ- effects on cerebral energy metabolism vary accordingly.
ing mutant huntingtin aggregates. However, clearance of Thus an overview of effects in multiple models is grad-
huntingtin may also occur by autophagy. Ravikumar ually building a picture of how huntingtin's effects on
et al. (140) have recently demonstrated that increased energy metabolism influences pathogenesis of the dis-
intracellular glucose levels are neuroprotective in cul- ease. It is still too early to identify the initial action of
tured kidney cells transfected with a mutant huntingtin mutant huntingtin that triggers selective neuronal dys-
construct containing 74Q. Reduced huntingtin exon 1 function and cell death pathways, but evidence from both
aggregation was also observed. Their results suggest that mitochondrial toxin and genetic mouse models suggests
this is due to increased autophagy as a consequence that energetic defects occur early in the pathogenic
of dephosphorylation of the authophagy regulator process, and precede overt pathological and symptomatic
rapamycin (mTOR), concomitant with phosphorylation markers of disease onset. Further, there are tantalizing
of glucose to glucose-6-phosphate (140,141). Glucose- reports that mutant huntingtin may itself have a direct
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Mice deficient in dihydrolipoamide dehydrogenase show increased
vulnerability to MPTP, malonate and 3-nitropropionic acid
neurotoxicity
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Abstract hydroxylase-positive neurons in the substantia nigra of Did*"-

Altered energy metabolism, including reductions in activities of mice than that seen in wild-type littermate controls. Striatal
the key mitochondrial enzymes ca-ketoglutarate dehydroge- lesion volumes produced by malonate and 3-NP were signi-

nase complex (KGDHC) and pyruvate dehydrogenase com- ficantly increased in Did+l- mice. Studies of isolated brain

plex (PDHC), are characteristic of many neurodegenerative mitochondria treated with 3-NP showed that both succinate-

disorders including Alzheimer's Disease (AD), Parkinson's supported respiration and membrane potential were sup-

disease (PD) and Huntington's disease (HD). Dihydrolipoa- pressed to a greater extent in Did+l- mice. KGDHC activity

mide dehydrogenase is a critical subunit of KGDHC and was also found to be reduced in putamen from patients with

PDHC. We tested whether mice that are deficient in dihydro- HD. These findings provide further evidence that mitochond-

lipoamide dehydrogenase (Did+/-) show increased vulnerab- rial defects may contribute to the pathogenesis of neurode-

ility to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), generative diseases.

malonate and 3-nitropropionic acid (3-NP), which have been Keywords: Alzheimer, Huntington, mitochondria, neuro-

proposed for use in models of PD and HD. Administration of degenerative diseases, Parkinson, oxidative damage.

MPTP resulted in significantly greater depletion of tyrosine J. Neurochem. (2004) 88, 1352-1360.

There is accumulating evidence that the ct-ketoglutarate

dehydrogenase complex (KGDHC) is involved in neurode-
generative disorders. KGDHC activities are reduced in Received October 6, 2003; revised manuscript received November 2,

postmortem brain tissue of patients with Parkinson's disease 2003; accepted November 5, 2003.
(PD) (Mizuno et al. 1990; Gibson et al. 2003), and in both Address correspondence and reprint requests to M. Flint Beal, MD,

postmortem brain tissue and fibroblasts of patients with Department of Neurology and Neuroscience, Weill Medical College of

Alzheimer's disease (AD) (Gibson et al. 1988; Butterworth Comell University, New York Presbyterian Hospital, 525 E 68th Street,

and Besnard 1990; Mizuno et al. 1990; Sheu et al. 1994; New York, NY 10021, USA. E-mail: fbeal@med.comell.edu
Abbreviations used: AD, Alzheimer's disease; BSA, bovine serum

Kish et al. 1999). Interestingly, the KGDHC defect is found albumin; HD, Huntingdon's disease; KGDHC, a-ketoglutarate dehy-

in postmortem brain tissue of patients with the Swedish drogenase complex; KPBS, potassium phosphate-buffered saline; MDA,

amyloid precursor protein 670/671 mutation, which causes malondialdehyde; MPP÷, 1-methyl-4-phenylpyridinium; MPTP, l-me-

familial AD (Gibson et al. 1998). The enzyme is inactivated thyl-4-phenyl-l,2,3,6-tetrahydropyridine; NeuN, neuron-specific nuclear

by oxidative stress induced by 4-hydroxynonenal, H2 0 2 and protein; 3-NP, 3-nitropropionic acid; PBS, sodium phosphate-buffered
saline; PD, Parkinson's disease; PDHC, pyruvate dehydrogenase com-

peroxynitrite (Chinopoulos et al. 1999; Park et al. 1999; plex; SDH, succinate dehydrogenase; TCA, tricarboxylic acid; TH,
Gibson et al. 2002). tyrosine hydroxylase.
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KGDHC is a member of the a-ketoacid dehydrogenase Malondialdehyde (MDA) assay

complex family (Gibson et al. 2000a). This family also MDA levels were measured by HPLC with fluorescence detection in

includes the pyruvate dehydrogenase complex (PDHC) and striatal tissue at 18 h after administration of sodium phosphate-

branched chain a-ketoacid dehydrogenase complex. Dihydro- buffered saline (PBS) or MPTP (Ferrante et al. 1997). Malondial-

lipoamide dehydrogenase (EC 1.6.4.3) (encoded by Did dehyde standard (98% purity) and other chemicals were purchased
from Sigma (St Louis, MO, USA). Butylated hydroxytoluene

gene), which is also known as E3, is a critical subunit shared solutiowa prepared i e l n on tton of
by al treedehdroenass. t i a lavn-cotaiingproein solution was prepared in 95% ethanol to a final concentration of

by all three dehydrogenases. It is a flavin-containing protein 0.05%. 2-Thiobarbituric acid was dissolved in water on a stirring

that transfers reducing equivalents from a dihydrolyl moiety hot-plate at 50-55°C to a concentration of 42 mam. The MDA

to NAD+, to form NADH and complete the catalytic process standard was prepared with 40% ethanol solution. Standard curves

of the complex. The product of the Dld gene catalyzes the were made with a series of MDA concentrations from 0.001 to

oxidation of dihydrolipoyl moities of four mitochondrial 1.0 mm and a blank.

multienzyme complexes: PDHC, KGDHC, branched-chain Brain tissues were homogenized in 40% ethanol. Sample

ot-ketoacid dehydrogenase and the glycine cleavage system. derivatization was carried out in 2-mL plastic centrifuge tubes

Mice with a deficiency of dihydrolipoamide dehydroge- fitted with screw-on caps. To a 50 pL aliquot of sample homogenate

nase have been developed (Johnson et al. 1997). Homozy- or MDA standard, 50 lVL butylated hydroxytoluene solution,

ewith disruption of the gene die in utero at a very 400 piL 0.44 M H3PO4 solution and 100 VlL 2-thiobarbituric acid
early gastrulation stage. The heterozygous mice develop solution were added. Sample tubes were capped tightly, vortex
eormarly gastruato a ge .appr atel heterozygous-mice divep mixed, then heated for 1 h on a 100°C dry-bath incubator.

normally but have approximately half of wild-type activity Following heat derivatization, samples were placed on an iced

for E3, for all affected multienzyme complexes, and the water bath (0°C) for 5 min to cool. Two hundred and fifty pL of

glycine cleavage system in liver and kidney (Johnson et al. n-butanol was subsequently added to each vial for extraction of the

1997). In the present experiments we examined whether these MDA-2-thiobarbituric acid complex. Tubes were vortex mixed for

mice show altered vulnerability to the dopaminergic neuro- 5 min and then centrifuged for 3 min at 10 000 g to separate the

toxin 1-mcthyl-4-phcnyl-l,2,3,6-tetrahydropyridine (MPTP), two phases. Aliquots of 100 .sL were removed from the n-butanol

which has been used to model PD, and to malonate and layer of each sample and placed in HPLC vials for analysis.

3-nitropropionic acid (3-NP), which have been used in

models of Huntington's disease (HD) (Beal et al. 1993a, PDHC activity in brain tissue

1993b; Brouillet et at. 1995; Beal 2001). Mice were decapitated and the heads were dropped into liquid N2
immediately. The brains were removed under liquid nitrogen. The
frozen brains were powdered in liquid N 2 and stored in liquid

N2-cooled cryo-vials (Coming Glass Works, Coming, NY, USA).
Materials and methods Homogenates (2% by brain weight) were prepared for measurement

of total and active forms of PDHC (Ksiezak-Reding et al. 1982;
MPTP model Huang et al. 1994). To measure the PDHC activity in the active form,
Heterozygous Did+- mice (C57BL/6), deficient in dihydrolipoa- the brain powders (2%) were homogenized in buffer without calcium
mide dehydrogenase, were produced as described previously and and magnesium (50 mm Tris-HCI, pH 7.2, 1 mm dithiothreitol,

gcnotyped using DNA extracted from the tail and a PCR assay 50 pIm leupeptin, 0.4% Triton X-100). To measure total PDHC
(Johnson et al. 1997). We examined 12 Did"l- and 12 littennate activity, the brain powder (2%) was incubated in the same buffer with

wild-type Dtd+/+ mice at 3-4 months of age. All experiments were the addition of 10 mM MgCI 2 and 1 mm CaCI2 at 37°C for 30 min
carried out in accordance with the National Institute Health Guide before assay. The total and active forms of PDHC for each brain were
for the Care and Use of Laboratory Animals and all procedures were assayed in triplicate by monitoring the rate of acetyl-CoA formation

approved by the local institutional animal care and use committee, as determined by its coupling to the acetylation of p-(p-aminophe-

Mice were housed in a room maintained at 20-22°C on a 12-h light- nylazo)-benzene sulfonic acid by arylamine N-acetyltransferase.
dark cycle with food and water available ad libitum. We PDHC activities were measured for 30 min at 37°C by following the

administered MPTP to wild-type and DMd+- mice at a dose of decrease in the absorbence that occurs at 460 nm with the acetylation

20 mg/kg i.p. three times at 2-h intervals. Mice were killed I week of p-(p-aminophenylazo)-benzene sulfonic acid on a spectrophoto-
later and the striata dissected. metric microtiter plate reader (Molecular Devices, Palo Alto, CA,

USA). Protein was measured by the Bradford method with the Bio-
1-Methyl-4-phenylpyridinium (MPP÷) levels Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).

MPTP (20 mg/kg) was administered intraperitoneally three times at Measurements were done at 595 nm on a spectrophotometric
2-h intervals. Mice were killed 90 min after the last injection. MPP÷ microtiter plate reader (Molecular Devices).

levels were quantified by HPLC with UV detection at 295 nm.
Samples were sonicated in 0.1 M perchloric acid and an aliquot of KGDHC activity assay
supernatant was injected on to a Brownlee aquapore X 03-224 For assays of KGDHC activity, frozen pulverized tissue (as for

cation exchange column (Rainin, Wobum, MA, USA). Samples PDHC) was prepared as 5% homogenates in 50 mm Tris-HCI

were eluted isocratically with 90% 0.1 mm acetic acid and 75 mm pH 7.2, 1 mm dithiothreitol, 50 pM leupeptin 0.2 mM EGTA and

triethylamine HCI, pH 2.3, adjusted with formic acid and 10% 0.4% Triton X-100 (Gibson et al. 1988, 1998). KGDHC activity in
acetonitrile.
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each sample was analyzed in triplicate in the presence of saturating incubated in NeuN antibody (Chemicon; I : 1000 in KPBS/I%

concentrations of thiamine pyrophosphate, using a 96-well plate BSA/0.4% Triton) for 18 h. After rinsing in KPBS containing

reader. Human postmortem control and brain tissue from patients 0.25% BSA and 0.02% Triton X-100, the sections were incubated in
with HD was obtained from the Harvard Brain Bank (McLean biotinylated anti-mouse IgG (1 : 200 in KBPS/0.25% BSA/0.02%

Hospital, Belmont, MA, USA). Triton) for I h followed by the avidin-biotin-peroxidase complex

(1 : 200) in KPBS for I h. The sections were rinsed in 0.05 M

Malonate lesions KPBS, and the reaction was developed in 0.05% 3,3'-diaminobenzi-

We examined the effects of malonate-induced striatal lesions in 2.5- dine tetrahydrochloride dihydrate containing 0.003% H20 2 in

month-old Dld+/- mice. The mice were anesthetized with isoflurane KBPS. Stereological analysis of lesion volumes was performed
and malonate (1.5 gmol in 1.0 pL, pH 7.4) was injected stereotax- using the Cavalieri method in the Stereo Investigator (version 4.35)

ically into the left striatum (anterior, 0.5 mm; lateral, 2 mm from software program (Microbrightfield). Every other NeuN-stained

bregma; ventral, 3.5 mm from dura). The injections were performed section was examined.

over 2 min using a 10-1sL 26-gauge blunt-tipped Hamilton syringe.
The needle was left in place for 5 min before being slowly Mitochondrial respiration
withdrawn. Seven days after the striatal injections animals were Mouse forebrain mitochondria were isolated according to the

killed. method -of Rosenthal et al. (1987), except that Nagarse protease
treatment was omitted and the amount of digitonin was adjusted to

3-NP lesions the smaller tissue sample (Starkov & Fiskum, 2003). Respiration of

Both Did+/- mice and littermate controls aged 2.5 months were isolated mitochondria was measured at 37°C with a commercial
treated with 3-NP for 2 days at a dose of 50 mg/kg i.p. twice daily, Clark-type oxygen electrode (Hansatech Instruments, Kings Lynn, -

followed by 60 mg/kg i.p. twice daily from day 3 to day 9. At 6 h Norfolk, UK). The incubation medium was composed of 125 mm

after the last 3-NP injection, mice were killed. KCI, 10 mrm HEPES, pH 7.2, 2 mM MgCI 2, 0.4 mg/ml BSA (fatty
acid free), 0.8 mm ADP, and a respiratory substrate as indicated in

Histological analysis figure legends. Mitochondria were added at 0.5 mg/ml. Membrane

Mice were anesthetized with sodium pentobarbital and perfused potentials of isolated mitochondria were estimated using the
transcardially with 0.1 M PBS, pH 7.4, followed by 4% parafor- fluorescence of safranine 0 (3 p-M), with excitation and emission

maldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were wavelengths of 495 nm and 586 nm respectively. The incubation

removed, postfixed for 2 h in the same fixative, and then placed medium was as described above. KDGHC activity in mitochondria
in 30% sucrose overnight at 4°C. For MPTP-lesioned brains, serial was measured fluorimetrically. The reaction medium was composed

coronal sections (50 psm) were cut through the substantia nigra. Two of 50 mm KCI, 10 mM HEPES, pH 7.4, 20 Vg/mL alamethicin,

sets, consisting of eight sections each 100 prm apart, were prepared. 0.3 rmm thiamine, 0.01 mm CaCI2, 0.2 mm MgCI2, 5 mM

One set of sections was used for Nissl staining (cresyl violet). ca-ketoglutarate, 1 liM rotenone and 0.2 rmy1 NAD÷. The reaction
Another set was processed for tyrosine hydroxylase (TH) immu- was started by adding 0.14 mtam Coenzyme A (CoASH) to permea-

nohistochemistry using the avidin-biotin peroxidase technique. bilized mitochondria (0.1-0.25 mg/mL). Reduction of NAD÷ was

Briefly, free-floating sections were pretreated with 3% H20 2 in PBS followed at 460 nm emission after excitation at 346 nm. The scale
for 30 min. The sections were incubated sequentially in (1) 1% was calibrated by adding known amounts of freshly prepared NADH.

bovine serum albumin (BSA)/0.2% Triton X-100 for 30 min; (2)

rabbit anti-TH affinity-purified antibody (Chemicon, Temecula, CA, Succinate dehydrogenase (SDH) activity

USA; 1 : 2000 in PBS/0.5% BSA) for 18 h; (3) biotinylated anti- SDH (EC 1.3.99.1) was measured spectrophotometrically as

rabbit IgG (Vector Laboratories, Burlingame, CA, USA; 1 : 500 in described previously (Arrigon and Singer 1962). The reaction
PBS/0.5% BSA) for I h; and (4) avidin-biotin-peroxidase complex medium was composed of 50 mnm KCI, 10 rnm HEPES, pH 7.4,

(Vector; I : 500 in PBS) for 1 h. The immunoreaction was 20 pg/mL alamethicin, 10 mm succinate, 2 mnm KCN, I liM rote-
visualized using 3,3'-diaminobenzidine tetrahydrochloride dihydrate none, 50 pM 2,3-dimethoxy-5-methyl-6-decyl-l,4-benzoquinone,

with nickel intensification (Vector) as the chromogen. All incuba- 50 liM 2,6-dichlorophenol indophenol and 20 piM EDTA. The
tions and rinses were performed with agitation using an orbital reaction was monitored at 600 nm, and the activity was calculated,

shaker at room temperature (37°C). The sections were mounted on employing EmM = 21 cm-1 for 2,6-dichlorophenol indophenol.
to gelatin-coated slides, dehydrated, cleared in xylene and cover-

slipped. The numbers of Nissl-stained or TH-immunoreactive cells Statistical analysis

in the substantia nigra pars compacta were counted using the optical Data are expressed as mean ± SEM. Statistical analysis was

fractionator method in the Stereo Investigator (version 4.35) performed using one-way ANOVA followed by Newman-Keuls

software program (Microbrightfield, Burlington, VT, USA). post-hoc test. The Mann-Whitney U-test and Student's t-test were
Sections from 3-NP- and malonate-lesioned brains were immu- used to analyze differences in lesion volumes.

nostained using an anitibody against the neuronal marker neuron-

specific nuclear protein (NeuN). Briefly, sections were pretreated
with 0.05 M potassium phosphate-buffered saline (KPBS) contain- Results
ing 1% NaOH and 3% H20 2 for 30 min. After rinsing in KPBS We measured KDGHC, total PDHC and active PDHC in
three times for 10 min each, the sections were treated with 0.4% cerebral cortex of wild-type and DldW- mice (n = 9).

Triton X-100 and 1% BSA in KPBS for 30 min. The sections were
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KDGHC activity was significantly reduced from Saline MPTP

14.0 ± 0.43 mU per mg protein in wild-type mice to ,_,- -.

10.11 ± 0.34 mU per mg protein in Did+' mice

(p < 0.001). Similarly, total PDHC activity was significantly Wild-type. ,
controlreduced from 37.96 ±-1.16 to 30.95 - 2.61 mU per mg

protein in the Did+- mice (p < 0.05). There was a reduction
in active PDHC from 32.3 ± 1.3 to 27.6 ± 2.4 mU per mg
protein, but this was not statistically significant (p = 0.12).

A preliminary study in the putamen of brains from three-.
controls and seven patients with HD showed that KDGHC . .

activity was significantly reduced from 11.5 - 24 mU per
mg protein in controls to 1.6 ± 0.6 mU mg protein in HD
postmortem brain tissue (p < 0.04).

We carried out studies of MPTP neurotoxicity in Didr'- :"

mice. We administered MPTP at a dose of 20 mg/kg Fig. 2 Phoiomicrographs of TH-immunoreactive neurons in the sub-

i.p. three times at 2-h intervals to littermate controls and stantia nigra pars compacta showing more severe MPTP-induced

heterozygous Did"- mice. MPTP produced a significantly dopaminergic neuronal loss in Didc- mice than in wild-type controls.
greater depletion of TH- and Nissl-stained neurons in the Scale bar 50 [tm.

DM+d- mice than in littermate controls (Figs I and 2). We

examined MDA in 6-month-old Dld+l- mice and littermate

12000 controls. MDA levels were significantly increased in the
8. striatum of Dd+d- mice and increased further following

10000 MPTP administration (Fig. 3). MPP+ levels were similar in

S8000 ** control and DId+/- mice: 49.7 ± 3.3 ng per mg protein

6000 m,(n = 12) versus 49.4 ± 2.7 ng per mg protein (n = 10)

t 6respectively.

.0 4000 We examined the effects of malonate-induced striatal
Er lesions in Did41  mice. Malonate lesion volumes were
52000] mapproximately three-fold larger in the Did+/- mice than

O0_ controls (1.9 ± 0.5 vs. 0.7 ± 0.2 mm3 respectively; p <
Wild-type Wild-type DId÷/-/Saline Dld+/-/MPTP 0.05) (Figs 4 and 5). We also examined 3-NP-induced

controllSaline controt/fMPTP lesions in the Dl+d- mice and littermate controls (Figs 6

and 7). There were bilateral areas of NeuN-positive cell loss
in the striatum of wild-type and Dld+- mice. The lesion

z 4volume in the DId+/- mice was 3.5 - 0.6 mm 3 whereas that
z 000-

12000

8 00-2.5 *

in 2

o6000 .

1.5-
o4000 ES1.

E

F_ Wild-type Wild-type Didl-l! Satine Dld+/- /A4PTP
contmol/Saline contmul/MTP0.

Fig. 1 Stereological (optical fractionator) counts of TH-positive (top) 0 - I
and Nissl-stained neurons (bottom) in the substantia nigra pars
compacta (SNpc) of 2-month-old wild-type and Did'l- mice. MPTP wildtype Did+P wildtype DidM -MPTP MPTP

produced a significantly greater depletion of TH-positive and Nissl-

stained neurons in the Did+'- knockout mice than in the wild-type Fig. 3 Striatal MDA levels in Did'- mice and littermate controls at
controls. Values are mean ± SEM. **p < 0.01 versus wild-type control/ 6 months of age at baseline and following administration of MPTP.
saline, ***p < 0.001 versus respective Did'/-/saline, #p <0.05 versus Values are mean ± SEM. *p < 0.05 versus wild-type control,
wild-type control/MPTP by ANOvA. #p < 0.001 versus wild-type control/MPTP by ANOVA.
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2.5

&30

E 5E

E

0
> Wild-type control Did +/-
c.
0"l -Fig. 6 Lesion volumes (Cavalieri method) of 2.5-month-old wild-type

"_J and Dic"- mice after 3-NP injection, showing significantly larger
0.5 lesions in the Did'4- mice. Values are mean ± SEM. *p < 0.05 versus

wild-type control by Mann-Whitney U-test.

Wild-type control Did +D-
Wild-type *. Did +/-cpontrol

Fig. 4 Lesion volumes (Cavalieri method) in 2.5-month-old wild-type

and Did- mice after unilateral striatal malonate injection showing

significantly larger lesions in the Did4- mice. Values are mean ± SEM.
p < 0.05 versus wild-type control by Mann-Whitney U-test.

Wild-type control DidO+-

Fig. 7 Photomicrographs of NeuN-immunostained sections through

the caudate-putamen of 3-NP treated wild-type and Didl/- mice. The

'-& "v -lesion in the caudate-putamen (outlined by arrowheads) is larger in

.• ~ ,• the Did+' mouse than that in the wild-type mouse. The dark staining at

the lesion site in the DidP' mouse represents IgG extravasation as

detected by anti-mouse IgG, the secondary antibody used for NeuN

Fig. 5 Photomicrographs of NeuN-immunostained sections through immunohistochemistry. Scale bar 1 mm.

the caudate-putamen of wild-type and Did
4
1- mice showing malonate

lesions. The lesion in the caudate-putamen (outlined by arrowheads)

is larger in the Did'l- mouse than that in the wild-type mouse. The dark equal levels in Dldt/- and Dld+'+ mitochondria. This increase

staining at the lesion sites, which is more extensive in the DidP- was sensitive to the complex I inhibitor rotenone. Therefore,

mouse, represents IgG extravasation as detected by anti-mouse IgG, the membrane potential was most probably lower in Did+l-
the secondary antibody used for NeuN immunohistochemistry. Scale mitochondria because of the lower SDH activity per se which
bar 0.5 mm. was limiting the flux of electrons through the respiratory

chain. In accordance with this interpretation, SDH activity in

in wild-type mice was 0.9 ± 0.5 mm 3 (p < 0.05; n = 17 Did+1- mitochondria was about 50% of that in Dide++
per group). mitochondria (Fig. 8c).

We examined the effects of 3-NP treatment on bioenergetics Figure 9(a) shows that 3-NP treatment also resulted in

of isolated brain mitochondria (Figs 8 and 9). As expected, approximately 30% inhibition ofphosphorylating respiration

3-NP treatment resulted in severe inhibition of SDH (Fig. 8a). of mitochondria oxidizing pyruvate and malate. However,

However, succinate-supported respiration (Fig. 8c) and the there were no differences in State 3 respiration rates between

membrane potential (Fig. 8b) were suppressed to a greater mitochondria from Dl'- mice and their littermates with

extent in mitochondria from Did+1- mice. Figure 8(b) shows normal KGDHC activity. State 4 respiration rates were not

that the membrane potential was lower in Dld+-' mitochondria affected by 3-NP treatment (data not shown). The reasons for

both in State 3 and following the induction of State 4 by inhibition of pyruvate and malate oxidation by 3-NP

carboxyatractylate, an inhibitor of the ATP/ADP antiporter. treatment are not clear. As mentioned above, 3-NP is a

The addition ofpyruvate to mitochondria oxidizing succinate selective inhibitor of SDH and fumarase (EC 4.2.1.2), and

resulted in an increase in the membrane potentials to almost neither of these enzymes is known to control the rate of State

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 88, 1352-1360
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Cý -1. inDid-deficientl
Control 3-NP .~25-

Fig. 8 Effect of in vivo 3-NP treatment, State 3 respiration, membrane o 20-

potential and SDH activity in Did+/+ and Dld+/- mitochondria. (a) SDH"-
activity. (b) Membrane potentials of mitochondria isolated from 3-NP- 15- -

treated animals. The membrane potential was estimated from fluor- E 10-
escence of safranine 0. The incubation medium was supplemented
with 10 mm succinate, and 3 pM safranine 0 was included. Additions: " 5-
Mito, 0.5 mg/mL mitochondria; cAtr, 4 lam carboxyatractylate; Pyr,
7 mM pyruvate; Rot, 1 IM rotenone; FCCP, 50 nu FCCP. (c) State 3 Control 3-NP
respiration of mitochondria. Incubation medium (see Materials and
methods) was supplemented with 10 mm succinate and 1 pm rote- Fig. 9 Inhibition of mitochondrial phosphorylating respiration and

none. Control, mitochondria from mice not treated with 3-NP (n - 6); KGDHC activity by in vivo 3-NP treatment. (a, b) State 3 respiration.

3-NP, mitochondria from 3-NP-treated mice (n = 4). Values in (a) and Incubation medium and other conditions were as in Fig. 8(c), except

(c) are mean ± SEM. There were no differences in State 3 rates (c) that succinate and rotenone were replaced with 7 mM pyruvate and

and SDH activities (a) between control groups. *p < 0.05 versus 3-NP- 0.8 mm malate (a) or with 10 mm a-ketoglutarate (b). (c) KGDHC

treated wild-type mice. activity. Control, mitochondria from control mice (n = 7); 3-NP, mito-
chondria from 3-NP-treated mice (n = 4). Values are mean ± SEM.
*Statistically significant difference p < 0.05 compared with wild-type
controls.

3 respiration supported by pyruvate and malate oxidation.
Unexpectedly, 3-NP treatment significantly reduced KGDHC - 48% in Dlc+'- mitochondria (Fig. 9b). In accordance with
activity. State 3 respiration supported by ca-ketoglutarate was the respiration data, the activity of KGDHC in mitochondria
suppressed by -, 60% in wild-type mitochondria and by was also inhibited (Fig. 9c).
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Discussion staining of Lewy bodies in the substantia nigra of patients
with PD (Good et al. 1998; Giasson et al. 2000). KDGHC is

There is substantial evidence that alterations in ci-ketoacid also inhibited by oxidized derivatives of dopamine (Shen
dehydrogenases may play a role in the pathogenesis of et al. 2000). Exposure of Chinese hamster ovary cells to
neurodegenerative diseases. Strong evidence has accumu- hyperoxia results in cell death and complete inactivation of

lated implicating KGDHC deficiency in AD (Gibson et al. KDGHC, whereas KDGHC activity is preserved in cells that
1988, 1998; Butterworth et al. 1990; Sheu et al. 1994). The are resistant to hyperoxia (Schooner et al. 1990, 1991).
clinical dementia rating scale is highly correlated with In the present experiments we examined whether Didl-
postmortem brain KGDHC activity (Gibson et al. 2000). mice show increased vulnerability to MPTP neurotoxicity.
There is also evidence for decreases in KGDHC in the We found that both KGDHC and total PDHC activities were
substantia nigra of patients with PD (Mizuno et al. 1990, significantly reduced in the cerebral cortex of Did+/- mice. If
1995; Gibson et al. 2003). Immunostaining for KGDHC a deficiency in KGDHC contributes to PD pathogenesis one
declines in many melanized neurons and this reduction would expect these mice to show increased vulnerability to
correlates with the severity of the degeneration (Mizuno the toxin, which is known to impair mitochondrial function.
et al. 1994). KGDHC is more vulnerable to degeneration We found that the Did+A- mice showed greater loss of TH-

than complex II, III and IV as shown by immunostaining. stained neurons in the substantia nigra pars compacta. There
There is evidence for reduced PDHC activity in both AD and were no alterations in MPP+ levels to suggest altered
HD (Sorbi et al. 1983; Butterworth et al. 1985). processing or metabolism of MPTP in these mice.

Although previous studies showed reduced PDHC activity We also examined the effects of malonate lesions in the
in HD postmortem brain tissue, there have been no reports on Did +- mice. Malonate is a reversible inhibitor of SDH. We
measurement of KDGHC activity. We found that KDGHC and others showed that intrastriatal injections of malonate
activity was reduced in the putamen. This may also be a produce lesions that in many respects resemble the neuro-

consequence of oxidative damage as we and others found pathology of HD (Beal et al. 1993b; Greene et al. 1993).
increased oxidative damage in both HD postmortem brain The lesions occur by an indirect excitotoxic mechanism as
tissue and a transgenic mouse model of HD (Bodganov et al. they are blocked by excitatory amino acid antagonists (Beal
2001; Browne et al. 1999; Perez-Severiano et al. 2000; et al. 1993b; Greene et al. 1993). The lesions are associated
Tabrizi et al. 2000). This finding shows that KDGHC with increases in markers of free radical damage and are

activity is reduced in three of the most common neurode- attenuated by free radical scavengers (Schulz et al. 1995b).
generative diseases, AD, PD and HD. This might lead to further inactivation of KGDHC. In the

Genetic studies also implicate KGDHC in PD and AD. In present experiments, we found that striatal lesions produced
PD a polymorphism occurs in exon 9 of the DLST E2 gene of by malonate were markedly exacerbated in Dld+- mice.

KGDHC (Kobayashi et al. 1998). A single nucleotide Lesion volumes were approximately three-fold greater than
substitution between G (in allele 1) and A exon 9 (in allele those seen in littermate controls. This is consistent with the

2) occurs, but it does not change the amino acid code. possibility that inhibition of the tricarboxylic acid (TCA)
Frequencies of the genotype that carry the A allele are cycle at multiple sites may greatly exacerbate bioenergetic

significantly higher in patients with PD than in controls. defects.
These results suggest that a genetic variant of the E2 gene We also examined the effects of 3-NP in Did+- mice.
itself, or in close proximity to the gene, constitutes a risk 3-NP is a suicide inhibitor of the mitochondrial TCA enzyme
factor for PD. Polymorphisms in the Dtd*/- gene also appear SDH (Alston et al. 1977; Coles et al. 1979) and a reversible
to be a risk factor for AD in caucasians (Sheu et al. 1999). inhibitor in vitro of fumarase, another TCA enzyme (Porter

Previous studies showed that MPTP and isoquinoline and Bright 1980). Systemic administration of 3-NP inhibits

derivative neurotoxicity was associated with reduced activity SDH in the whole brain as well as in the liver and heart

of KGDHC (McNaught et al. 1995; Joffe et al. 1998). The (Gould and Gustine 1982; Gould et al. 1985), and results in
MPTP metabolite MPP+ inhibits KGDHC (Mizuno et al. abnormal succinate build-up and inhibition of the mitoch-
1988). It is possible that these effects may be mediated by ondrial TCA cycle (Hassel and Sonnewald 1995).
oxidative stress. Previous work showed that KGDHC is Systemic administration of 3-NP produces selective
sensitive to a number of oxidants including hydroxynonenal, lesions in the striatum, which closely mimic the neuropath-
H2 0 2 and peroxynitrite (Chinopoulos et al. 1999; Park et al. ologic features of HD, as it produces relative sparing of
1999; Gibson et al. 2002). The inactivation by peroxynitrite NADPH-diaphorase neurons, a characteristic feature of HD
(Park et al. 1999) is particularly interesting as peroxynitrite- neuropathology (Beal et al. 1993a). In baboons, it produces a

mediated neurotoxicity has been strongly implicated in choreiform movement disorder as well as dystonia (Brouillet
MPTP neurotoxicity (Schulz et al. 1995a; Hantraye et al. et al. 1995; Palfi et al. 1996). The lesions are attenuated in
1996; Przedborski et al. 1996). Peroxynitrite may also be mice overexpressing Cu/Zn superoxide dismutase (Beal
involved in PD as shown by increases in 3-nitrotyrosine et al. 1995). We therefore examined the effects of 3-NP in
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Did/-4 mice. Dld+/- mice were significantly more vulnerable Beal M. F., Brouillet E., Jenkins B. G., Ferrante R. J., Kowall N. W.,

to the ncurotoxic effects of 3-NP. The lesion volumes in the Miller J. M., Storey E., Srivastava R., Rosen B. R. and Hyman B.

deficient mice were three- to four-fold larger than those seen T. (1993a) Neurochemical and histological characterization of
striatal excitotoxic lesions produced by the mitochondrial toxin

in controls. 3-nitropropionic acid. J. Neurosci. 13, 4181-4192.

The in vivo treatment with 3-NP induced more pro- Beal M. F., Brouillet E., Jenkins B., Henshaw R., Rosen B. and Hyman

nounced inhibition of SDH activity in brain mitochondria B. T. (1993b) Age-dependent striatal excitotoxic lesions produced

isolated from Did'-I mice than in mitochondria from Dld'/+ by the endogenous mitochondrial inhibitor malonate. J. Neuro-

mice. Interestingly, KGDHC activity was also severely lchein. 61, 1147-1150.
Beal M. D., Ferrante R. J., Henshaw R., Matthews R. T., Chan P. H.,

inhibited. To our knowledge, there are no published reports Kowall N. W., Epstein C. J. and Schulz J. B. (1995) 3-Nitro-

on inhibition of the purified KGDHC enzyme complex by proprionic acid neurotoxicity is attenuated in copper/zinc super-

3-NP or that 3-NP treatment can inhibit mitochondrial oxide dismutase transgenic mice. J. Neurochem. 65, 919-922.

KGDHC activity in situ or in vivo. Therefore, the Bodganov M. B., Andreassen 0. A., Dedeoglu A., Ferrante R. J. and

mechanism of the inhibition is not clear, although it might Beal M. F. (2001) Increased oxidatve damage to DNA in trans-
genic mouse model of Huntington's disease. J. Neurochem. 79,

be secondary to oxidative damage. However, the KGDHC 1246-1249.

inhibition may explain the observed decrease in State 3 Brouillet E., Hantraye P., Ferrante R. J., Dolan R., Leroy-Willig A.,

respiration rates supported by oxidation of pyruvate and Kowall N. W. and Beal M. F. (1995) Chronic mitochondrial energy

malate (Fig. 9), provided that KGDHC exerted significant impairment produces selective striatal degeneration and abnormal

control over the flux of reducing equivalents in the TCA choreiform movements in primates. Proc. Natl Acad. Sci. USA 92,
7105-7109.

cycle under our experimental conditions. The data indicate Browne S. E., Ferrante R. J. and Beal M. F. (1999) Oxidative stress in

that there may be a direct interaction between SDH and Huntington's disease. Brain Pathol. 9, 147-163.

KGDHC in vivo, in such a way that an impairment of one Butterworth J., Yates C. M. and Reynolds G. P. (1985) Distribution of

of these enzymes results in an increased vulnerability of the phosphate-activated glutaminase, succinic dehydrogenase, pyru-

other enzyme, consistent with an oxidative stress mechan- vate dehydrogenase and gamma-glutamyl transpeptidase in post-
mortem brain from Huntington's disease and agonal cases.

ism. Another interesting possibility relates to the DLST J Neuroa. Sci. 67, 161-171.

gene, which encodes the dihydrolipoamide succinyltansf- Butterworth R. F. and Besnard A. M. (1990) Thiamine-dependent en-

erase component subunit of KGDHC, and was recently zyme changes in temporal cortex of patients with Alzheimer's

shown to possess another important function in regulating disease. Metab. Brain Dis. 5, 179-184.

mitochondrial energy production. In addition to its full- Chinopoulos C., Tretter L. and. Adamn-Vizi V. (1999) Depolarization of
in situ mitochondria due to hydrogen peroxide-induced oxidative

length product (E2 subunit of KGDHC), this gene encodes stress in nerve temsinals: inhibition of alpha-ketoglutarate dehy-

truncated mRNA for another protein designated MIRTD, drogenase. J. Neurochem. 73, 220-228.

that localizes to mitochondria where it somehow regulates Coles C. J., Edmondson D. E. and Singer T. P. (1979) Inactivation of

the biogenesis of mitochondrial respiratory chain (Kanamori succinate dehydrogenase by 3-nitropropionate. I. Biol. Chem. 254,

et al. 2003). 5161-5167.
Ferrante R. J., Shinobu L. A., Schult Z. J. B., Matthews R. T., Thomas

In summary, we found that DWI- mice show increased C. E., Kowall N. W., Gumey M. E. and Beal M. F. (1997) Increased

vulnerability to MPTP, malonate and 3-NP. These findings 3-nitrotyrosine and oxidative damage in mice with a human copper/

provide further evidence that reductions in KGDHC may zinc superoxide dismutase mutation. Ann. Neurol. 42, 326-334.

contribute to the pathogenesis of neurodegenerative diseases. Giasson B. I., Duda J. E., Murray I. V., Chen Q., Souza J. M., Hurtig H.
I., Ischiropoulos H., Trojanowski J. Q. and Lee V. M. (2000)
Oxidative damage linked to neurodegeneration by selective alpha-
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Abstract significantly reduced gross brain atrophy, neuronal atrophy
There is substantial evidence that excitotoxicity and oxidative and the number of neuronal intranuclear inclusions at 90 days
damage may contribute to Huntington's disease (HD) patho- of age. These findings provide evidence that novel anti-oxi-
genesis. We examined whether the novel anti-oxidant com- dants such as BN82451 may be useful for treating HD.
pound BN82451 exerts neuroprotective effects in the R6/2 Keywords: experimental therapeutics, huntington, inflam-
transgenic mouse model of HD. Oral administration of mation, neurodegeneration, oxidative damage, transgenic

BN82451 significantly improved motor performance and mice.
improved survival by 15%. Oral administration of BN82451 J. Neurochem. (2003) 86, 267-272.

Huntington's disease (HD) is an autosomal dominant stereotypic movements, resting tremors and epileptic sei-
progressive neurodegenerative disease that starts in mid life zures. The mice develop progressive weight loss and brain
and eventually leads to death. The mean survival after onset atrophy. Neuronal intranuclear inclusions that are immuno-
is 15-20 years and at present there is no known effective positive for huntingtin and ubiquitin are detected in the

treatment for HD. The mutation that causes the illness is an striatum at 4.5 weeks.
expanded CAG/polyglutamine repeat stretch that has been We and others found that that there is evidence of

postulated to confer its toxic effects by a gain of function. increased oxidative damage in the R6/2 transgenic mouse
There is accumulating evidence that the polyglutamine model of HD. It was shown that there is increased
expansion causes effects on gene transcription (Cha 2000; immunostaining for 3-nitrotyrosine, increased lipid peroxi-
Luthi-Carter et al. 2000; Wyttenbach et al. 2002). These dation and increases in oxidative damage to DNA (Bogdanov
effects may be secondarily linked to energy dysfunction, et al. 2000; Perez-Severiano et al. 2000; Tabrizi et al. 2000).
oxidative damage and excitotoxicity, which are implicated in There is also some evidence that inflammatory mechanisms
the pathogenesis of HD. Alternatively, N-terminal fragments may contribute to disease pathogenesis (Ona et al. 1999;

of huntingtin may directly impair mitochondrial function Luthi-Carter et al. 2000). In the present studies, we therefore
(Panov et al. 2002). examined whether a novel compound which has both

A breakthrough in HD research was the development of
transgenic mouse models. Transgenic mice with exon 1 of Received January 27, 2003; revised manuscript received April 14, 2003;

the human HD gene with an expanded CAG repeat develop a accepted April 14, 2003.
progressive neurological disorder (Mangiarini et al. 1996). Address correspondence and reprint requests to M. Flint Beal, MD,

These mice (line R6/2) have CAG repeat lengths of 141-157 Chairman, Neurology Department, New York Presbyterian Hospital-
Weill Medical College of Cornell University, 525 East 68th Street, New

under the control the human HD promotor. At approximately York, NY 10021, USA. E-mail: fbeal@med.comell.edu

6 weeks of age, the R6/2 mice show loss of body weight, and Abbreviations used: CBP, CREB binding protein; HD, Huntington's

at 9-11 weeks they develop an irregular gait, stuttering disease.
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anti-oxidant and anti-inflammatory properties, BN82451, (a) 1

exerts beneficial effects on survival as well as motor BN2451
A Vehklce

performance and weight loss in the R6/2 transgenic mouse a 0.8

model of HD.
• 0.6

0.4-

Materials and methods
U

0.2-

Animals 0.0-

Male transgenic HD mice of the R6/2 strain were obtained from 4.0- 5 120

Jackson Laboratories (Bar Harbor, ME, USA). Male R6/2 mice were Age (days)

bred locally with females from their background strain (B6CBAFI/J). (b)
The offspring were genotyped with a PCR assay on tail DNA. Nine 240.

to 10 mice in each group were examined for survival with equal 210.

numbers of males and females in each group. All animal . 180.

experiments were carried out in accordance with the NIH Guide 150.

for the Care and Use of Laboratory animals and were approved by• 120-

the local animal care committee. g 20
9,0.

Treatment E 60

At 30 days of age the mice were fed lab chow diets supplemented 30.

with BN82451 at 0.015%, or a standard unsupplemented diet. 0

Assuming an intake of 5 g of lab chow daily, this results in a dose of 40 45 50 55 60 65 70 75

30 mg/kg/day. Age (days)

Behavior and weight assessment Fig. 1 (a) Cumulative probability of BN82451 on survival in R6/2

Motor performance was assessed from 30 days of age in the R6/2 transgenic mice, p < 0.001 compared with controls. (b) Effects of

experiments (n = 9-10 mice per group) using the rotarod apparatus BN82451 on rotorod performance in R6/2 transgenic mice. The

(Columbus Instruments, Columbus, OH, USA). Mice were tested at treatment significantly improved motor performance on day 57, 60, 64

12 r.p.m. Mice were given two trials and better result was recorded. and 67 (* < 0.05).

They were weighed at the same time, once a week.

Fig. 2 Effects of BN8541 treatment on

gross atrophy and ventricular enlargement
in R6/2 mice at 10 weeks of age. Coronal

step-sections through the rostral levels of
the anterior commissure in untreated R6/2

(b and d) and BN8541 -treated R6/2 mice (a
and c). There is marked gross atrophy in
the untreated R6/2 mouse tissues section

with enlarged lateral ventricles. These

findings are not as severe in the BN8541-

(d) treated mouse. Scale bar (shown in b):

2 mm.
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Survival - .

Mice were observed every morning and late afternoon. The criteria
for killing was the point in time at which mice were unable to -

initiate movement after being gently prodded for 2 min.

Stereology/quantitation (interaural

Serial-cut coronal tissue-sections from the rostral segment of the A

neostriatum at the level of the anterior commissure (interaural
5.34 mmn/bregma 1.54 mm to interaural 3.7 mm/bregma `V

-0.10 mm), were used for aggregate analysis. Unbiased stereologic
counts of ubiquitin-positive aggregates (> 1.0 pm) were obtained wt

from the neostriatum in 10 mice, each from BN82451-treated and
unsupplemented diet R6/2 mice at 90 days using Neurolucida Stereo I

Investigator software (Microbrightfield, Colchester, VT, USA). The -

total areas of the neostriatum were defined in serial sections in which

counting frames were randomly sampled. The dissector counting ..

method was employed in which ubiquitin-positive aggregates were

counted in an unbiased selection of serial sections in a defined or

volume of the neostriatum. Striatal neuron areas were analyzed by

microscopic videocapture using a Windows-based image analysis
system for area measurement (Optimas, Bioscan Incorporated,

Edmonds, WA, USA). The software automatically identifies and

measures profiles. Identified cell profiles were manually verified as
neurons and exported to Microsoft Excel. Cross-sectional areas were

analyzed using Statview. Z f •

Statistics
Data are expressed as the mean + standard error of the mean (SEM). 1
Rotarod and weight data were compared by analysis of variance 44 0

(ANOVA). Survival data were analyzed by the Kaplan-Meier test. v 0 0 4

Results

Oral administration of BN82451 in the diet resulted in 1ý1." P w

compared with the survival of mice fed unsupplemented diet t

(Fig. la). The controls deteriorated at 57 days and the treated P 14 ,

mice at 72 days of age consistent with a delay in disease .

onset. The mean survival increased from 92.6 ± 3.5 days to

106.8 ± 1.1 days with BN82451 (p < 0.001). Survival was V ý

extended by 14 days (15.3%). The treated mice had AW

significantly better motor performance from 57 to 67 days

of age than mice fed unsupplemented diets (Fig. lb). This .
finding was replicated in another group of control and

BN82451-treated mice. The compound did not delay the 7Z #A

weight loss, as there were no differences in body weight

between the groups (data are not shown). Oral administration Fig. 3 Nissl-stained tissue sections from the dorso-medial aspect of

of BN82451 attenuated the development of gross atrophy and the neostriatum at the level of the anterior commissure in a littermate

ventricular enlargement at 10 weeks of age (Fig. 2). At wild-type control mouse (a), a BN8541-treated R6/2 mouse (b), and an

90 days, striatal volumes: BN8245 1-treated R6/2 mice: untreated R6/2 mouse (c) at 10 weeks of age. There is marked
702 ± 41 mm3; unsupplemented R6/2 mice: 576 ± 63 mm3 neuronal atrophy in the untreated F16/2 mouse, with relative preser-

vation of neuronal size in the BN8541-treated mouse, in comparison

0.76, p < 0.01. At 90 days, ventricular volumes: BN82451- with the littermate control. Scale bar (shown in a): 100 pm.

treated R6/2 mice: 212 ± 27 mm 3 ; unsupplemented R6/2

mice: 120 ± 18 mm3 0.76, p < 0.01. Oral administration of 90 days: wild-type littermate control: 114 + 9.7 tim 2 ;

BN82451 also attenuated the development of neuronal BN82451-treated R6/2 mice: 79.5 ± 11.1 ýtm 2 ; unsupple-

atrophy (Fig. 3). Measurements of striatal neuron area at mented R6/2 mice: 48.1 ± 17.2 ptm2 ; p < 0.01. Lastly,
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Alp7001 X~M

,Fig. 4 Ubiquitin-immunostained tissue

sections from the neocortex (a and b) and
neostriatum (c and d) of untreated (a and c)

S and BN8541-treated (b and d) R6/2 mice at
10 weeks of age. While there were reduced
numbers of ubiquitin-positive inclusions in
both the neocortex and neostriatum of

(d)~ BN8541-treated mice, significance was only
present in the neostriatum. Scale bar

, ~(shown in b): 100 pam.

administration of BN82451I significantly attenuated the Dunah et al. 2002). The precise mechanisms by which
numbers of striatal ubiquitin positive inclusions (Fig. 4). impaired gene transcription lead to cell death in HD,
The number of aggregates at 90 days: BN8245 1-treated R6/2 however, remain obscure. There is substantial evidence that
mice: 1.16 +0.43 x 106; unsupplemented R6/2 mice; both excitotoxicity and oxidative damage contribute to
2.72 +• 0.76 × 106, p < 0.01. disease pathogenesis (Beal 1995). Transgenic mice with full

length huntingtin expressed in a YAC construct show
Discussion increased vulnerability to striatal excitotoxic lesions (Zeron

et al. 2002). A secondary consequence of excitotoxicity is
The pathogenesis of neuronal degeneration in HD is an area oxidative damage (Beal 1995). Expression of mutant hunt-
of intense investigation. It has been demonstrated that ingtin in neuronal and non-neuronal cells causes increased
huntingtin can directly bind to a number of transcription reactive oxygen species which contributes to cell death
factors. These include the CREB binding protein (CBP) as (Wyttenbach et al. 2002). A number of studies have
well as Spl and several others (Steffan et at. 2000; Nucifora demonstrated that there is increased oxidative damage in
et a!. 2001; Dunah et a!. 2002; Li et a!. 2002). Overexpres- the R6/2 transgenic mouse model of HD. These mice show
sion of either CBP or Sp 1 can rescue cultured cells from the increased immunostaining for 3-nitrotyrosine, a marker of
neurotoxicity of mutant huntingtin (Nucifora et a!. 2001; peroxynitrite-mediated oxidative damage (Tabrizi et al,
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2000). They also show increased and progressive lipid 2000; Dedeoglu et al. 2002; Ferrante et al. 2002). These
peroxidation (Perez-Severiano et al. 2000). We recently findings, therefore, provide further evidence that both
examined concentrations of a marker of oxidative damage oxidative damage and inflammation may contribute to
to DNA, 8-hydroxy-2-deoxyguanosine (Bogdanov et al. disease pathogenesis. They raise the possibility that agents
2001). We found increased concentrations of 8-hydroxy- which have anti-oxidative and anti-inflammatory activity
2-deoxyguanosine in the urine, plasma and striatal may be useful as therapies to slow or halt the progression of

microdialysates of R6/2 HD mice. There were increased neurodegeneration in HD. It is also possible that these agents

concentrations in isolated brain DNA at 12 and 14 weeks of might be useful in combination with other agents such as

age, and increased immunostaining in late stages of the illness. creatine, co-enzyme Q1O, minocycline, and histone deacety-

There is also evidence that inflammation may contribute to lase inhibitors in producing additive therapeutic benefits for

disease pathogenesis in the R6/2 mice. Gene array studies the treatment of HD.

show that there is increased expression of genes associated
with inflammation at both 6 and 12 weeks of age in the R6/2
transgenic HD model (Luthi-Carter et al. 2000). There are
increased concentrations of interleukin- 1 P, a pro-inflamma- Greta Strong and Sharon Melanson are thanked for secretarial

tory cytokine (Ona et al. 1999). Inhibition of the interleukin- assistance. This work was supported by NINDS grant NS39258,
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Iron porphyrin treatment extends survival in a transgenic animal
model of amyotrophic lateral sclerosis
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Abstract weakness-roughly equivalent to the time at which treatment

Oxidative damage, produced by mutant Cu/Zn superoxide would begin in human patients. FeTCPP-treated mice also

dismutase (SOD1), may play a role in the pathogenesis of showed a significant reduction in levels of malondialdehyde

amyotrophic lateral sclerosis (ALS), a devastating motor (a marker of lipid peroxidation), in total content of protein

neuron degenerative disease. A novel approach to antioxidant carbonyls (a marker of protein oxidation), and increased

therapy is the use of metalloporphyrins that catalytically neuronal survival in the spinal cord. These results therefore

scavenge a wide range of reactive oxygen and reactive provide further evidence of oxidative damage in a mouse

nitrogen species. In this study, we examined the therapeutic model of ALS, and suggest that FeTCPP could be beneficial

potential of iron porphyrin (FeTCPP) in the G93A mutant for the treatment of ALS patients.

SOD1 transgenic mouse model of ALS. We found that intra- Keywords: amyotrophic lateral sclerosis, antioxidant, iron

peritoneal injection of FeTCPP significantly improved motor porphyrin, metalloporphyrin, protein carbonyls, Cu/Zn super-

function and extended survival in G93A mice. Similar results oxide dismutase.
were seen with a second group of mice wherein treatment with J. Neurochem. (2003) 85, 142-150.

FeTCPP was initiated at the onset of hindlimb

Amyotrophic lateral sclerosis (ALS) is an adult-onset, resulting in oxidative stress (Cookson and Shaw 1999;

rapidly progressive, neurodegenerative disorder with an Cleveland and Liu 2000). It was proposed that mutations to

unknown etiology. It is characterized by the degeneration SODI lead to a more open or relaxed active site (Deng et al.

of motor neurons in the spinal cord, brainstem and motor 1993) that would increase the generation of hydroxyl radicals

cortex. The characteristic physical findings of ALS are the from hydrogen peroxide (Wiedau-Pazos et al. 1996) or

combination of upper motor neuron and lower motor neuron peroxynitrite from nitric oxide (Beckman et al. 1993).

signs that include muscle weakness, atrophy and spasticity. Furthermore, it was shown that several SOD1 mutants have

With its inexorable progression, patients usually die within decreased zinc binding affinity (Crow et al. 1997) and that,

3-5 years of symptom onset due to secondary aspiration in the absence of zinc, cellular reductants such as ascorbic

pneumonia or respiratory failure. ALS is most commonly acid rapidly reduce Cu(II) to the Cu(I) form in the enzyme's

sporadic, with about 10% of cases being inherited as an

autosomal dominant familial form. Received October 22, 2002; revised manuscript received December 10,

Since the discovery in 1993 that a mutated form of Cu/Zn 2002; accepted December 11, 2002.

superoxide dismutase (SOD1) associates with approximately Address correspondence and reprint requests to M. Flint Beal,

20% of cases of familial ALS (Rosen et al. 1993), various Department of Neurology and Neuroscience, Weill Medical College of

theories have been postulated about what the gain- Cornell University, New York, NY 10021, USA.

of-function caused by the mutant SOD1 could be. One E-mail: fbeal@med.comell.edu
Abbreviations used: ALS, amyotrophic lateral sclerosis; FeTCPP, iron

hypothesis centers around the loss of substrate specificity and 5,10,15,20-tetrakis-4-carboxyphenyl porphyrin; SODI, Cu/Zn superox-

subsequent aberrant redox activity of the active site copper, ide dismutase.
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active site, which would lead to a net production of (Patel and Day 1999). Metalloporphyrins are effective at
superoxide and, in the presence of nitric oxide, production blocking oxidant stress both in vitro (Faulkner et at. 1994;
of peroxynitrite (Estevez et al. 1999). These possibilities, Benov and Fridovich 1995; Liochev and Fridovich 1995;
however, have been questioned by the finding that crossing Batinic-Haberle et al. 1998) and in vivo (Day and Crapo
mutant SODI transgenic mice with mice deficient in the 1996; Zingarelli et al. 1997; Szabo 1998; Cuzzocrea et al.

copper chaperone protein for SOD (CCS), required for most 1999). Several manganese (Mn[1II]) and iron (Fe[III])

of the copper loading in SOD, does not alter the disease porphyrins have been shown to be excellent peroxynitrite
phenotype (Subramaniam et al. 2002). This finding, how- scavengers because they react very rapidly with peroxynitrite
ever, does not rule out aberrant copper incorporation into (second order rate constants of 106--10 7/M/S) and decompose

SOD 1 in the absence of the chaperone. Indeed, Subramaniam it catalytically (Crow 2000). Manganese porphyrins require
et al. reported that 20-30% of SODI activity remained even exogenous reductants such as ascorbate to reduce Mn(IV)
in the absence of CCS. Moreover, Goto et al. (2000) have back to Mn(III) to complete the catalytic cycle (Lee et al.

reported that in the absence of CCS, copper binds abnormally 1997, 1998; Crow 1999; Ferrer-Sueta et al. 1999), whereas
to SODI, which increases the possibility that it would iron porphyrins do not require exogenous reductants for the

possess abnormal redox activity, catalytic function. However, because reductants such as
Although the precise biochemical mechanism whereby ascorbate and glutathione are always present in mammalian

SODI mutants are pathologic in ALS remains elusive, there tissues, this requirement would not be limiting in vivo.

is substantial evidence for increased oxidative damage in a In this study, we evaluated survival, motor function _.

transgenic mouse model associated with mutant G93A SOD1 (rotarod) and weight changes, and carried out histological
(Ferrante et al. 1997a). A novel approach to antioxidant and oxidative damage marker determinations in iron
therapy is the use of catalytic antioxidants such as low 5,10,15,20-tetrakis-4-carboxyphenyl porphyrin (FeTCPP)

molecular weight metal-containing porphyrins. Originally (Fig. 1) and vehicle-treated G93A transgenic mice. We also
developed as SOD1 mimetics, both iron(III) and mangan- compared treatment regimens wherein FeTCPP administra-
ese(Ill) porphyrins have been shown to catalytically decom- tion commenced prior to the onset of weakness (40 days of
pose several biological oxidants including superoxide, age) with a second group wherein FeTCPP treatment was
hydrogen peroxide, lipid peroxyl radicals and peroxynitrite initiated on the first day of hindlimb weakness in each

0 0

H H

N N ....

Fig. 1 Structure oc FeTCPP. 0 03
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mouse. The latter regimen is comparable with the earliest paralysis of the hindlimbs, followed by complete paralysis at the end

time at which drug treatment could begin in human patients. stage. For the early treatment group and the corresponding vehicle
group, mice were killed when they were unable to roll over within

20 s after being pushed on their sides and this time point was

Materials and methods recorded as the time of death. For the symptom-onset treatment
group and its corresponding control group, mice were killed when

Transgenic mice for early (40 days of age) treatment they displayed any signs of labored breathing or when they were no
G93A transgenic familial ALS mice (Gumey et al. 1994) were longer able to eat and drink, as evidenced by significant weight lossob3Atainedfrom J iackson Laborator (Barney H tarbor, ME A). we in a 24-h period. The untreated control group was treated in anmaintained them tanksgnic G93aboha miy otes byr mati, tSAngei identical manner, except that no injections were given. Upon killing,m aintained th e transgenic G 93A hem izygotes by m ating transgenic mi e w r ex in d f r v d nc of p it iis r a y ob oumice were examined for evidence of peritonitis or any obvious
males with B6SJLF1/J hybrid females. Transgenic offspring were

genotyped by PCR assay of DNA obtained from tail tissue. Twenty- abnormalitis related to injections Any mic swg n
nine G93A transgenic mice were randomly assigned to a treatment of peritonitis or pathology related to injections were excluded from

nineG93 trnsgeic icewer ranoml asignd toa teatent the study. Survival was assessed for all four groups.
or control (vehicle) group. We also included seven N1029 (wild-

type SOD1 transgenics instead of G93A SOD1) mice as a control
mouse model for G93A transgenic mice in the histological Mtrfnto etn rtrdeauas. Alloanl expeG93Atrimsents w ier in the arrieo tccrane For the early treatment group and its corresponding vehicle group,evaluations. A ll anim al experim ents w ere carried out in accordance r t r d p r o m n e e e a s s e w c e k i 9 A m c
with the NIH Guide for the Care and Use of Laboratory Animals. otarod perfomancs wr ases tice aeweekrin 2-3 mice

starting at 80 days of age. Mice were trained for 2-3 days to

Transgenic mice for late (symptom-onset) treatment become acquainted with the rotarod apparatus (Columbus instru-

G93A overexpressing mice were initially obtained by breeding ments, Columbus, OH, USA). The testing began by placing the mice

transgenic males purchased from Jackson Laboratories with c57b6 on a rod rotating at 12 rev/min, and the time that the mice stayed on

females also obtained from Jackson Laboratories Offspring were the rod (until falling off or staying a maximum of 5 mi) was
determined to be brecorded as a measurement of the competence of their motordetrmnedtobetransgenic by sampling 2 iL of whole blood from

the tail and running SOD activity gels (Beauchamp and Fridovich function. Three trials were performed and the best result of the three
was recorded.

1971). Transgenic male offspring from the same litter were used as

breeders for the second generation of transgenic mice; all mice used
for this study were obtained using this litter-mate breeding strategy. Histological evaluationMice were anesthetized and transcardially perfused with 0.9% NaCI.
Sixteen G93A transgenic mice were randomly assigned to a Brains and spinal cords were removed and immediately frozen on

FeTCPP-treated (n = 9) and untreated control group (n = 7). The solid CO2. The spinal cords were fixed in 4% paraformaldehyde in
mean age of onset in the FeTCPP-treated animals wasmeanageof nsetin he eTCP-trate anialswas 0.1 m phosphate buffer (pH 7.4) for 48 h, and the tissues were
101.2 4- 1.4 days and in the controls 104.4 ± 2.9 days, which did 01Mpopaebfe p .)fr4 ,adtetsuswrnot significantly differ. cryoprotected in 30% sucrose overnight. Serial transverse sections

(50 .im thick) were cut on a cryostat and collected for Nissl staining

Drug administration and immunohistochemistry. Every ninth section through the lumbar
A I mg/mL solution of FeTCPP (Porphyrin Products, Inc., Logan, spinal cord was immunostained with a rabbit anti-serum against

TA ) wagmLsolutionaofdbTCdi(Porphyring thecomprouducs inc uog, malondialdehyde-modified protein (provided by Dr Craig Thomas,
UT, USA) was prepared by dissolving the compound in aqueous

NaOH. The solution was made isotonic by addition of 0.9% NaCI Hoechst Marion Roussel) using a modified avidin-biotin peroxidase

and the pH was adjusted to 7.4 with HCI. The final solution was technique (Hsu et al. 1981). Free-floating sections were pre-treated

sterile-filtered and the final concentration of FeTCPP was standard- with 3% H20 2 in PBS for 30 min to inactive endogenous

ized spectrophotometrically (4409nm = 32 400/m/cm). peroxidases. All sections were pre-incubated in 1% bovine serum

Two different treatment regimens were carried out with the albumin (BSA)/0.2% Triton X-100 in PBS for 30 min on an orbital
shaker at room temperature. The sections were incubated in rabbit

transgenic mice: (i) in the early treatment group, 1 mg/kg FeTCPP

was administered i.p. once a day beginning at 40 days of age, while anti-albumin-modified malondialdehyde (diluted I :1000 in 0.5%

100 pL of PBS (0.15 M potassium phosphate containing 150 mm BSA!PBS) overnight, followed by biotinylated anti-rabbit IgG

NaCI, pH 7.4) were administered i.p. to the vehicle group; (ii) in the (Vector Laboratory, Burlingance, CA, USA) incubation for 1 h

symptom-onset treatment group, 1 mg/kg of FeTCPP was admin- (diluted 1 : 200 in 0.5% BSA/PBS). After washing with 0.5% BSA/

istered i.p. twice daily following a single 2 mg/kg loading dose PBS (3 x 5 min), the sections were incubated in avidin-biotin

beginning on the first day that symptoms appeared in each mouse. peroxidase complex (diluted 1 : 200 in PBS) for 1 h. The immuno-

Symptom onset was defined as the first day that the mouse displayed reaction was visualized using 3,3'-diaminobenzidine tetrahydrochlo-

abnormal splaying of hindlimbs when lifted by its tail. Hindlimb ride dihydrate (DAB) with nickel intensification (Vector) as the

splaying is a consistent and objective sign that asymmetrical or chromogen. The sections were mounted onto gelatin-coated slides,

symmetrical hindlimb weakness and paralysis will follow within dehydrated, cleared in xylene and coverslipped. The specificity of

2-3 days. immunostaining was confirmed by pre-incubation of the antibody
with antigen and by omission of the primary antibody. The intensity

Survival of malondialdehyde immunostaining in the gray and white matter

The initial sign of disease in G93A transgenic mice is a resting tremor within the lumbar spinal cord was graded blindly using a semi-

that progresses to gait impairment, asymmetrical or symmetrical quantitative scale of weak (+), moderate (+ +) and intense (++ +).
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Sections adjacent to those used for inmunocytochemistry were Columbia, MD, USA). FeTCPP was quantified via its absorbance
stained with cresyl violet. Every fourth section was analyzed for at 400 nm relative to standards of pure FeTCPP. Untreated mouse
neuronal volume and number using optical fractionator and tissues were spiked with known concentrations of FeTCPP (similar
nucleator probes of the Stereo Investigator System (Microbright- to those found in treated mice) and extracted just as with treated

field, Colchester, VT, USA). Six tissue sections of the lumbar spinal mice samples. The extraction efficiency was determined for brain,
cord from each mouse were analyzed. All cells were counted from spinal cord, kidney and liver and used to calculate concentrations of
within the ventral hom below a horizontal line across the gray matter FeTCPP in the original wet tissues. For the purposes of calculating

through the ventral border of the central canal, and expressing tissue concentrations of drug, one microgram of wet
tissue was considered to be equal to one microliter.

Protein carbonyl measurements
Spinal cords were homogenized in lysis buffer containing 250 mm Statistical analysis
sucrose, 10 mM MgCI2 , 2 mm EDTA pH 6.8, 20 mm HEPES and Kaplan-Meier survival analysis and the Logrank (Mantel-Cox) test
protease inhibitor (Roche Molecular Biochemicals, Indianapolis, IN, were used for survival comparisons, repeated measures ANOVA for
USA). Protein concentration of homogenates was determined using Rotarod comparisons, ANOvA with Newman-Keuls for neuronal cell
a Bio-Rad (Bio-Rad Laboratories, Hercules, CA, USA) protein count and the unpaired t-test for total carbonyl studies. For the

detection kit. symptom-onset study, survival interval data were analyzed by the
Derivatization of the spinal cord homogenates (15 lig of total unpaired f-test.

protein) was performed using the OxyBlot protein oxidation
detection kit (Intergen, Purchase, NY, USA) according to the

manufacturer's instructions. Then, samples were applied directly to Results
a 4-20% gradient Tris-glycine sodium dodecyl sulfate (SDS) gel In this study, G93A mice were treated with FeTCPP using
(Invitrogen life technolo- gics, Carlsbad, CA, USA) or stored at 4°C two different regimens: (i) the early treatment group,
for a later use for up to a week. beginning at 40 days of age and dosed once per day and

Electrophoresis was carried out for 90 min at 125 V, and proteins biin ato40das ofeagend dosed once perday
were transferred to a polyvinylidene difluoride (PVDF) membrane for (ii) the symptom-onset treatment group, with twice-daily
60 min at 70 V under cold conditions. The membranes were then dosing beginning with a 2x loading dose on the first day that

blocked with 1% BSA/Tris buffered saline Tween 20 (TBST) for I h symptoms appeared in each mouse. Each treatment group

at room temperature on an orbital shaker. The membranes were then had its own corresponding control group. Survival was
incubated with a primary antibody specific to the dinitrophenyl (DNP) assessed in all four groups. Motor function was assessed by

moiety of the protein (dilution of 1 : 150 in 1% BSA/TBST) rotarod performance for the early treatment group and its
overnight at 4°C on an orbital shaker. The blot was washed with corresponding vehicle group.
TBST (5 x 10 min) and incubated with secondary antibody (dilution
of I : 300 in 1% BSA/TBST) for 2 h. Enhanced chemiluminescence FeTCPP tissue levels

(Supersignal; Pierce, Rockford, IL, USA) was used and exposed to A critical issue is whether FeTCPP penetrates the blood-
X-ray film for 5 min to detect DNP-conjugated protein. Optical brain barrier to mediate its therapeutic effects. We therefore
densities were analyzed using the Scion Image software for Windows. biarrer tonmediatits the effcts W thrfemeasured concentrations of FeTCPP in the brain, spinal

HPLC method for FeTCPP in mouse tissue cord, kidney and liver of the 'age of onset' treatment group

Mouse tissues (age of onset-treated group, n = 9) were homogen- of G93A mice (Fig. 2). These results show that FeTCPP

ized in four volumes of water and sonicated. NaOH was added to a does penetrate into the brain and spinal cord and achieves

final concentration of 50 mm and an equal volume of ethyl acetate
was added and vigorously mixed. After centrifugation, the ethyl
acetate layer was removed and the aqueous layer acidified with HC1. 14

An equal volume of tert-butyl methyl ether (tBME) was added, 12
mixed vigorously and separated by centrifugation. The tBME layer
was removed and taken to dryness in a vacuum centrifuge. Dried
extracts were resuspended in a minimum volume of methanol

Eb
(MeOlt) followed by addition of an equal volume of 100 mm KOH. a- 6
Resuspended samples were clarified by centrifugation and supemna--
tant fluids injected into the HPLC. FcTCPP standards were prepared u0

and suspended in the same MeOH-KOH solution. Separation was 0 3

achieved using a 4.6 x 150 mm Waters Sperisorb ODS-Il column 0.2 I

(Waters, Milford, MA, USA) maintained at 48°C in a column oven.
FeTCPP was eluted using a gradient consisting of 0.2% heptaflu- -. _.
orobutyric acid in water (buffer A), acetonitrile (buffer B) and Brain Spinal Cord Kidney Liver
MeOH (buffer C). FeTCPP in mouse tissues was identified by its

retention time (9.96 min) and by its characteristic UV-visible Fig. 2 Mean FeTCPP concentrations (lAm) in the 'age of onset'
spectrum using a Shimadzu diode-array detector (Shimadzu, treatment group of G93A mice.
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lower [tm concentrations. A caveat is that the samples were 350- - FeTCPP treated

not perfused. However, we think that blood contamination 3001 -a-Untreated

is unlikely to account for the levels since they were

obtained 16-18 h after the last injection, they showed no
evidence of blood tingeing and spinal cord contains very 200"

little blood. i: 150

"oo 100-Survival • 50

In the early treatment group, survival was significantly

extended by 7 days with FeTCPP. The mean survivals were 0

135.6 ± 2.4 days (mean ± SE) for FeTCPP-treated mice, and -50,

128.6 ± 1.7 days for vehicle-treated mice (n = 19 per group, 80 90 100 110 120 130 140 150

p < 0.02 by Mantel-Cox rank test) (Fig. 3a). Age (days)

In the symptom-onset treatment group, the mean survival Fig. 4 The effect of FeTCPP treatment on rotarod performance in G93A

interval from disease onset to euthanasia was also significantly transgenic mice from 80 days to 150 days of age. There is a significant

improved performance in FeTCPP-treated mice (p= 0.0202 by
repeated measures ANOVA). n = 19 per group; 0, untreated; *, FeTCPP

(a) I, , ,.1 . treated.
1

S.8 extended by FeTCPP. The mean survival intervals were

"> 25.8 ± 2.2 days (mean ± SE) for FeTCPP-treated mice
= .6 (n = 9) and 16.7 ± 1.3 days for untreated mice (n = 7).

E This is an overall increase in survival of 9 days (p < 0.01 by
S .4 unpaired t-test) (Fig. 3b).

.2 Motor function (rotarod) and weight

0 Improved rotarod performance was observed in FeTCPP-
treated mice between the ages of 112 and 129 days (n = 19/

115 120 125 130 135 140 145 150 155 160 group, p < 0.03 by repeated ANOVA measures) (Fig. 4). There
was also a trend of attenuated weight loss in the FeTCPP-

Age (days) treated group from the age of 125 days to 140 days compared
with the vehicle group (data not shown).

(b)

30
Immunohistological and stereological evaluation

S25 To evaluate whether FeTCPP treatment is efficacious in
preventing oxidative damage and neuronal loss within the

T >spinal cord of treated and vehicle G93A mice, equal numbers

- 15 of females and males were killed by transcardial perfusion at
"c the age of 113 days, and spinal cords were removed (n = 10

"per group). Four spinal cords from each group were used for

co 5 iimmunohistochemistry (Table I and Fig. 5) and stereological
cell count studies (Table 2), while the remaining spinal cords

Untreated FeTCPP (n = 6 per group) were used to determine indices of
oxidative damage (Fig. 6). Immunostaining with malondial-

Fig. 3 The effect of FeTCPP treatment on survival in G93A transgenic dehyde was most robust in neurons of the gray matter, and
mice. (a) Cumulative probability of survival for mice treated with either was more intense in both the gray and white matter of the
FeTCPP (A) or vehicle (0) beginning at 40 days of age (n = 19 per lumbar spinal cords of the vehicle group, compared with the
group). There is a significant increase in survival in FeTCPP-treated FeTCPP-treated group (Table I and Fig. 5). Malondialde-
mice (p = 0.015, Mantel-Cox rank test). (b) Survival interval (time hyde immunostaining from spinal cords of N1029 mice
from symptom onset to death) for mice treated with FeTCPP or
nothing beginning at symptom onset. Survival interval increased from (90 days old, n = 7), as a control mouse model for

16.7 t 1.3 days (mean ± SE) in the untreated group (n = 7) to overexpression of the G93A mutant, showed similar inten-

25.8 ± 2.2 in the FeTCPP-treated group (n = 9) (p = 0.0053, sities to those in the FeTCPP-treated G93A mice (Table 1).
unpaired f-test). The total cell count of neurons in the G93A vehicle group,
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Table 1 Relative intensities of malondialdehyde immunoreactivity in

the lumbar spinal cord

Immunostaining
Animal tag number Mouse type Group intensity

4807 G93A Vehicle +++

4802 G93A Vehicle +++

4838 G93A Vehicle ++

4859 G93A Vehicle +++

7444 G93A FeTCPP +
4885 G93A FeTCPP +
4888 G93A FeTCPP +

7438 G93A FeTCPP ++

11121 N1029 Control +

11123 N1029 Control +

11117 N1029 Control + 7
11115 N1029 Control + T P
11124 N1029 Control +

11116 N1029 Control +

the G93A FeTCPP-treated group and the N1029 control
group were 225.3 + 30, 318.3 - 26 and 350.5 + 16 i.. •,,,
(mean + SE), respectively (n = 4 per group, Table 2). • ,

Oxidative damage assessment 4

Oxidative damage was assessed by measuring total protein n ; "

carbonyls firom spinal cords of both untreated and treated .L . ,,
groups (n = 6 per group) at the age of 113 days. Western i-
blot immunoassay (Fig. 6a) for protein-bound carbonyl
groups in spinal cords showed bands from 220 to 21 kDa, , . ,
with 21 kDa corresponding to the molecular weight of ,.

SODI subunit under these conditions. Quantification of
protein carbonyl content by optical density measurement
showed a significant decrease in total protein carbonyls in
the treated mice, 138.2 ± 7.0 and 163.5 ± 7.8 (mean of
arbitrary unit ± SE) in the FeTCPP-treated and
vehicle groups, respectively (p < 0.05 by unpaired t-test)
(Fig. 6b).

Discussion

These results demonstrate that FeTCPP administration to
transgenic G93A ALS mice prior to disease onset increases

survival by an average of 7 days. However, it is rarely Fig. 5 Malondialdehyde immunostained sections through the ventral
possible to initiate therapy in humans prior to disease onset horn of the lumbar spinal cord in a G93A/vehicle mouse (top), a G93AN
because most cases of ALS cannot be predicted. It is FeTCPP mouse (middle) and a N1029 mouse. A marked reduction of

therefore encouraging to find that a significant survival effect malondialdehyde immunoreactivity occurs in both the gray and white

(9 days) can be obtained even when drug treatment is matter of the lumbar spinal cord from the FeTCPP-treated mouse.

initiated at the onset of symptoms. FeTCPP was well Scale bar = 200 plm.

tolerated at the dose of 1 mg/kg. Some mice showed better
improvement than others, which could be caused by different 6.42. This means that 9% of an administered dose of FeTCPP
responses to the drug and/or to differences in drug uptake remains unionized at physiological pH and is therefore much
into the CNS. In that regard, we have determined that the pK, more likely to cross the blood-brain barrier. The unusually
for the four ionizable carboxylic acid groups of FeTCPP is high pKa for FeTCPP may help explain why FeTCPP gained
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Table 2 Neuronal counts per six 50-mrn lumbar spinal cord sections

Small Medium Large Total

G93ANvehicle mice 142.5 ± 25 74.8 ± 5 8 ± 2 225.3 ± 30*
G93A/FeTCPP mice 205 ± 17 103.8 ± 19 9.5 ± 3 318.3 ± 26#
N1029 mice 188.5 ± 6 136.8 ± 13 25.3 ± 3 350.5 ± 16

Total number and size distribution of neurons per six sections (50-prm thick) through the lumbar spinal cord are expressed as mean ± SEM.
.p < 0.01 compared with N1029 mice, #p < 0.05 compared with G93A/vehicle mice by ANOVA post-hoc test.

(a) We saw no indication that early administration of FeTCPP
220 kD delayed the onset of disease as measured by onset of deficits

in rotarod performance. However, we observed that mice in
*-68 kD the early FeTCPP treatment group maintained their rotarod

performances better than the vehicle group. These results
-2 kD suggest that FeTCPP extended survival in our G93A

transgenic mice by slowing the progression of the disease.
• -*--21 kD The fact that early administration showed no benefit on -

(b) survival over treatment at disease onset suggests that
S180 FeTCPP may have its effect after disease onset.

"Immunostaining for malondialdehyde of the lumbar region

S160 of spinal cords showed more intense immunoreactivity in

0
S140 untreated mice than in FeTCPP-treated mice. Protein carbo-

o nyl content, an indicator of protein oxidation, was significantly1202 lower in the FeTCPP-treated group. Neuronal counting in the

0 100 spinal cords showed a neuroprotective effect exerted by

FeTCPP treatment.80
Based on previous studies, oxidative damage may play a

"6 0 role in the pathogenesis of ALS (Ferrante et al. 1997a;

.a 40 Andrus et al. 1998; Bogdanov et al. 1998; Hall et al. 1998;
( 2 Liu et al. 1998). We found significant increases in concen-a 20

trations of 3-nitrotyrosine, a marker of peroxynitrite-medi-

_ 0 ated nitration, in the spinal cord and cerebral cortex of G93A
0 Vehicle FeTCPP transgenic mice (Ferrante et al. 1997b) as well as in the

spinal cord of ALS patients (Beal et al. 1997). This supports
Fig. 6 (a) Western blot immunoassay for protein-bound carbonyl the possibility that iron porphyrins could prevent oxidative

groups in spinal cords from G93A transgenic mice, comparing levels of

carbonyl content at the age of 113 days. Total protein (15 gg) from half damage by acting as catalytic scavengers of peroxynitrite,

the spinal cord was treated with dinitrophenyihydrazine (DNPH)-deri- although other non-oxidant-related drug mechanisms are

vatization solution and immunoblotted; proteins were visualized by certainly possible. The above approach was not possible in

enhanced chemiluminescence. For each blot, the first three lanes are the current study due to the large amounts of tissue required.

from the vehicle group and lanes 4, 5 and 6 are from the FeTCPP- In this study, extension of the life span, improved motor
treated group. Molecular weights of the proteins are from 220 to performance, reduced malondialdehyde immunostaining and
21 kDa, while 21 kDa corresponds to the molecular weight of SOD1. decreased protein oxidation in G93A transgenic mice provide
(b) Total protein carbonyl measurements of G93A mice. The optical strong evidence that oxidative stress contributes to disease
density of total carbonyl-bound proteins from the vehicle group, indi- pathogenesis. Other catalytic antioxidants such as EUK-8
cated by the solid bar, is 163.5 ± 7.8 (mean ± SE). The optical density and EUK- 134 have also been reported to reduce levels of
of total carbonyl-bound proteins from the FeTCPP-treated group, oxidative stress and prolong survival (Jung et al. 2001). In
indicated by the shaded bar, is 138.2 ± 7.0 (mean ± SE). There is a
significant difference in total carbonyl-bound proteins between the
treated mice and the untreated ones (p = 0.0368 by unpaired t-test). exerted neuroprotective effects against focal ischemic insults

by decreasing post-ischemic superoxide-dependent oxidative
stress (Mackensen et al. 2001).

access to the CNS. We found that FeTCPP did cross the In addition to the theory that peroxynitrite-mediated
blood-brain barrier and achieved low p.m concentrations in nitration may be involved in oxidative damage, another

the brain and spinal cord. mechanism has been proposed, namely that increased
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peroxidase activity of mutant SODI oxidizes other cellular work by different mechanisms, such as FeTCPP with
constituents via copper-mediated production of hydroxyl carboxyfullerene or creatine; these combinations, in theory,
radical. Polyamine-modified catalase, an antioxidant enzyme should yield greater overall survival.
that catalyzes the decomposition of hydrogen peroxide,
delayed the onset of the disease and increased survival
(Poduslo et al. 2000), presumably by eliminating the Acknowledgements
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I. Introduction

Mitochondria constitute the cellular powerhouse in the body, providing
the bulk of energy generated from aerobic catabolism, and are therefore
critical for maintaining cellular function and homeostasis. Within the CNS,
where functional activity depends entirely on oxidative glucose metabolism
under normal conditions, the mitochondria represent not only a fundamen-
tal organelle for neuronal and glial function, but also a target for damage
within cells with potentially catastrophic consequences for the cell, organ,
and organism.

Mitochondrial dysfunction is well characterized in a number of hu-
man disorders, sometimes stemming from inherited or spontaneous mito-
chondrial or nuclear DNA mutations, from disease related perturbations in
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cell homeostasis, or alternatively from direct damage arising from extrinsic
sources. Mitochondrial toxins play important roles in the study of mito-
chondrial function and dysfunction. They not only serve as useful tools for
the study of mechanistic pathways involved in mitochondrial damage, con-
sequences onl cellular function, and for assays of putative neuroprotective
therapies, but in some cases they may also be directly involved in the patho-
genesis of mitochondrial disorders in humans. Here we review the mode of'
action of several well characterized mitochondrial toxins, and, where relei-
vant, contrast their effects with mechanisms of cell death in various degener-
ative disorders. The majority of known toxins specifically target components
of mitochondrial metabolic pathways. Here we have grouped toxic agents in
terms of their principal target site within the mitochondria, often reflecting
eff•cts on components of the mitochondrial respiratory system. In several
cases, however, these agents have multiple sites of action due to their affinity
for certain chemical moieties present in multiple mitochondrial proteins,
demonstrated by cyanide's propensity for Fe3+ containing enzymes which
include both complexes II and IV of the electron transport chain.

II. Inhibitors of Mitochondrial Complex I: NADH Ubiquinine Oxidoreductase

A. MPTP/MPP+

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication in
humans, nonhuman primates, and rodents induces a motor disorder clin-
ically and pathologically mimicking Parkinson's disease (PD), due to di-
rect actions on mitochondrial function via complex I inhibition (Gerlach
and Riederer, 1996; Olanow and Tatton, 1999; Blum et al., 2001). Inter-
estingly, the pathophysiological effects of MPTP only came to light as a re-
suilt of poor" chemistry in the illicit drug trade. In 1978-1982 several heroin
addicts in California developed multiple irreversible, L-DOPA-responsive
[DOPA: 3-(3,4-dihydroxyphenyl)alanine] PD symptoms as a result of
self-administration of a synthetic fentanyl heroin derivative (Davis et al.,
1979). The cause was found to be a slight contamination (-3%) with MPTP,
a by-product generated accidentally during the synthetic process (Langston
et, al., 1983).

The toxicity of MPTP is actually conferred by its metabolite 1-methyl-4-
phenylpyridinium ion, MPP±, which accumulates in mitochondria selec-
tively within dopaminergic neurons in the CNS.The cascade of cell-damaging
events caused by MPP+ appears to be triggered by its potent inhibition
of complex I activity, resulting in deficient oxidation of NAD+ substrates,
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impaired a-ketoglutarate dehydrogenase activity, and subsequent disruption
of the respiratory electron transport chain (Niklas et al., 1985; Mizuno et al.,
1989; Sayre, 1989). Reduced oxidative phosphorylation and ATP synthe-
sis ensue, along with disruption of the mitochondrial membrane potential.
The finding that MPTP induces a complex I inhibition associated with a
PD-like phenotype is in keeping with multiple reports from studies in PD
postmortem brain tissue, platelets, and cybrid cell lines that a mitochondrial
deficiency of complex I activity underlies the pathogenesis of PD (Parker
et al., 1989; Menegon et al., 1998; Swerdlow et al., 1998). The typical symp-
toms of MPTP/MPP+ intoxication-rigidity, akinesia, resting tremor, pos-
ture, and gait abnormalities-stem from the specific cellular localization of
MPP+'s toxicity within the CNS. The MPTP causes dopamine depletion in
the neostriatum due to selective loss of dopaminergic neurons in the sub-
stantia nigra that mimics the pathology seen in PD (Burns et al., 1983; Beal,
2001). In primates treated with MPTP, neurons within the substantia nigra
pars compacta (SNpc) and the locus coeruleus are particularly vulnerable,
while neurons in the ventral tegmental area (a dopamine nucleus project-
ing predominantly to the cortex) are relatively resistant. Chronic treatment
with low doses of MPTP in monkeys preferentially targets dopaminergic ter-
minals in the putamen, similar to the typical pathology seen in PD brain. In
fact, a chronic subacute MPTP dosing regimen in animal models appears
to recapitulate the slow evolution of parkinsonian traits seen in humans far
better than acute dosing paradigms, inducing uneven striatal dopamine fi-
bre loss and more selective depletion of substantia nigra dopamine neurons
in primates (Albanese et al., 1993; Varastet et al., 1994). Another valuable
model system in primates involves unilateral internal carotid artery infu-
sion of MPTP to induce a hemiparkinsonian state (Bankiewicz et al., 1986).
Typical experimental approaches to evaluate the extent of MPTP toxicity
include histologic Nissl staining, biochemical assays of regional content of
dopamine and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA), and immunocytochemical localization of
tyrosine hydroxylase activity (the enzyme that catalyzes the conversion of
tyrosine to L-DOPA, the rate-limiting step in dopamine synthesis).

The regional and cellular selectivity of MPTP toxicity is conferred by
properties of the agent itself. A highly lipophilic molecule, MPTP readily
crosses the blood-brain barrier in humans, primates and mice (but not in
rats). Within the CNS it is taken up into glial cells, where it is oxidatively
deaminated by monoamine oxidase B (MAOB), first to the unstable inter-
mediate 1-methyl-4-phenyl-2,3-dihydropyridinium ion (MPDP+), and then
to MPP+ (see Fig. 1). The MPP+ is a polar molecule, and when released from
glial cells it is selectively taken up into dopaminergic neuron terminals and
cell bodies via the plasma membrane dopamine transporter for which it
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Fit. 1. Dopamine neuron-selective toxicity of MPTP. MPP±, generated by the catalytic con-
version of MPTP in glial cells, is selectively taken up into dopaminergic neurons due to its high
affinity for the dopamine transporter. Within cells, MPP+ is concentrated in mitochondria
where it hinds to and inhibits activity of complex I ("I"). Increased superoxide radical (02-),
and hydroxyl radical (OH-) generation may occur as a consequence of the ensuing disruption
of the electron transport chain and impaired ATP production. Abbreviations: DA, dopamine;
MPT, mitochondrial permeability transition; SOD, superoxide dismutase; TCA, tricarboxylic

acid cycle.

has high affinity (Irwin and Langston, 1995; Santiago et al., 1996). In neu-
rons, MPP+ is concentrated within mitochondria via a carrier-independent
mechanism, apparently due to its high lipophilicity, where it binds to and
irreversibly inhibits complex I at the inner mitochondrial membrane. Both
active and passive mechanisms appear to be involved in MPP+ uptake into
mitochondria, but enzyme inhibition appears to depend on steric rather
than electrostatic properties of MPP+, since related isoquinoline derivatives
are less potent inhibitors of NADH reductase activity in intact mitochondria
(Aiuchi et al., 1995; McNaught et al., 1998). Metabolic inhibition has been
shown to precede cell death in in vitro assays (Storch et al., 1999). The selec-
tive involvement of the dopaminergic system in the motor disorder result-
ing from MPTP toxicity is reflected by the fact that MPTP-treated primates
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show excellent phenotypic responses to treatment with the dopamine pre-
cursor L-DOPA, in addition to other dopamine receptor agonists (Treseder
et al., 2000; Tahar et al., 2001). Furthermore, lack of the plasma membrane
dopamine transporter in knockout mice confers protection against the toxic
effects of MPTP (Bezard et al., 1999), as does inhibition of the human
dopamine transporter (hDAT), demonstrated using GBR12909 to inhibit
dopamine re-uptake in a human embryonic kidney cell line (Storch et al.,
1999). The MPP+ can also be sequestered by the brain vesicular monoamine
transporter VMAT2, which uses energy from vesicular proton gradients to
pump monoamine neurotransmitters and dopamine neurotoxins from the
neuronal cytoplasm into synaptic vesicles. Consequently, VMAT2 function
can also affect animals' tolerance to MPP+. This is demonstrated by the ob-
servation that MPTP administration at a dose that reduces tyrosine hydrox-
ylase (TH) immunoreactivity 13% in wild-type mice, was found to decrease
SNpc TH levels 30% in VMAT2 heterozygous knockout mice (Takahashi
et al., 1997).

Indirect evidence that mitochondrial energetic defects underlie MPTP-
induced damage comes from findings that pro-energetic agents amelio-
rate the damaging effects of MPTP, independent of any actions on MPTP
metabolism or MPP+ uptake. One such compound is coenzyme Q10, an es-
sential co-factor for electron transport between complex I and complex III
of the electron transport chain, and a potent antioxidant in mitochondria.
Coenzyme Q10 markedly reduces indices of MPTP damage in aged mice
(Beal et al., 1997; Shults et al., 1997; Ebadi et al., 2001). Another pro-energy
agent is creatine, which putatively acts by increasing cytosolic energy stores.
Creatine treatment results in increased brain levels of the high-energy sub-
strate phosphocreatine, and has also been suggested to modulate toxicity via
inhibitory effects on the mitochondrial permeability transition. Chronic oral
creatine administration dose dependently protects against MPTP-induced
neuronal damage in animal models, with optimal effects at a concentra-
tion of 2% creatine in the diet (Matthews et al., 1999). Another protective
agent is acetyl-L-carnitine, involved in fatty acid oxidation in mitochondria
and responsible for transporting accumulated acyl groups out of mito-
chondria, which protects against MPTP-induced parkinsonism in primates
(Bodis-Wollner et al., 1991). Disruption of mitochondrial energy produc-
tion also can instigate excitotoxic cascades within cells (Steiner et al., 1997).
To explain briefly: reduced ATP generation will disrupt vital ATPase pump
activities and reduce the cell membrane potential. If extensive enough, this
may facilitate membrane depolarization and activation of glutamate recep-
tor subtypes (notably N-methyl-D-aspartate, NMDA) by normally inert ex-
tracellular levels of the excitatory neurotransmitter glutamate (Novelli et al.,
1988; Zeevalk and Niklas, 1991). The consequent cellular influx of calcium
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may be sufficient to stimulate free radical generation and induce oxidative
damage (Albin and Greenamyre, 1992; Beal, 2000). The involvement of this
secondary excitotoxic phenomenon in MPTP toxicity is supported by obser-
vations that glutamate receptor antagonists, including the NMDA antagonist
MK-801, protect against MPTP toxicity in mice (Brouillet and Beal, 1993),
while the glutamate release inhibitor riluzole is partially protective in both
mice and primates (Boireau et al., 1994; Benazzouz et al., 1995). In addition,
the dopamine D2 receptor agonists bromocriptine and pramipexole, which
also have antioxidant activity, attenuate MPTP-induced dopamine depletion
(Muralikrishnan and Mohanakumar, 1998; Zou et al., 2000).

Increased free radical generation and breakdown in calcium homeosta-
sis also occur following MPTP administration, putatively as a direct conse-
quence of the energetic disturbance induced by MPTP/MPP+ (although
the mitochondrial source of free radical generation has yet to be unequivi-
cally proven) (Di Monte et al., 1986; Rossetti et al., 1988; Tipton and Singer,
1993). Mitochondrial MPP+ accumulation can lead to increased nitric oxide
(NO) generation, which may exacerbate cellular damage by reacting with
superoxide anion (02-) to generate the reactive free radical peroxynitrite
(Beckman, 1996; Matthews et al., 1997; Przedborski and Jackson-Lewis,
1998). In support of this hypothesis, the involvement of peroxynitrite in
MPTP-mediated damage has been demonstrated in both primates and mice
by findings of increased 3-nitrotyrosine immunoreactivity following MPTP
administration (Schulz el al., 1995a; Pennathur et al., 1999). This observa-
tion is reminiscent of similar alterations reported in PD brain (Good et al.,
1998). In addition, MPTP toxicity is ameliorated in mice lacking the neu-
ronal isoform of NO synthase (nNOS), or by treatment with nNOS inhibitors
(Schulz et al., 1995b; Hantraye el al., 1996; Klivenyi et al., 2000a). Mice that
lack the inducible form of NOS (iNOS) also appear to be resistant to the
toxin, but protection is confined to dopaminergic neuron cell bodies and
not terminals (Liberatore el al., 1999; Dehmer et al., 2000). The impor-
tance of oxidative damage to the etiology of MPTP-mediated damage is
further exemplified by the demonstration that its toxicity in mouse brain
is significantly attenuated when free-radical scavenging enzymes, including
Cu/Zn-superoxide dismutase (SODI) and MnSOD (SOD2), are overex-
pressed (Przedborski et al., 1992; Klivenyi et al., 1998a). In contrast, mice de-
ficient in certain fl-ee-radical scavenging enzymes including glutathione per-
oxidase, SODI and SOD2, show exacerbated MPTP-mediated damage
(Wfillner ei al., 1996; Andreassen el al., 2001). Further, ebselen, a glutathione
peroxidase analogue, prevents both neuronal loss and clinical symptoms
produced by MPTP in primates (Moussaoui et al., 2000), and several free-
radical spin traps and scavengers including erythropoietin and 17-oestradiol
show neuroprotective effects in mice (Matthews et al., 1999; Callier et al.,
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2000; Genc et al., 2001). An involvement of oxidative damage to DNA is
also implied by findings that inhibiting or knocking-out poly-ADP-ribose
polymerase (PARP), an enzyme involved in DNA repair that is activated
by oxidative damage, significantly attenuates MPTP neurotoxicity in mice
(Cosi and Marien, 1998). This is of particular interest since activation of
poly-ADP-ribose polymerase could itself be deleterious to cells under con-
ditions of MPTP-induced oxidative stress, since enzyme activation depletes
cellular ATP and NAD+ stores, potentially exacerbating the energetic dys-
function triggered by MPTP. These in vivo observations are supported by
numerous in vitro studies demonstrating increased generation of reactive
oxygen species following MPTP administration to cell lines (Kitamura et al.,
1998). Interestingly, MPTP administration to striatal synaptosomes has also
been reported to reduce cellular levels of the antioxidant glutathione in this
preparation (Desole et al., 1993). However, Seyfried and colleagues (2000)
demonstrated in PC12 cells that this is a biphasic dose-dependent effect of
MPP+, since low doses (250 riM) markedly increased cellular levels of glu-
tathione (reduced form, GSH) while ten fold higher doses decreased GSH
content and increased levels of the oxidized form (GSSG), apparently due
to a redox shift in cells that enhanced glutathione oxidation.

Another characteristic of PD is the deposition of Lewy bodies in affected
brain regions. These dense fibrillary structures contain proteins including
ca-synuclein and ubiquitin. Neuronal inclusions containing at-synuclein and
ubiquitin, partially resembling Lewy bodies, have been reported in aged
primates chronically treated with MPTP (Forno et al., 1986; Kowall et al.,
2000), but they do not appear to be a typical feature of MPTP toxicity.
However, MPTP does increase a-synuclein expression in both mice and pri-
mates (Kowall et al., 2000; Vila et aL, 2000), a capability linked with the
formation of neuronal inclusions, mitochondrial morphological abnormal-
ities, mitochondrial dysfunction, and increased free-radical production in
experiments overexpressing a-synuclein in a hypothalamic neuronal cell
line (Hsu et al., 2000). Furthermore, MPTP induces nitration of a-synuclein
in mice, reminiscent of the oa-synuclein nitration seen in PD brain (Giasson
et al., 2000; Przedborski et al., 2001). In addition, expression of mutant
ca-synuclein in NT2/D1 cells is associated with increased markers of oxida-
tive damage and increased susceptibility to cell death in response to H20 2
or MPP+ exposure (Lee et al., 2001). These findings therefore provide a po-
tential link between the mitochondrial dysfunction and oxidative damage
evident following MPTP exposure and the deposition of a-synuclein, which
is a typical feature of PD pathology.

In addition to direct mitochondrial toxicity, it should be noted that cel-
lular damage mechanisms originating outside the mitochondria have also
been implicated in the etiology of MPTP/MPP+damage (Khan et al., 1997;
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Przedborski and jackson-Lewis, 1998). Notably, Przedborski and Jackson-
Lewis (1998) demonstrated that rho zero cells devoid of an electron trans-
port system are still sensitive to MPP+ toxicity. Other pathogenic pathways in-
clude apoptotic processes, which may involve either mitochondrial and/or
extramitochondrial components (reviewed by Nicotra and Parvez, 2000). In-
terestingly, the MPTP dosing regimen used in experimental models largely
dictates whether cells follow apoptotic or necrotic pathways to death. In
mice, a subacute dosing regime of MPTP daily over five days was found to
induce cell death with terminal deoxynucleotidyl transferase (TUNEL) la-
beling and chromatin clumping typical ofapoptosis (Tatton and Kish, 1997).
This is consistent with reports of apoptotic markers in PD brain, includ-
ing increased caspase-3 and Bax immunoreactivity, TUNEL staining, and
chromatin condensation in melanin-containing nigral neurons (Hartmann
el al., 2000; Tatton, 2000). Several groups have shown that mice overexpress-
ing Bcl-2 are partially protected against MPTP following an acute dosing
paradigm, but to a lesser extent after chronic dosing over five days (Offen
el al., 1998; Yang el al., 1998). Similarly, mice with a dominant-negative in-
hibition of caspase-1 are protected against MPTP, as are mice deficient in
the pro-apoptotic protein Bax (Klivenyi et al., 1999; Vila el al., 2001). Fur-
ther; adenoviral administration ofa caspase inhibitor XIAP (X-chromosome-
linked inhibitor of apoptosis) protects dopaminergic cell bodies but not
terminals, while protection can be extended to the terminals when XIAP is
given in combination with the growth factor GDNF (glial cell-derived neu-
rotrophic factor) (Eberhardt el al., 2000). The p5 3 gene, which regulates
growth and programmed cell death, also appears to be involved in the path-
way of cell death, since p5 3 knockout mice are resistant to MPTP-induced
death of dopamine neurons (Trimmer et al., 1996). Further, involvement
of apoptotic processes is suggested by the activation of C-Jun N-terminal ki-
nase (JNK) by MPTP (Saporito el al., 1999, 2000), and the partial protection
against MPTP-induced loss of nigral neurons afforded by the anti-apoptotic
agent CGP3466 (Waldmeier el al., 2000). MPP+ exposure has also been
shown to upregulate apoptotic markers in a number of different cell types
in vitro, inducing increased DNA fragmentation and Bcl-2 expression in hu-
man neuroblastoma SH-SY5Y cell lines (Itano and Nomura, 1995; Sheehan
el al., 1997). The Bcl-2 overexpression has also been found to attenuate
MPP+-inediated damage in a dopaminergic neuronal cell line (Oh et al.,
1995). Other evidence of a role for apoptosis include induction of apop-
totic markers in ventral rat mesencephalic-striatal cultures, differentiated
PCI2 cell lines, cerebellar granule neurons (Mochizuki et al., 1994; Mutoh
et al., 1994; Du et al., 1997), and inhibition of p21WAr/Cipl -mediated cell
proliferation by MPTP (Soldner el al., 1999).

Inflammatory processes are also implicated by observations in both hu-
mans and in animal models. Neuropathological studies in three patients
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3-16 years after exposure to MPTP showed clustering of microglia around
neurons along with active ongoing cell loss in the subatantia nigra (Langston
et al., 1999). Similarly, both activated microglia and lymphocytes are evident
in mice after MPTP administration, and inhibition of either cyclooxy-
genase-1 or -2 are markedly neuroprotective (selective inhibition of cyclo-
oxygenase-2 by meloxicam; or both cyclooxygenase-1 and -2 by acetylsali-
cylic acid) (Kurkowska-Jastrzebska et al., 1999; Teismann and Ferger, 2001).
Deficiency in cytoplasmic phospholipase A2 is also protective against MPTP
toxicity, putatively due to blockade of production of the substrate for cy-
clooxygenase-2 (Klivenyi et al., 1998b), as is the anti-inflammatory agent
sodium salicylate although this agent also has anti-oxidant effects (Ferger
et al., 1999; Mohanakumar et al., 2000).

B. ROTENONE

Rotenone is a common component of pesticides that induces mitochon-
drial toxicity via selective inhibition of the oxidative activity of complex I,
and of oxidative free radical production. As might be anticipated given its
mode of action, rotenone induces CNS lesions and motor impairments with
Parkinsonian features in several in vivo models. It is a naturally occurring
compound derived from the roots of certain plant species, whose toxic prop-
erties have been utilized for many years in farming practices, to regulate fish
populations and as an insecticide. Several epidemiological studies have sub-
sequently implicated accidental rotenone exposure as a pathogenetic risk
factor in the etiology of PD (Gorrell et al., 1998; Kitada et al., 1998), although
studies in animals suggest that its CNS toxicity is extremely low following
oral exposure (Betarbet et al., 2000). This observation does not rule out
the possibility of susceptibility to environmental exposure, especially when
a chronically exposed subject also expresses genetic defects in complex I, or
an impaired ability to metabolize xenobiotics (Parker et al., 1989; Menegon
et al., 1998; Swerdlow et aL, 1998).

Rotenone's toxic action is mediated by steric inhibition of complex I
activity after binding at the PSST subunit (Ernster et al., 1963; Horgan et al.,
1968; Gutman et al., 1970). This subunit is postulated to play a key role
in electron transfer by functionally coupling the iron-sulfur cluster N2 to
quinone, and hence metabolic impairment can be induced by blockade of
its binding site by rotenone and other inhibitors including piericidin A,
pyridaben, and bullatacin (Schuler et al., 1999). Direct stereotaxic injection
of rotenone into the substantia nigra in rats lesions dopaminergic neurons
in this region (Heikkila et al., 1985). However, in vivo studies of rotenone's
CNS actions after systemic administration are hindered by the agent's hy-
drophobicity and insolubility in aqueous solvents. Consequently, recent
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studies have turned to a relatively extreme route of administration, employ-
ing chronic administration directly into the jugular vein via subcutaneously
implanted minipumps. Ferrante and colleagues (1997) demonstrated that
intrajugular administration of rotenone to rats (10-18 mg/kg/day for
7-9 days) induced a motor syndrome involving rigidity and akinesia. Histol-
ogy revealed this was associated with neuronal degeneration and astroglio-
sis in the striatum and globus pallidus, but found no evidence of cell loss
or alterations in tyrosine hydroxylase (TH) immunoreactivity within the
substantia nigra, unlike the pattern seen in PD. More recently, Betarbet
and colleagues (2000) have further characterized this PD model in rats,
again using intrajugular infusions but employing a chronic low dose regi-
men, and incorporating both histological and biochemical assessments of
lesion attributes. Administration of 2-3 mg/kg/day for up to five weeks
was found to produce optimal lesion effects. Even using this administra-
tion method, the usefulness of this approach as a laboratory model is re-
stricted by the variability of individual rats' susceptibility to the toxin, with
only 50% of treated animals developing detectable lesions. In those Lewis
rats susceptible to toxicity, however, rotenone induced striatal lesions and a
progressive degeneration of nigrostriatal neurons concomitant with a loss
of immunoreactivity for tyrosine hydroxylase, the dopamine transporter,
and the vesicular monoamine transporter VMAT2 (Betarbet et al., 2000).
Furthermore, cytoplasmic a-synuclein- and ubiquitin-positive fibrillary in-
clusions were observed in nigral neurons of affected rats, similar to Lewy
bodies found in PD brain. Intoxicated rats exhibit bradykinesia, postural
instability, unsteady gait, and some evidence of tremor. Significantly, the ex-
tent of these deficits improved after treatment with the dopamine receptor
agonist apomorphine, supporting a dopaminergic selectivity of rotenone's
action.

Unlike MPTP toxicity, where the toxin is selectively taken up into the
neuronal population which is then targeted for destruction, peripheral rote-
none administration results in uniform distribution of the toxin through-
out the brain. Yet remarkably, Betarbet and colleagues (2000) reported
that in their study rotenone's toxic effects were restricted to dopaminergic
neurons within the nigrostriatal system, independent of a requirement for
the dopamine transporter (echoing the regional specificity of systemically
administered 3-NP, discussed later). This implies that neurons within the
SNpc are selectively vulnerable to complex I inhibition, and this is consis-
tent with findings of decreased complex I activity in PD postmortem tissue
and platelets (Parker et. al., 1989; Schapira et al., 1990; Mann et al., 1992).
However, Betarbet and colleagues suggest that rotenone's toxicity might be
mediated primarily by oxidative damage, since the brain rotenone concen-
tration achieved in their study (20-30 nM) was only enough to partially
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inhibit complex I, and not high enough to significantly impair oxidative
phosphorylation. In addition, several in vitro studies have demonstrated that
rotenone-mediated complex I inhibition can induce free radical generation,
result in damage to proteins and DNA, and chronic exposure may stimulate
cytochrome c release from mitochondria (Seaton et al., 1997; Hensley et al.,
1998; Sherer et al., 2001).

C. NEUROLATHYRISM

Another CNS motor syndrome involving a mitochondrial component is
the spastic paraplegia that occurs as a result of ingestion of certain strains of
chick peas found in Europe and India (Lathyrus sativus L.). This form of tox-
icity is also implicated in the etiology of amyotrophic lateral sclerosis and PD
dementia of Guam. The toxicity of the chick pea in humans apparently de-
rives from the actions of three excitotoxins identified in these toxic strains-
namely amino-/8-oxalylaminopropionic acid, amino-oxalylaminobutyric
acid, and /3-N-oxalylamino-L-alanine (L-BOAA) (Spencer, 1995). Of these,
most is understood about the actions of L-BOAA, whose neurodegenera-
tive effects are mediated via actions at AMPA glutamate receptor subtypes,
and results in selective inhibition of mitochondrial complex I (Pai and
Ravindranath, 1993; Kunig et al., 1994). Toxicity can be prevented by pre-
treatment with ca-amino-3-hydroxy-5-methyl-4-isoxazole (AMPA)/kainate (but
not NMDA) glutamate receptor antagonists, including 1,2,3,4,-tetrahydro-6-
nitro-2,3-dioxo-benzo (f) quinoxaline-7-sulfonamide disodium (NBQX) and
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Pai and Ravindranath, 1993;
Willis et al., 1993; Zeevalk and Nicklas, 1994). In vitro, neuron exposure to
micromolar concentrations of L-BOAA produces morphologic changes to
cell bodies including postsynaptic vacuolization, followed by degeneration
(Ross and Spencer, 1987). The involvement of oxidative damage processes in
L-BOAA toxicity are suggested by observations that toxicity is reversed by
thiol treatment (Sriram et al., 1998). Furthermore, focal administration
of putative free radical scavenging agents (including dimethylformamide,
DMF; dimethyl sulfoxide, DMSO; dimethylthiourea, DMTU; and mannitol)
protected against L-BOAA-induced neurotoxicity induced by intra-hippo-
campal injections in rats (Willis et al., 1994).

The toxicity of L-BOAA following systemic administration is restricted to
specific regions of the CNS, primarily affecting the thoracolumbar spinal
cord where myelin loss and eventually axon degeneration occur following
anterolateral sclerosis (Spencer et al., 1986, 1987). There is also evidence of
amyloid deposition and neurofibrillary tangle formation in Ammon's horn,
although a direct link with Lathyrus has not been proven (Denny-Brown,
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1947). Clinical symptoms vary greatly between patients in onset and prim-
ing dose, but are characterized initially by lumbar pain, and weakness with
stiffness of the lower extremities (Haque el al., 1996). Weakness is progres-
sive and eventually leg spasticity and clonic seizures occur, leading to gait
disturbances. Upper extremities may become involved in severe cases. Mus-
cle atrophy ensues, with sensory deficits, pain, and parasthesias (the latter
two lasting one to two weeks). The patient is left with a spastic gait. Inter-
estingly, in both humans and in animal models males have increased risk of
developing pathology after exposure to i,-BOAA, a circumstance suggested
to be due to anti-oxidant properties of female hormones.

Ill. Inhibitors of Mitochondrial Complex I1: Succinate Ubiquinol Oxidoreductase

A. 3-N1TROPOPIONIc AcmD (3-NP)

The mitochondrial toxin 3-nitropropionic acid (3-NP) irreversibly in-
hibits the activity of succinate dehydrogenase, a metabolic enzyme that par-
ticipates in both the tricarboxylic acid (TCA) cycle and in complexes 11-I1
of the electron transport chain. Systemic administration of this agent to
humans, nonhuman primates, and rodents results in CNS lesions that se-
lectively target subpopulations of striatal neurons, closely replicating the
nature and regional specificity of pathological events seen in Huntington's
disease (HD).

The induction of striatal lesions by 3-NP is accompanied by multiple cog-
nitive and motor symptoms, including acute encephalopathies and coma,
following initial gastrointestinal disturbances. In fact, 3-NP was first identified
following reports of motor disturbances in livestock in the United States that
were exposed to fungal-contaminated diet, and observations of symptoms
resembling HD with concomitant lesions of the basal ganglia in children
in China after ingestion of fungal-contaminated sugar cane. The fungus in
question, Arthrinium, was subsequently found to contain the 3-nitopropanol
metabolite 3-NP (for review, see Ludolph et al., 1991). Of the human cases
studied, some comatose patients eventually recovered fully, but most were
left with irreversible motor impairments including dystonia, jerky move-
ments, torsion spasms, and facial grimaces. Approximately 10% of affected
individuals died. Intoxication generally produces basal ganglia lesions visi-
ble by computed tomography (CT) scans, localized principally to the puta-
men but sometimes extending to the caudate (Ludolph et al., 1991; He
et al., 1995). The spatial, pathologic and (to a limited extent) behavioral
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features of 3-NP intoxication can be replicated by systemic administration
in experimental animals (Gould and Gustine, 1982; Hamilton and Gould,
1987). Hence, this toxin has become a widely used experimental tool to try
to model aspects of HD pathology in primates, rats, and mice. However, the
extent of lesions and the nature of the pathologic sequelae are minutely
dependent on the dosing regimen used, with low-dose chronic treatment
paradigms yielding cerebral effects most closely mimicking those seen in
HD (for review, see Brouillet et al., 1999). Systemic administration of 3-NP to
both rats and primates produces age-dependent striatal lesions that are strik-
ingly similar to those seen in HD (Brouillet et al., 1995, 1998). In primates,
chronic 3-NP administration produces selective striatal lesions character-
ized by a depletion of calbindin neurons with sparing of NADPH-d neu-
rons, and by proliferative changes in the dendrites of spiny neurons.
Animals also show both spontaneous and apomorphine-inducible cho-
reiform movement disorders resembling HD (Brouillet et al., 1995). The
3-NP basal ganglia lesions in rats are associated with elevated lactate levels,
similar to the increased lactate production seen in HD patients (Jenkins
et al., 1993; Matthews et al., 1998). Systemic administration of 3-NP results in
increased binding of tritiated MK-801, consistent with activation of NMDA
receptors as a secondary consequence of energy depletion (Wullner et al.,
1994). Consequently, 3-NP lesions can be prevented by prior removal of glu-
tamatergic excitatory corticostriatal inputs by decortication, by glutamate
release inhibitors, and by glutamate receptor antagonists, suggesting that
3-NP toxicity is mediated by secondary excitotoxic mechanisms (Beal, 1994;
Schulz et al., 1996a).

Succinate dehydrogenase (SDH) catalyzes the oxidation of succinate
to fumarate. Due to its joint roles in the TCA cycle and electron trans-
port chain, it is located on the surface of the inner mitochondrial mem-
brane (Fig. 2). The biochemical mechanism of SDH inhibition by 3-NP
has not yet been unequivically proven, but the close similarity in structures
of 3-NP (C 3H 5NO 4) and succinic acid (C 4 H 6 0 4 ) may be the key to 3-NP's
potency. Currently, two theories predominate. One hypothesis proposes that
the dianion form of 3-NP can generate carbanions that preferentially react
with the flavin moiety in SDH, forming a covalent adduct that alters the sub-
strate specificity of the enzyme (Alston et al., 1977). Alternatively, Coles and
colleagues (1979) suggest that the substrate binding site of SDH is specifi-
cally targeted by 3-NP. They demonstrated that the dianion form of 3-NP can
bind to SDH, generating nitroacrylate. This nitroacrylate group can then
react with and irreversibly bind a thiol group within SDH to block access of
succinate to the enzyme. In vitro this inhibition of succinate catabolism by
3-NP occurs extremely rapidly (kobs 1.2 min-), and is dose dependent.



256 BROWNE AND BEAL

H+ H+ H+

OMM

MPTP 3-NP H2S
L-BOAA Malonate Azide
Rotenone (Cyanide) Cyanide

(3-AP) (H2S)

Flt;. 2. Sites of metabolic inhibition by mitochondrial toxins. A schematic representation

of tile enzymne complexes that constitute the electron transport chain, illustrating the prin-

cipal sites of respiratory disruption by lnitochonldrial metabolic toxins. Metabolic substrates
generated by glycolysis and the TCA cycle donate electrons to complexes I and II, which then

transfer electrons to complex III via coenzyme Qio (coQlo). Cytochrome c (cyt c) modulates

electron donation on to complex IV. This process promotes the pulnping of protons across the

inner mitochondrial membrane by complexes 1, 111, and IV, with the resultant generation of a

potential energy gradient. This is converted into stored energy in the high-energy phosphate

bond of ATP1, by the terminal electron acceptor ATP synthase (not shown). To facilitate this

process, complexes 1, 111, and IV occur in organized supramnolecular closters (respirasomes), sit-

uated between the inner and outer mitochondrial membranes (1MM and OMM, respectively).

Succinate dehydrogenase (complex II) is located on the surface of the IMM. Disruption of

the electon transport chain by direct inhibition of any of the complex subunits may therefore

have catastrophic effects on both energy generation, and on the homeostatic regulation of

free radical generation during oxidative phosphorylation. Abbreviations: 3-AP, 3-acetylpyridine;

t-BOAA, fl-N-oxalylamino-t-alanine; e, electron; H 2S, hydrogen sulphide; MPTP, 1-methyl-4-
phenyl-1,2,3,6-tetrahydrlopyridine; 3-NP, 3-nitropropionic acid.

By inhibiting components of both the TCA cycle and oxidative phosphor-
ylation, 3-NP's toxicity is doubly detrimental to mitochondrial metabolism.
The 3-NP impairs both the delivery of NADH from the TCA cycle to com-
plex I of the oxidative phosphorylation pathway, and inhibits the passage of
reducing equivalents along the electron transfer chain, thus reducing ATP
generation by a two-pronged attack on mitochondrial function. Inhibition
of cerebral SDH activity by 3-NP has been demonstrated in vivo in a number
of studies. Interestingly, the neurodegenerative sequelae of systemic admin-
istration of the toxin are largely restricted to the striatum despite a relatively
homogeneous distribution of the toxin, resulting in a uniform reduction in
SDH activity throughout the brain (Gould and Gustine, 1982; Gould et al.,
1985; Brouillet et al., 1998; Browne and Beal, unpublished observations).
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This observation appears to once again underscore the vulnerability of stri-
atal neurons to metabolic stress. In fact, 3-NP markedly inhibits SDH activ-
ity within 2 h of intraperitoneal administration in rodents, producing 50-
70% reductions in SDH activity throughout the brain (Brouillet et al., 1998;
Browne and Beal, unpublished observations), consistent with the degree of
complex II and III deficiency reported in HD striatum in postmortem stud-
ies (Gu et al., 1996; Browne et al., 1997). The energetic component of 3-NP-
mediated toxicity is further reflected by observations that the agent found
to produce the most profound protection against 3-NP acts by stimulating
energy generation within cells. Creatine administration in rats markedly re-
duces neuronal cell loss induced by 3-NP, as well as attenuating increases in
cerebral lactate levels and decreases in levels of high-energy phosphate com-
pounds (including ATP) seen in the striata of 3-NP-treated rats (Matthews
et al., 1998).

The 3-NP toxicity in animals is also associated with increased oxidative
damage in the CNS. Hydroxyl (OH-) free radical production is elevated in
the striatum following systemic 3-NP administration, as are levels of the DNA
damage marker 8-hydroxy-deoxyguanosine (OH8dG) and 3-nitrotyrosine
(a marker for peroxynitrite-mediated oxidative damage) (Schulz et al.,
1996b). Findings that 3-NP-induced lesions and concomitant increases in
oxidative damage markers are markedly attenuated in mice overexpress-
ing the superoxide free radical scavenger Cu/Zn superoxide dismutase
(SODI) imply that oxidative free radicals contribute to lesion formation
(Beal et al., 1995). Furthermore, 3-NP striatal lesions are attenuated by free
radical spin traps and nitric oxide synthase (NOS) inhibitors (Schulz et al.,
1995c). In addition, lack of the free radical scavenging enzyme glutathione
peroxidase (GSHPx) in knockout mice exacerbates striatal damage and
3-nitrotyrosine elevations casued by systemic administration of 3-NP
(Klivenyi et al., 2000b). These results indicate that a knockout of GSHPx
may be adequately compensated under normal conditions, but following
toxin-induced mitochondrial dysfunction GSHPx plays an important role
in detoxifying oxygen radicals.

B. MALONATE

Malonate is another selective inhibitor of succinate dehydrogenase
activity that induces motor impairment following intrastriatal administra-
tion in rodents. Lesion pathology reveals neuronal selectivity similar to the
pattern of neuronal vulnerability in HD brain. In contrast to 3-NP toxicity,
systemic administration of this agent is ineffective as it is unable to cross the
blood-brain barrier. However malonate is still a useful tool for modeling
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the effects of complex II inhibition in vitro and in vivo. Intrastriatal injec-
tion of malonate produces age-dependent striatal lesions that can be signifi-

cantly attenuated by treatment with the NMDA receptor antagonist MK-801.
Further indirect evidence that energetic defects contribute to malonate-
induced neurodegeneration come from observations that pro-energy com-
pounds protect against cell death. Coenzyme QI0 (CoQa0), a co-factor for
electron transfer during oxidative phosphorylation in the mitochondria and
a potent antioxidant, attenuates malonate neurotoxicity in animal models
(Beal el al., 1994; Schulz el al., 1996b). Interestingly, oral administration of
CoQi0 has also been shown to ameliorate elevated lactate levels seen in the
cerebral cortex of HD patients (Koroshetz et al., 1997). Coenzyme Q10 is
reported to also improve symptoms in some other mitochondrial-associated
disorders including MEIAS (mitochondrial myopathy, encephalopathy, lac-
tic acidosis, and stroke-like episodes) and Kearns-Sayre syndrome, where it
additionally reduces CSF and serum lactate and pyruvate levels, and en-
hances mitochondrial enzyme activities in platelets (Bresolin et al., 1988;
Mhara et al., 1989). In addition, oral supplementation with either creatine
or cyclocreatine produced significant protection against malonate lesions,
and ameliorated malonate-induced increases in hydroxyl radical generation
(Matthews et al., 1998). The magnitude of protection against malonate toxic-
ity, in terms of lesion volume, was exacerbated by combining nicotinamide
with creatine treatment (Malcon et al., 2000).

Malonate-induced increases in conversion of salicylate to 2,3- and 2,5-
dihydroxybenzoic acid, an index of hydroxyl radical generation, were greater
in GSHPx knockout mice than in wild-type control animals, suggesting an
involvement of oxidative damage mechanisms in malonate toxicity (Klivenyi
et al., 2000b). This is supported by findings that impaired nitric oxide (NO)
generation in mice lacking the gene for the neuronal isoform of NOS
(nNOS) reduced the volume of malonate lesions (Schulz et al., 1996b). Fur-
ther, elevated 3-nitrotyrosine concentrations are reported after intrastriatal
malonate injection, and malonate lesions are attenuated by free radical spin
traps and nitric oxide synthase (NOS) inhibitors. Hence there is substantial
evidence that NO-mediated oxidative damage is involved in cell death pro-
cesses following energetic disruption induced by both 3-NP and malonate.

IV. Inhibitors of Mitochondrial Complex IV. Cytochrome c Oxidase

A. CYANIDE

Cyanide is an extremely potent neurotoxin principally targeting
complex IV of the electron transport chain, although its actions within
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the mitochondria are not limited to this site. Ingestion of an average dose
of only 200 mg of potassium cyanide by humans proves fatal. Although
most cyanide-related deaths in the United States result from homicide or
suicide attempts, intoxication may also occur from accidental exposure to
cyanide compounds used in industrial processes, cyanide gas from burn-
ing certain compounds including polyurethanes, nitrocellulose, and wool,
or in vivo biotransformation of cyanogenic compounds including nitriles
(Albin, 2000). Cassava and some fruit stones (for example, apricot and
peach) contain cyanogenic compounds, and sodium nitroprusside treat-
ment can lead to cyanide generation in vivo.

Cyanide inhibits ferric ion (Fe3+) containing enzymes, including cy-
tochrome oxidase (a vital component of complex IV), succinate dehydro-
genase, and mitochondrial and cytoplasmic SOD. Hence its actions are
principally inhibition of mitochondrial aerobic metabolism and increased
free radical generation. The CNS is particularly vulnerable to the toxic ef-
fects of cyanide, putatively because of its high metabolic rate and depen-
dence on oxidative phosphorylation to supply functional energy demands.
Death is caused by respiratory arrest thought to result from paralysis of
brain-stem neurons that control respiratory muscles. Initial symptoms are
headache, delirium, seizures, agitation, and swift onset of coma, and fatality
often occurs within minutes of exposure. In the few survivors of cyanide
exposure, motor neurologic symptoms appear days or weeks after dosing.
The principle symptoms are parkinsonism and dystonia, with the possibility
of dysarthria, ataxia, and eye movement abnormalities (Uitti et al., 1985;
Borgohain et al., 1995; Rosenow et al., 1995). Lesions occur in the putamen
and globus pallidus, while magnetic resonance (MR) studies also reveal
changes in the cortex, cerebellum, subthalamus, and substantia nigra (Uitti
et al., 1985). Positron emission tomography (PET) studies have also shown
presynaptic dopaminergic terminal loss after cyanide exposure. Treatment
paradigms are limited, but include thiosulfate administration to induce
cyanide conversion to thiocyanate, administration of nitrites to promote
methemoglobin formation (which has a high affinity for cyanide and thus
draws it from the tissues), and respiratory support.

B. HYDROGEN SULFIDE

Hydrogen sulfide is an environmental toxin that is thought to induce
its toxic effects in a similar manner to cyanide by inhibiting Fe 3+ contain-
ing enzymes, particularly cytochrome oxidase in complex IV (Tvedt et al.,
1991; Snyder et al., 1995; Kerns and Kirk, 1998). In contrast to cyanide, its
effects are generally reversible. Acute symptoms include vertigo, seizures,
delirium, coma, and respiratory paralysis, thought to arise from inhibition



260 BROWNE AND BEAL

of brain-stem neurons modulating respiratory mechanics. Again, the CNS
is particularly vulnerable to the toxic effects of hydrogen sulfide, and puta-
minal and pallidal degeneration may occur in severe cases.

C. SODIUM AZIDE

Sodium azide (NaN 3) is another compound selectively toxic to mito-
chondria that targets Fe3+ containing proteins, in particular cytochrome
oxidase (see Fig. 2). Azide exposure induces striatal-specific degeneration
in animal models following systemic administration (Hicks, 1950a; K6ryney,
1963; Miyoshi, 1968; Shibasaki, 1969). Observations in rats (following a dos-
ing regimen of 3 mg/kg NaN3 i.p., four times per day for four days) reported
initial slight motor effects, typically sluggishness, followed a few days later
by the rapid onset of marked motor abnormalities including akinesis and
paretic gait, with forelimb tremor (Miyoshi, 1967). Animals generally sur-
vived but showed sustained gait abnormalities despite dosing cessation. After
this treatment paradigm distinct bilateral striatal necrosis was evident, with
variable involvement of other brain regions including the globus pallidus
in some animals, and occasional degeneration in the cerebral cortex and
demyelination of the optic tract. Systemic toxicity was also evident, affecting
lung and heart muscle predominantly. Other studies also show axon dam-
age in the corpus callosum (Hicks, 1950a,b; K6ryney, 1963). Systemic NaN3
administration produces reductions in cytochrome oxidase activity diffusely
throughout the brain, including both the striatum and regions spared by
damage (such as cerebral cortex, cerebellum, and choroid plexus), again
underscoring the peculiar sensitivity of striatal neurons to impaired energy
metabolism in vivo.

V. Manganese

Chronic manganese exposure induces a movement disorder character-
ized by bradykinesia and rigidity. Onset is slow but insidious, with several sub-
jects experiencing severe psychiatric symptoms before onset of an akinetic-
rigid parkinsonian state. Manganese toxicitywas first observed in manganese
ore miners, millworkers, and smelter workers in 1837 (Couper, 1837), but
also results from accidental exposure to or ingestion of potassium perman-
ganate, fungicides, and gasoline additives containing manganese (Albin,
2000).

The symptom phenotype of manganese toxicity results from the fact
that systemically administered manganese accumulates within the CNS in
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the basal ganglia-in particular, in the globus pallidus, caudate, and puta-
men (Newland et al., 1989). The exact mechanism of manganese toxicity is
still ill-defined, but the fact that within cells manganese accumulates in mi-
tochondria suggests that mitochondrial dysfunction plays an intrinsic role.
One hypothesis is that manganese increases oxidative damage due to cat-
echolamine oxidation (Sloot et al., 1994). More recently, manganese has
been shown to stimulate astrocytic and microglial NOS production in vitro,
potentially increasing nitric oxide production leading to free radical dam-
age (Spranger et al., 1998; Chang and Liu, 1999). Further, manganese has
been shown to directly inhibit mitochondrial oxidative phosphorylation,
inhibiting activity of the TCA cycle enzyme aconitase, located in the mito-
chondrial matrix (Zheng et al., 1998). Zheng and colleagues suggest that a
potential mechanism of enzyme impairment might be by the substitution
of manganese for iron in enzymes that require iron as a co-factor. The in-
volvement of manganese in mitochondrial dysfunction is supported by PET
studies that demonstrate reductions in cerebral glucose utilization rates in
a number of subjects with mild manganese toxicity (Wolters et al., 1989).

Calne et al. (1994) describe a movement disorder closely resembling id-
iopathic PD following chronic manganese exposure, with early signs of gait
disturbances and dysarthria. Sufferers may show axial and extremity dys-
tonia and a postural tremor, but resting tremor does not occur. Dementia
and cerebellar dysfunction may also occur. Symptoms can still progress af-
ter discontinued exposure to manganese, and manganese clears only very
slowly from mitochondria and the brain (Huang et al., 1998; Pal and Calne,
1999). It has been suggested that this progressive feature of the disorder
might reflect a vicious cycle of oxidative damage as a result of mitochon-
drial impairment, leading to mitochondrial DNA damage and perpetu-
ated mitochondrial dysfunction (Brouillet et al., 1993; Desole et al., 1997).
Although clinical symptoms of manganese toxicity partially resemble Parkin-
sonism, the pathological alterations are very different. In the few manganese-
exposure victims studied, neuronal degeneration and reactive gliosis were
prevalent in the globus pallidus, particularly in the internal segment, and
to a lesser extent in the striatum and substantia nigra pars reticulata, SNr
(Yamada et al., 1986). This pathology contrasts with the primary loss of
dopaminergic neurons within the SNpc in PD. Animal models of manganese
exposure, in nonhuman primates and rodents, mimic this pattern of pallidal
and SNr vulnerability, and show some degeneration within the subthalamic
nucleus (Pentschew et al., 1962; Brouillet et al., 1993; Olanow et al., 1996).
Dopamine depletion has been demonstrated in experimental animals after
direct intrastriatal or intranigral manganese injection in primates and in rats
(Lista et al., 1986; Newland et al., 1989; Daniels and Abarca, 1991), and after
chronic systemic exposure in rabbits and squirrel monkeys (Neff et al., 1969;
Mustafa and Chandra, 1971). Manganese application also has been shown
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to decrease dopamine release in striatal slice preparations (Daniels et al.,
1981). Moreover, a study in rat striatal tissue slices reported that manganese
exposure reduced dopamine biosynthesis by inhibiting tyrosine hydroxy-
lase activity (Hirata et al., 2001). This effect was associated with increased
lactate production in the slices, suggesting abnormal aerobic metabolism
following manganese exposure. In contrast, fluorodopa PET imaging stud-
ies showing that the dopaminergic nigrostriatal pathway remains intact in
manganese exposure patients, and observations that dopaminergic treat-
ment is ineffective in the disorder, argue against an involvement of the
dopaminergic system in the toxicity phenotype (Caine et al., 1994; Lu et al.,
1994).

VI. 3-Acetylpyridine

Another neurotoxin that selectively targets mitochondrial components
is the nicotinamide antagonist 3-acetylpyridine (3-AP). Systemic adminis-
tration of 3-AP in animals induces selective degeneration of the inferior
olivary nucleus and cerebellum, resulting in a motor disorder resembling
olivopontocerebellar atrophy in humans (Deutsch et al., 1989). Toxicity is
mediated via incorporation of 3-AP into nicotinamide nucleotides within
the cell, resulting in inhibition of both NADH and NADPH-dependent en-
zymes (Herken, 1968). Consequently, hydrogen ion transfer between en-
zymes and substrates using NADH and NADPH as co-factors is impaired,
potentially leading to dysfunction of both the TCA cycle and the electron
transport chain within mitochondria. Dehydrogenase enzymes are particu-
larly affected, including the mitochondrial enzymes lactate dehydrogenase,
a-ketoglutarate dehydrogenase, malate dehydrogenase, isocitrate dehydro-
genase, and glutathione reductase. Cytosolic glycolytic enzymes may also
be vulnerable, including glucose-6-phosphate dehydrogenase. Thus, 3-AP
toxicity results in energy depletion, as has been demonstrated by findings
of reduced ATP levels following systemic 3-AP administration (Sethy et al.,
1996), and after intrastriatal 3-AP injections in rats (Schulz et al., 1994). Find-
ings that intrastriatal 3-AP injections did not induce acute lactate generation
arc consistent with a putative impairment of lactate dehydrogenase activity
by 3-AP. However, the involvement of metabolic inhibition in 3-AP-mediated
toxicity is supported by the observation that enhancing glycolytic ATP pro-
duction by preadministration of frtuctose-1,6-biphosphate partially attenu-
ated 3-AP lesions (Schulz et al., 1994). The 3-AP toxicity, both in vitro and
in vivo, is antagonized by nicotinamide (Desclin and Escubi, 1974; Weller
et al., 1992).
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Consistent with the involvement of a secondary excitotoxic mechanism
resulting from impaired mitochondrial energy metabolism, cell loss follow-
ing stereotactic injections of 3-AP into both striatum and hippocampus can
be attenuated by competitive and noncompetitive NMDA receptor antag-
onists, including 2-amino-5-phosphonovaleric acid (APV), LY274614, and
MK-801 (Armanini et al., 1990; Schulz et al., 1994). Schulz and colleagues
(1994) went on to show that the glutamate release inhibitor lamotrigine also
reduced lesion volume after intrastriatal 3-AP injection, and noted that the
pattern of cell vulnerability following 3-AP resembles that following excito-
toxic lesions induced by NMDA. Both lesion paradigms show relative sparing
of NADPH-diaphorase-positive neurons that contain NOS within the stria-
tum (Beal et al., 1991). However, MK-801 did not protect cultured cerebellar
granule cells against 3-AP toxicity, whereas nicotinamide was protective in
this in vitro model (Weller et al., 1992).

The 3-AP also induces increased oxidative stress, as shown by reports that
striatal injection of 3-AP increased hydroxyl (OH-) radical generation, and
that administration of the spin trap N-tert-butyl-a-(2-sulphophenyl)-nitrone
(S-PBN) markedly reduced striatal lesion volume (Schulz et al., 1995c). In
fact, spin traps were found to be more effective against 3-AP lesions than
against other mitochondrial toxins. This phenomenon is potentially due
to 3-AP's propensity to deplete NADPH, since NADPH is necessary for glu-
tathione reductase-mediated regeneration of the free-radical scavenger glu-
tathione (GSH) from its oxidized form (GSSG). In addition, pyrrolopyrami-
dine antioxidants including U-104067F markedly attenuate the reduction in
cerebellar ATP production induced by systemic 3-AP administration in rats,
and restore motor impairments (Sethy et al., 1996). This effect is putatively
due to inhibition of OH--mediated lipid peroxidation. Dopaminergic ago-
nists and GABAA receptor partial agonists have also been reported to protect
against 3-AP-mediated cerebellar ATP depletions and loss of inferior olivary
neurons (Sethy et al., 1997a,b).

Systemic administration of 3-AP primarily targets the climbing fiber pro-
jection from the inferior olivary nucleus that innervates cerebellar purkinje
cells (Desclin and Escubi, 1974; Balaban, 1985; Sethy et al., 1996). Other
areas affected include the SNpc, hippocampal formation, diagonal band
of Broca horizontal limb, dorsal motor nucleus of the vagus, interpedun-
cular nucleus, nucleus ambiguus, hypolassal nucleus, and supraoptic and
paraventricular nuclei. Although 3-AP does not cause degeneration of the
basis pontis, the neurotoxin induces motor impairment closely resembling
OPCA with a phenotype including ataxia, forelimb tremor, hyperkinesia,
and tonic cramps (Herken, 1968). Concomitant depletion of dopamine lev-
els and TH immunoreactivity in rat striatum, and of nigral TH immunore-
activity in mice, led to the proposal that 3-AP toxicity may model OPCA
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with Parkinsonism, or multiple system atrophy (Deutsch et al., 1989; Takada
and Kono, 1993). As with the majority of mitochondrial toxins, the reason
for the regional selectivity of 3-AP toxicity is unclear. However, selective vul-
nerability may be explained by regional impairments or mutations in one
or more NAD (P)-dependent oxidoreductases. One of the enzymes particu-
larly susceptible to 3-AP is glutamate dehydrogenase (GDH). Inhibition of
GDH activity by 3-AP could lead to increased extracellular glutamate lev-
els, and thus increase the risk of excitotoxic injury. Overall, observations
to date strongly imply that both secondary excitotoxicity and free-radical
mediated cellular damage play roles in 3-AP-mediated toxicity, concomitant
to impaired mitochondrial energy metabolism.

VII. Myopathies and Myotoxic Agents

A number of mitochondrial toxins are also implicated in toxin-induced
myopathies. Some antiviral nucleoside drugs used in H1V therapy including
zalcitabine (ddl) and didanosine (ddC) produce axonal neuropathies,
thought to be caused by disrupted mitochondrial function (Jay et al., 1994;
Pedrol el al., 1996; Benbrick et al., 1997). Thallium toxicity also interferes
with mitochondrial oxidative activity, and both nucleoside therapy and
thallium intoxication are associated with painful peripheral neuropathies.
Zidovudine (AZT), a thymidine analogue also used in HIV treatment, pro-
duces a different sequelae of myotoxic events, but still mitochondrial dys-
function is involved. Zidovudine inhibits reverse transcriptase and mito-
chondrial DNA polymerase, hence blocking DNA replication and leading to
depletion of mitochondrial DNA (Semino-Mora et al., 1994). Mitochondrial
DNA levels in patients have been reported to be reduced reversibly by up to
78% following treatment doses of AZT, inducing impaired mitochondrial
protein synthesis (Love and Miller, 1993). In addition, AZT produces partial
cytochrome c oxidase deficiency, reducing mitochondrial energy produc-
tion. Accumulations of mitochondria are visible in muscle biopsies, where
"ragged-red fibers" and mitochondrial proliferation are seen. There is also
evidence of increased lipid and reduced carnitine levels in affected fibers,
which respond to carnitine therapy. Myalgia generally occurs 6-11 months
after commencing AZT treatment, and gradually dissipates on cessation of
treatment.

Muscle's primary energy source when at rest or during mild exercise
(provided blood supply is adequate) is lipid metabolism utilizing cytoplas-
mic long-chain fatty acids (LCFAs). This process employs L-carnitine to
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transport these LCFAs across the inner mitochondrial membrane and into
the mitochondrial matrix. The reversible binding of the LCFAs to carnitine
to form acylcarnitine esters is catalyzed by carnitine palmitoyl transferase.
Within the matrix, P oxidation of the acylcarnitine esters yields acetylcoen-
zyme A (acetyl-coA) and high-energy molecules including ATP, along with
the reduced forms of flavin adenine dinucleotide (FADH 2) and nicotin-
amide adenine dinucleotide (NADH) which can take part in the electron
trasport chain. Acetyl-coA enters the TCA cycle in the matrix to yield further
ATP, NADH, and FADH 2. Myopathy can be produced by the inhibition of this
pathway-for example, by agents that induce carnitine deficiency, leading
to impaired energy production in the muscle. Such agents include the med-
ication valproic acid, which can also partially inhibit P oxidation. Valproate
toxicity is characterized by increased intracellular lipid levels, abnormal mi-
tochondrial morphology, and a mild myopathy (Melegh and Trombitas,
1997). Other agents affecting carnitine function to induce mitochondrial
toxicity include pivampicillin, which inhibits absorption of dietary carnitine
(Love and Miller, 1993), and chloramphenicol, which inhibits protein syn-
thesis and induces myogenic abnormalities in animal models (Korohoda
et al., 1993).

VIII. Discussion: What Determines the Regional and Cellular Specificity
of Mitochondrial Toxins?

Agents that disrupt the mitochondrial electron transport chain have
a propensity to induce selective neuronal damage within the CNS, often
targeting the basal ganglia. In some instances the reason for regional se-
lectivity of a given substance is well understood. For example, in the case
of MPTP it is the affinity of the dopamine reuptake transporter that local-
izes the toxic moiety, MPP+, to dopaminergic nerve terminals in the SNpc,
resulting in selective neuronal degeneration in the nigrostriatal pathway.
In the cases of other toxins, the cause of the regional vulnerability is less
clear. 3-NP, for example, when administered systemically in various animal
species, induces neuronal damage primarily in the basal ganglia, despite a
universal and more or less equal distribution throughout the CNS. In this
case, its regional selectivity may be related more to the susceptibility of basal
ganglia neurons than to metabolic inhibition. Complex II and III activity is
equally impaired throughout the brains of rodents and primates following
systemic 3-NP administration, but striatal neurons are preferentially dam-
aged. Potential explanations for this phenomenon include the suggestion
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that striatal neurons have a high energy demand and may be less capable of
buffering energetic stress than neurons in other brain regions. The striatum
also receives a profound excitatory glutamatergic innervation from cortical
regions, increasing the probability of excitotoxic processes being invoked
in times of metabolic compromise. These suppositions are supported by
observations that other metabolic toxins including cyanide and azide also
selectively target striatal neurons, despite widespread complex IV inhibi-
tion throughout the CNS, and observations that NMDA receptor antagonist
treatment or decortication protect striatal neurons against toxin-induced
damage. Further, other hypoxic conditions also preferentially target the
striatum, including insulin hypoglycemia, carbon disulfide, and malononi-
trile toxicity (disregarding ischemic lesions that are dependent on vascular
zones for lesion localization) (Hicks, 1950a,b; Kristian et al., 1995; Huang
el al., 1996; Hageman et al., 1999). The underlying reasons for the metabolic
vulnerability of certain neuronal populations within the brain, however, have
yet, to be elucidated.

One potentially important factor in the phenomenon of neuronal vul-
nerability is the role that differences in mitochondrial composition may
play. For instance, rotenone binding to complex I differs between brain
regions, suggesting variability in complex I subunit composition (Higgins
and Greenamyre, 1996). It is also known that the relative expression lev-
els of different isoforms of complex IV subunits vary between CNS regions.
Other factors likely to be important in differential vulnerability are num-
bers and types of glutamate receptors, calcium binding proteins, presence
of nitric oxide synthase, and levels of antioxidant enzymes. For instance,
levels of the mitochondrial free radical scavenger MnSOD are particularly
high in striatal NADPH-diaphorase-positive neurons, which show relative
resistance to mitochondrial toxins including 3-NP and 3-AP (Inagaki el al.,
1991; Gonzalez-Zulueta el al., 1998).

In conclusion, mitochondrial toxin models provide a wealth of informa-
tion on the contributions of different functional components of mitochon-
dria to overall cell and system function, and mechanisms of dysfunction
in degenerative disorders. They have also given new insight into potential
therapeutic approaches in models of several neurodegenerative diseases.
In particular, a number of studies in mitochondrial toxin models suggest
that CoQi0 and creatine may be useful for the treatment of PD, HD, and
Friedrich's ataxia (Lodi el al., 2001; Tarnapolsky and Beal, 2001). Conse-
quently, findings of neuroprotection in toxin model systems have been
extrapolated to transgenic mouse models of HD (Ferrante el al., 2000;
Andreassen et a!., 2001), and candidate therapeutic agents originally identi-
fied using mitochondrial toxin models are beginning to reach clinical trials
for human degenerative diseases.
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In a transgenic mouse model of the neurodegenerative disorder Huntington's disease (HD), age-
dependent neurologic defects are accompanied by progressive alterations in glucose tolerance that
culminate in the development of diabetes mellitus and insulin deficiency. Pancreatic islets from HD
transgenic mice express reduced levels of the pancreatic islet hormones insulin, somatostatin, and
glucagon and exhibit intrinsic defects in insulin production. Intranuclear inclusions accumulate with
aging in transgenic pancreatic islets, concomitant with the decline in glucose tolerance. HD trans-
genic mice develop an age-dependent reduction of insulin mRNA expression and diminished expres-
sion of key regulators of insulin gene transcription, including the pancreatic homeoprotein PDX-1, E2A
proteins, and the coactivators CBP and p300. Disrupted expression of a subset of transcription factors
in pancreatic P cells by a polyglutamine expansion tract in the huntingtin protein selectively impairs
insulin gene expression to result in insulin deficiency and diabetes. Selective dysregulation of gene
expression in triplet repeat disorders provides a mechanism for pleiotropic cellular dysfunction that
restricts the toxicity of ubiquitously expressed proteins to highly specialized subpopulations of cells.
o 2003 Elsevier Science (USA)

INTRODUCTION proteins (Martin, 1999). The mechanisms of neuronal
degeneration in these disorders are unknown, but

Neurodegeneration with aging occurs in a large likely involve gain or loss of the normal functions of
number of diseases, including Huntington's disease, the mutant proteins, abnormal protein-protein inter-
spinal and bulbar muscular atrophy, spinocerebellar actions, toxicity from the accumulation of polyglu-
ataxias, and dentatorubropallidoluysian atrophy, as a tamine-containing intranuclear inclusions, and aber-
result of the incorporation of polyglutamine segments rant protein processing through the ubiquitin/protea-
encoded by trinucleotide CAG repeats within targeted some pathway (Ferrigno and Silver, 2000; Martin,

1999). Huntington's disease (HD), an autosomal dom-

To whom correspondence should be addressed at Laboratory of inant neurodegenerative disease characterized by a

Molecular Endocrinology and Diabetes Unit, Massachusetts General severe movement disorder, cognitive impairment, and

Hospital, Wellman 340, 50 Blossom Street, Boston, MA 02114. Fax: early death, results from an expanded polyglutamine
(617) 726-6954. E-mail: mthomasl@partners.org, repeat in the amino terminus of huntingtin, a widely
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expressed protein of unknown function (The Hunting- METHODS
ton's Disease Collaborative Research Group, 1993).
Excitotoxic mechanisms, mitochondrial energy im- HD Transgenic Mice
pairment, oxidative damage, and apoptosis also arepairmplated oinathe patmge, anesisofHD(Bealso 200e Male R6/2 transgenic mice (Mangiarini et al., 1996)im p licated in th e p ath o g en esis o f H D (B ea l, 20 00 ; B C A T N ( D e o I) 6 G b T h J a k n L b r -
Browne et a]., 1999). [B6CBA-TgN (HD exoni) 62Gpb: The Jackson Labora-

Polyglutamine tracts independently contribute to tory, Bar Harbor, ME] were bred with female B6CBA

cellular toxicity. The numbers of CAG repeats corre- mice (The Jackson Laboratory). All studies were con-

late with both age of onset and severity of disease in ducted in accordance with the NIH Guide for the Care

polyglutamine expansion disorders (Young, 1998). and Use of Laboratory Animals with approval from the
Long polyglutamine tracts promote cell injury (Nagai local institutional animal care and use committee.
et al., 1999; Senut et al., 2000), the formation of intranu-
clear aggregates (Onodera et al., 1997; Preisinger et al.,
1999), and the sequestration of glutamine-rich proteins Glucose, Insulin, and Glycated Hemoglobin
(Kazantsev et al., 1999; Preisinger et al., 1999). Altered Measurements
patterns of gene expression are observed in cellular
and animal models of CAG repeat disorders (Cha et Plasma Glucose leel twre Sssed with a One
al., 1998; Li et al., 1999; Lin et al., 2000; Luthi-Carter et Touch Ic Glu it oring System gyucometer
al., 2000) in which polyglutamine tracts in mutant (Lifescan Inc., Milpitas, CA)and validated by semiau-
proteins can mediate direct interaction with nuclear tomatic glucose oxidase enzyme assays. Random glu-
proteins, including coactivators and corepressors cose levels were obtained in mice with free access to

(Boutell et al., 1999; Hsiao et al., 1999; Kegel et al., 2002; chow, and fasting glucose levels were obtained after

Nucifora et al., 2001; Steffan et al., 2001; Stenoien et al., 6-7 h of fasting. For glucose tolerance testing, animals

1999; Waragai et al., 1999). were fasted for 6-7 h prior to intraperitoneal injection
Diabetes mellitus, a disorder with increasing prev- of 1.5 g glucose/kg body wt and tail vein blood sam-

alence of epidemic proportions, results frlom a failure ples were collected 0, 30, and 60 min following glucose
of the /3 cells within the islets of Langerhans of the administration. For insulin administration intermedi-
endocrine pancreas to produce insulin in sufficient ate-acting purified pork insulin (Lente Iletin II, Lilly,
amounts to maintain normal blood glucose levels. Indianapolis, IN) was administered by intraperitoneal
Normal regulation of insulin gene transcription is of injection. Tail vein blood samples were collected at the
central importance in the maintenance of glucose ho- indicated times for glucose measurements.
meostasis. Multiple forms of heritable diabetes, in- Plasma insulin levels were determined in duplicate
cluding maturity-onset diabetes of the young (MODY) using a rat insulin ELISA kit normalized with mouse
and type 2 diabetes, are associated with mutations in insulin standards (Crystal Chem., Inc., Chicago, IL).
transcription factors that regulate the expression of the Pancreatic islets were isolated from 12-week-old HD
insulin gene (Fajans et al., 2001; Hani et al., 1999; Mac- or nontransgenic littermate control mice using stan-
farlane et al., 1999; Stoffers et al., 1997a). Patients with dard methods and manually separated from digested
HD have an increased prevalence of diabetes and have exocrine tissue as visualized by stereomicroscopy
pathological glucose tolerance tests (Farrer, 1985; (Lacy and Kostianovsky, 1967). Islets of comparable
Podolsky and Leopold, 1977). The etiology of this size were incubated in multiwell culture dishes with
diabetes is unknown. HD transgenic mice develop 25 islets per well in modified RPMI medium at 37'C.
hyperglycemia (Hurlbert et a!., 1999; Jenkins et a!., After 90- to 120-min preincubation period, culture
2000), providing an experimental model system for
studies of diabetes mellitus and HD. Here we report med wasrlae adialiquots of meium wer
that HD transgenic mice develop intranuclear inclu- removed for insulin radioimmunoassays (Linco Re-
sions in the pancreatic /3 cells that produce insulin, search, Inc., St. Charles, MO) following an additional

The accumulation of intranuclear inclusions is tempo- 1- or 24-h incubation period.
rally associated with selective impaired expression of Glycated hemoglobin levels were measured from
transcriptional regulatory proteins essential for glu- whole blood samples with a Glyc-Affin Ghb kit (Iso-
cose-responsive insulin gene expression and with pro- lab, Inc.). P values were determined with Student's t
gressive reductions in insulin mRNA expression that test (Microsoft Excel, Microsoft Corporation, Red-
culminate in the development of diabetes. mond, WA).

S2003 Elsevier Science (USA)
All rights reserved.
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Immunohistochemistry Western Blots

Pancreatic tissues from R6/2 transgenic and non- Total pancreatic or pancreatic islet protein extracts
transgenic littermate control mice were embedded in were prepared in an SDS lysis buffer (Stoffers et al.,
Tissue-Tek O.C.T. compound (Sakura Finetek, Tor- 2000). Equal amounts of protein as determined with a
rance, CA) and frozen on dry ice or embedded in MicroBCA kit (Pierce, Rockford, IL) were separated by
paraffin, and fixed and processed as described SDS-polyacrylamide gel electrophoresis, electroblot-
(Thomas etal., 1999). Primary antisera included guinea ted on Immobilon PVDF (Millipore, Bedford, MA)
pig anti-insulin (Linco Research, Inc.), rabbit poly- membranes, subjected to Western blotting with rabbit
clonal anti-somatostatin (Dako Corp., Carpinteria, polyclonal anti-PDX-1, rabbit polyclonal anti-Creb,
CA), rabbit polyclonal anti-proglucagon, rabbit poly- rabbit polyclonal anti-glucagon-like peptide-1 (GLP-1)

clonal anti-PDX-1 (Stoffers et al., 2000), rabbit poly- receptor, rabbit polyclonal anti-Stat-3 (K-15), rabbit
clonal anti-CBP (A-22), rabbit polyclonal anti-p300 polyclonal anti-CEBP-f3 (C-19), goat polyclonal anti-

(C-20), rabbit polyclonal anti-E2A (V-18), and goat Smad 2/3 (N-19), rabbit polyclonal anti-actin (H-300)

polyclonal anti-huntingtin (N-18) (Santa Cruz Biotech- (Santa Cruz Biotechnology), or mouse monoclonal

nology, Inc., Santa Cruz, CA). Immunostaining was anti-p300 (RW 128) antiserum (Upstate Biotechnology,

developed with biotinylated secondary antisera and Lake Placid, NY), and developed with species-specific

avidin-horseradish peroxidase complex kits (Vec- secondary antiserum and enhanced chemilumines-

tastain ABC System, Vector Laboratories, Burlingame, cence (Amersham Life Sciences, Arlington Heights, IL)

CA) or with donkey anti-goat IgG Cy3 and donkey (Thomas et al., 200 1b). In some experiments blots were

anti-guinea pig IgG Cy2 (Jackson ImmunoResearch, sequentially probed with antiserum, developed with

West Grove, PA). Rabbit polyclonal antiserum di- enhanced chemiluminescence, washed, and reprobed

rected against the first 256 amino acids of the human with additional antiserum.

huntingtin protein (EM48) was used to stain intranu-
clear inclusions as described (Kuemmerle et al., 1999). Intracellular Calcium Measurements
Images were captured with an Optronics TEC-470
camera (Optronics Engineering, Goleta, CA) or a Pancreatic islets were isolated from HD transgenic
SPOT-RT color camera (Diagnostic Instruments, Inc., or nontransgenic littermate control mice according to
Sterling Heights, MI) and a Nikon epifluorescence standard methods (Lacy and Kostianovsky, 1967) and
microscope interfaced with a Macintosh computer and dispersed with trypsin. Single-cell suspensions were
processed with IP Lab Spectrum (Signal Analytics plated on concanavalin A-coated coverslips and cul-
Corp., Vienna, VA) and Adobe Photoshop (Adobe tured in modified RPMI medium. Cells were loaded
Systems Incorporated, San Jose, CA) software. with fura-2 acetoxymethyl ester, bathed in a solution

containing 138 mM NaCl, 5.6 mM KCI, 2.6 mM CaC12,
1.2 mM MgCI3 , 10 mM Hepes, pH 7.4, and 5.6 mM

Northern Blots glucose, and incubated at 32°C. Intracellular calcium
levels were measured with an TonOptix fluorescence

Total pancreatic RNA was prepared with Qiagen ratio imaging system (Leech and Habener, 1997).
RNeasy columns (Qiagen Inc., Valencia, CA), by mod-
ifying the manufacturer's protocol to include 1 M
/3-mercaptoethanol during tissue homogenization.
RNA was separated on 1% agarose gels and visualized RESULTS
with ethidium bromide prior to blotting on nylon
membranes (Hybond-N+, Amersham Pharmacia Bio- Huntington's Disease Transgenic Mice Develop
tech, Inc., Piscataway, NJ). Insulin transcripts were Progressive Defects in Glucose Tolerance
probed with a 32P-radiolabeled 231-nucleotide frag- with Aging
ment of rat insulin cDNA as described (Thomas et al., The HD (R6/2) transgenic mice express an expan-
2000). Corresponding autoradiograms were scanned sion tract of 145-150 CAG repeats within a transcript
with a Computing Densitometer (Molecular Dynam- encoding a portion of the human huntingtin protein.
ics, Sunnyvale, CA) and band intensities were calcu- This established mouse model develops a rapidly pro-
lated using ImageQuant software (Molecular Dynam- gressive postnatal neurologic phenotype reminiscent
ics). of HD in humans that begins at about 8 weeks of age

o 2003 Elsevier Science (USA)
All rights reserved.
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FIG. 1. Progressive development of diabetes mellitus in HD transgenic mice. (A) Fasting and random-fed glucose levels rise with aging in
HD transgenic mice. Fasting (left) and random (ad lib)-fed (right) glucose levels were measured from R6/2 HD transgenic (HD, solid circles)
and nontransgenic littermate control (wild type, open circles) mice at the ages indicated. Data are presented as means ± SEM (n = 6-12 per
group; **P < 0.01, ***P < 0.001). (B) Glucose tolerance declines with aging in HD transgenic mice. Intraperitoneal glucose tolerance tests were
conducted on R6/2 HD transgenic (HD, solid circles) and nontransgenic littermate control (wild type, open circles) mice at 5, 8, and 12 weeks
of age, as indicated. Data are presented as means ± SEM (n = 8-10 per group: '*P < 0.01, ***P < 0.001). (C) Glycated hemoglobin levels are
elevated in 12-week-old HD transgenic mice. Glycated hemoglobin levels were measured in 12-week-old R6/2 HD transgenic (HD) and
nontransgenic littermate control (WT) mice. Data are presented as means ± SEM (n = 8-10 per group; **P < 0.01).

and culminates in death by 14 weeks of age (Mangia- mice and their nontransgenic littermate controls were
rini et al., 1996). The phenotype also includes the ap- indistinguishable. By 8 weeks of age HD transgenic
pearance of neuronal intranuclear inclusions similar to and nontransgenic littermate control mice had compa-
those described in human patients with HD (Davies et rable fasting glucose levels, but the transgenic mice
al., 1999). To assess metabolic function in HD trans- had impaired glucose tolerance. At 12 weeks of age
genic mice glucose levels were measured at regular HD transgenic mice had diabetes mellitus with fasting
intervals between 4 and 12 weeks of age. Fasting and hyperglycemia and markedly abnormal glucose toler-
random-fed serum glucose levels were similar in HD ance. The HD diabetic phenotype also was apparent in

transgenic and nontransgenic littermate control mice measurements of glycated hemoglobin levels, a
for the first 9 weeks of life (Fig. IA). By 10 weeks of method that reflects the average serum glucose levels
age HD transgenic animals had significantly higher over the 2 to 3 weeks prior to testing and hence is
serum glucose levels than nontransgenic littermate unaffected by acute central nervous system input dur-
controls, and both fasting and random-fed glucose ing sample collection. Glycated hemoglobin levels of
levels continued to rise with age. 8-week-old HD transgenic mice were not significantly

The course of the metabolic dysfunction of HD higher than those of nontransgenic littermate controls,
transgenic mice is more clearly demonstrated by in- but 12-week-old HD transgenic mice had elevated
traperitoneal glucose tolerance testing (Fig. IB). At 5 glycated hemoglobin levels typical of diabetes (Fig.
weeks of age glucose tolerance tests of HD transgenic IC).

o 2003 Elsevier Science (USA)
All rights reserved.
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Insulin Production Is Reduced in Huntington's A B
Disease Transgenic Mice w type

•- ~HD -

Metabolic dysfunction that worsens with aging E 400- 4-

from impaired glucose tolerance to diabetes mellitus •300_ C 3W-

often is observed in the progression of Type 2 diabetes
in humans. Adult-onset diabetes frequently is charac- -*NO 20-

terized by insulin resistance of target tissues with 2 " *- -o 0
compensatory hyperinsulinemia. In our analyses the -
HD transgenic mice with diabetes had no demonstra- E ,

ble hyperinsulinemia. Fasting serum insulin levels one hour 24 hours

from 12-week-old HD transgenic mice were approxi-
mately threefold lower than those from nontransgenic C

littermate control mice (Fig. 2A). The insulin levels T
were remarkably low in HD transgenic mice when , 00

considered in the context of the accompanying hyper- E

glycemia. No significant differences in fasting serum 200-
0

insulin levels were observed between HD transgenic
mice and nontransgenic littermate control mice at 7 or ( 100

9 weeks of age before the development of diabetes.
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Transgenic Mice with Diabetes Have an Intrinsic FIG. 2. Insulin production is diminished in diabetic HD transgenic

Defect in Insulin Production mice. (A) Serum insulin levels are reduced in 12-week-old HD
transgenic mice. Fasting serum insulin levels were measured in

The reduction in serum insulin levels of HD trans- 12-week-old R6/2 HD transgenic (HD, solid bar) and nontransgenic

genic mice with diabetes suggested that insulin pro- littermate control (wild type, open bar) mice. Data are presented as

duction from the /3 cells of the islets of Langerhans of means t SEM (n = 8-11 per group; *P < 0.05). (B) Pancreatic islets

the endocrine pancreas might be impaired. To test for derived from HD transgenic mice have intrinsic defects in insulin
production. Pancreatic islets were isolated and cultured ex vivo from

intrinsic /3-cell defects independent of central nervous 12-week-old R6/2 HD transgenic (HD, solid bars) and nontrans-

system dysfunction, pancreatic islets from 12-week genic littermate control (wild type, open bars) mice. Insulin secre-

old diabetic HD transgenic mice and nontransgenic tion was measured by radioimmunoassay in duplicate from aliquots

littermate controls were isolated and cultured. One- of culture medium from groups of 25 islets, at 1 and 24 hours, as
indicated. Data are presented as means _t SEM (n = 6 mice per
group; n = 7-8 islet pools per group; *P < 0.05, ***P < 0.001). (C)

thirds in islets derived from HD transgenic mice rel- Insulin administration reduces glucose levels in HD transgenic mice

ative to those derived from nontransgenic littermate with diabetes. Intermediate-acting insulin (0.2 U) was administered

control mice (Fig. 2B). Insulin secretion also was mea- by intraperitoneal injection into 11-week-old (approx 20 g) R6/2 HD

sured from the islets in culture over a longer period of transgenic mice. Glucose levels were measured at 0, 10, 75, and 165

ninsulin m as indicated. Data are presented as means + SEM (n = 5; ***P <24 h to control for prior short-term depletion of 0i01ancmardlihiien)

stores in the HD diabetic mice. This extended culture

period was selected to allow time for recovery from
hyperglycemia and for replenishing of intracellular
insulin content. After 24 h in culture the islets derived the administration of intermediate-acting insulin tran-
from HD diabetic mice had a more severe defect in siently reduced blood glucose levels in the HD trans-
insulin secretion relative to islets derived from non- genic mice with diabetes (Fig. 2C).
transgenic littermate controls, with a 10-fold reduction To further characterize the defective pancreatic islet
in insulin secretion after 24 h as compared with a function observed in the HD transgenic animals, pan-
3-fold reduction after the first hour of culture. These creatic histology was analyzed. In 12-week-old HD
results implied that the decreased insulin secretion animals the gross architecture, size, and distribution
from pancreatic islets of HD transgenic mice was sec- of the pancreatic islets were normal. No evidence of
ondary to diminished insulin production. Consistent islet inflammation, infiltration, or destruction was

with hyperglycemia secondary to insulin deficiency, found to suggest a pattern resembling Type 1 diabetes.
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The nuclear morphology of pancreatic islet cells from A
HD transgenic mice consisted largely of minimally
condensed euchromatin, a nuclear pattern consistent
with active transcription (Fig. 3A). Increased cytoplas-
mic heterogeneity was observed in HD pancreatic is-
lets as compared with control islets. Pancreatic islets HD

from 12-week-old HD transgenic mice expressed
lower levels of the islet hormones insulin, glucagon,
and somatostatin as compared with nontransgenic lit-
termate controls (Fig. 3B).

Huntington's Disease Transgenic Mice Develop
Intranuclear Inclusions in Pancreatic Islets
with Aging

Pancreatic sections from HD transgenic animals at WT
6, 9, and 12 weeks of age were immunostained for WI
intranuclear inclusions with antiserum directed
against the human huntingtin protein to determine
whether the mechanism of pancreatic islet dysfunction
might be related to that of affected neurons in HD
transgenic mice (Fig. 4A). Intranuclear inclusions were
present in the pancreas and more prominent in the
pancreatic islets than in the exocrine tissue. Polyglu- B Insulin Glucagon Somatostatin
tamine inclusions in HD transgenic mice are found
outside the central nervous system in a variety of
postmitotic cells (Sathasivam et al., 1999). The inclu-
sions in the endocrine pancreas accumulated with ag- HD Z •.. •.
ing in a pattern reminiscent of that seen in neurons. At
6 weeks of age very few intranuclear inclusions were
observed in pancreatic islets. The density of intranu-
clear aggregates increased at 9 weeks of age, and by 12
weeks of age the islets and the insulin-expressing pan- I
creatic P cells of HD mice had a substantial number of WIT '..
intranuclear inclusions (Figs. 4A, 4B). Although in-
tranuclear inclusions were not detected in all of the
insulin-producing cells, the time course of the accu- FIG. 3. Pancreatic islets in HD transgenic mice have distinct nu-
mulation of intranuclear aggregates in pancreatic is- clear morphology and reduced islet hormone expression. (A) He-
lets was remarkably concordant with the observed matoxylin and eosin staining of pancreas sections derived from an
metabolic abnormalities and suggested a correlation HD transgenic mouse with diabetes (HD) and a nontransgenic
between the density of intranuclear inclusions and the control mouse (WT). Representative images (400X and 1000X (inset)

magnification) of pancreatic islets from paraffin-embedded pan-severity of pancreatic 3-cell dysfunction, creas sections are shown. (B) Reduced insulin, glucagon, and soma-

tostatin expression in diabetic HD transgenic mice. Pancreas sec-
Insulin Gene Expression Is Progressively tions from 12-week-old R6/2 HD transgenic (HD) and nontrans-

genic littermate control (WT) mice were immmunostained with
Impaired with Aging in Huntington's Disease antisera directed against insulin, somatostatin, or proglucagon, as
Transgenic Mice indicated. Representative images of pancreatic islets are shown.

The analysis of pancreatic islet function ex vivo im-
plied that 3-cell insulin production was defective. To
assess insulin gene expression we isolated total pan- Northern blots the HD transgenic mice had markedly
creatic RNA from HD transgenic mice and nontrans- diminished insulin mRNA levels as compared with
genic littermate controls at 8 and 12 weeks of age. On controls (Figs. 5A, 5B). A twofold reduction in insulin
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1ý24

6 weeks 9 weeks 12 weeks
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Huntingtin Insulin
FIG. 4. Pancreatic islets in HD transgenic mice progressively develop intranuclear inclusions. (A) Intranuclear inclusions accumulate in
pancreatic islets of HD transgenic mice with aging. Pancreas sections from 6-, 9-, and 12-week-old R6/2 HD transgenic mice (as indicated) were
immunostained for intranuclear inclusions with anti-huntingtin (EM 48) antiserum. Representative images of pancreatic islets demonstrating
the time-dependent increase in density of punctate intranuclear inclusions within islets are shown. (B) Intranuclear inclusions are present in
insulin-expressing cells in pancreatic islets of HD transgenic mice. Images are shown of dual immunofluorescence immunostaining of a
pancreatic islet from a 12-week old R6/2 transgenic mouse pancreas with anti-huntingtin (N-18) antiserum (left) and anti-insulin antiserum
(right). Arrows indicate a representative pancreatic 3 cell with coexpression of huntingtin and insulin.

gene expression was observed at 8 weeks of age that glucose levels requires adequate glucose disposal fol-
correlated with the metabolic phenotype of impaired lowing nutrient ingestion via both insulin secretion by
glucose tolerance but preceded the elevation in fasting pancreatic 3 cells and insulin signaling in peripheral
serum glucose levels, the decline in serum insulin tissues. 3-Cell function is likely the more important of
levels, and the development of diabetes in the HD the two factors in determining glucose disposal in
transgenic mice. Less than 20% of control insulin humans at risk for the development of diabetes
mRNA expression was detected in pancreatic tissue (Jensen et al., 2002). Elevated basal intracellular cal-
from 12-week-old HD transgenic mice with diabetes. cium levels in pancreatic /3 cells are associated with
As HD transgenic mice continued to age, after insulin reductions in nutrient-induced insulin secretion, dete-
gene expression was more severely reduced, the ca- rioration of cellular function, and acceleration of cel-
pacity of the pancreatic /3 cells to maintain adequate lular death (Wang et al., 1999; Conroy et al., 2002; Grill
insulin production was exceeded and the mice devel- and Bjorklund, 2001). In a transgenic mouse model of
oped fasting hyperglycemia. the polyglutamine expansion disease spinocerebellar

Notably 8-week-old HD transgenic mice had nor- ataxia 1 (SCAI) mRNA expression levels of two reg-
mal fasting serum glucose levels in the setting of re- ulators of intracellular calcium stores, IP3R1 and
duced insulin gene expression. Maintenance of fasting SERCA2, decline before the development of a neuro-
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FIG. 5. Expression of insulin mRNA declines with aging in HD transgenic mice. (A) Insulin mRNA expression is progressively reduced in
HD transgenic mice, Total pancreatic RNA was isolated from 8- and 12-week-old R6/2 HD transgenic (+) and nontransgenic littermate control
(-) mice as indicated and analyzed by Northern blotting (15 jg per lane) with radiolabeled insulin cDNA probe (insulin) (n = 3 mice per age
and genotype group). Photographs of the corresponding ethidium bromide-stained agarose gels showing levels of 28 S ribosomal RNA (28S)
are shown as loading controls. (B) Relative insulin mRNA expression in HD transgenic and nontransgenic littermate controls at 8 and 12 weeks
of age. Levels of insulin mRNA expression were calculated by scanning densitometry of autoradiograms shown in Fig. 4A. The average level
of insulin mRNA expression for nontransgenic littermate control (-) mice was set at 100% and compared with the average level of insulin
mRNA expression for HD transgenic mice at each time point (n = 3 per age and genotype group).

logic phenotype (Lin et al., 2000), but the basic electro- level. The reduction of the expression of the coactiva-
physiologic properties of transgenic Purkinje cells are tor p300 was more striking with very little residual
qualitatively similar to those of wild-type neurons islet staining in the islets of HD transgenic mice. Ex-
(Inoue et al., 2001). In the HD transgenic mice early pression levels of the pancreatic regulator PDX-1 also
defects in intracellular calcium levels in pancreatic were reduced in HD transgenic mice, with variation in
islet cells were not demonstrable. At 8 weeks of age the extent of expression among islets, reduced cyto-
intracellular calcium levels were not significantly dif- plasmic staining within islet cells, and central areas of
ferent between islet cells isolated from HD transgenic islets entirely lacking PDX-1 expression. The change in
mice and those from nontransgenic littermate control pattern of expression of the transcriptional regulators
mice (46.9 ± 6.0 nM vs 40.2 ± 4.4 nM; n = 40, P of the E2A family was more subtle, with a reduction in
0.37). cytoplasmic staining within islets of HD transgenic

mice leaving a residual punctate nuclear expression

Expression of Pancreatic Islet Transcription pattern.

Factors Is Selectively Impaired in Huntington's Similar to the early deficits observed in insulin gene

Disease Transgenic Mice expression, reductions in PDX-1 protein levels pre-
ceded the development of diabetes mellitus in HD

In addition to impaired expression of insulin transgenic mice. PDX-1 is a transcription factor essen-
mRNA, protein expression patterns of key regulators tial for both glucose-responsive insulin gene transcrip-
of glucose-mediated insulin gene transcription were tion and the development of the pancreas (Stoffers et
altered in HD pancreatic islets. In pancreas sections al., 1997b). Heterozygosity for inactivating or missense
from 12-week-old HD transgenic mice expression lev- mutations in pdx-1 confers a predisposition to the
els of glucose-responsive insulin gene regulators development of diabetes mellitus in humans (Hani et
PDX-I and E2A (German et al., 1992; Peers et al., 1994) al., 1999; Macfarlane et al., 1999; Stoffers et al., 1997a),
and the transcriptional coactivators CBP and p300 and small changes in PDX-1 expression levels can
(Qiu et al., 1998; Sharma et al., 1999) were impaired have major metabolic consequences (Thomas et al.,
relative to nontransgenic littermate control mice (Fig. 2001a). Decreased expression of PDX-1 was evident on
6). Expression of the coactivator CBP was modestly Western blots of total pancreatic and pancreatic islet
reduced in HD transgenic mouse islets, with expres- extracts derived from HD transgenic mice relative to
sion in a smaller proportion of islet cells at a lower nontransgenic littermate controls at both 9 and 12
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WT HD mate control mice (Fig. 7A). The selectivity of the
reductions of PDX-1 and p300 expression within the
pancreatic islets of HD transgenic mice was confirmed

CBP A
9 weeks 12 weeks

HD + + + +

Stat-3 ' -...

PDXI Smad-2/3

CEBP-fi

CREB

GLP-IR
p300

9 weeks 12 weeks 9 weeks 12 weeks

HD + + - + +

• PDX-1 Stat-3

p300 GLP-1R

5..• Actin

FIG. 7. Pancreatic islet expression levels of the insulin gene activators
FIG. 6. Expression patterns of insulin gene regulators CBP, PDX-1, PDX-l and p300 are selectively reduced in HD transgenic mice. (A)
p300, and E2A are altered in diabetic HD transgenic mice. Pancreas PDX-1 expression levels are reduced in total pancreas extracts. Whole
sections from 12-week-old R6/2 HD transgenic (HD) and nontrans- pancreatic extracts derived from 9- and 12-week-old HD transgenic (+)
genic littermate control (WT) mice were immunostained for CBP, and nontransgenic littermate control (-) mice were subjected to West-
PDX-l, p300, and E2A as indicated. Representative images of pan- em blotting with anti-PDX-l, anti-Stat-3, anti-Smad-2/3, anti-CEBP-3,
creatic islets are shown. anti-Creb, or anti GLP-1 receptor antiserum as indicated (n = 2 mice

per age and genotype group). Analysis of blots by scanning densitom-
etry indicated that pancreatic PDX-1 protein levels were reduced by
30% in 9-week-old and by 30-70% in 12-week-old HD transgenic mice.
(B) PDX-1 and p300 expression levels are reduced in pancreatic islet

weeks of age (Figs. 7A, 7B). The reduction in PDX-1 extracts from HD transgenic mice. Extracts derived from pancreatic

expression was the result of a selective not a universal islets isolated and pooled from 9- and 12-week-old HD transgenic (+)

process. The expression patterns of the transcription and nontransgenic control (-) mice were subjected to Western blotting

factors Stat-3, Smads-2/3, CEBP-3, CREB, and the glu- with anti-PDX-1, anti-p300, anti-Stat-3, anti-GLP-1 receptor, or anti-
actin antiserum as indicated. Analysis of blots by scanning densitom-cagon-like peptide-1 (GLP-l) receptor were distinct etry indicated that islet PDX-1 protein levels were reduced by 80-95%

from that of PDX- 1 in pancreatic extracts from 9- and and islet p300 protein levels were reduced by 35-60% in HD transgenic
12-week-old HD transgenic and nontransgenic litter- mice. Representative images are shown.
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on Western blots of pancreatic islet extracts by the or adult-derived stem/progenitor cells that express
different expression patterns observed for Stat-3, actin, the neural stem cell marker nestin are capable of in
and the GLP-l receptor (Fig. 7B). vitro differentiation toward either neuronal or pancre-

atic 3-cell lineages (Zulewski et al., 2001, Lumelsky et
aL., 2001).

DISCUSSION The cell-specific repertoire of transcription factor
expression is likely an important determining factor in

This analysis of the mechanism by which HD trans- susceptibility to polyglutamine-mediated cellular dys-
genic mice develop diabetes demonstrates a functional function. Polyglutamine extension tracts interact with

relationship between impaired gene expression due to and sequester other glutamine-rich proteins (Kazant-

a polyglutamine expansion tract and a physiologic sev et a1., 1999; Preisinger et al., 1999), possibly by
dpysfunctmion.Inthe age-dex p enso nt t andoa sionlogc H folding into /3 sheets or compact random coilsdysfunction. In the age-dependent progression of HD (Starikov et al., 1999). Transcriptional regulatory pro-
transgenic mice from normal glucose tolerance to a teins are susceptible to such interactions because they
phenotype of diabetes, decreased levels of pancreatic often employ glutamine-rich stretches as transcrip-
insulin mRNA precede the development of diabetes ofeemlyguai-rcstthsasrncip
insulin DimRnAiprede theevels o pmins gent o betpesso tional activation and dimerization domains (Courey,
mellitus. Diminished levels of insulin gene expression 1988; Freiman and Tijan, 2002; Su et a)., 1991). Altered

in HD transgenic mice are found in the context of the conformations of mutant proteins with polyglutamine

accumulation of intranuclear inclusions and of altered tratsoalso motene proteins potei litacins
exprssin pttens f asubet f poten rgultor of tracts also promote new protein-protein interactions

expression patterns of a subset of protein regulators of (Ferrigno and Silver, 2000; Nucifora et al., 2001). Thus
insulin gene transcription within the pancreatic islets. polyglutamine expansions in proteins are able to alter
It is interesting to note that defects in insulin gene cellular gene expression patterns by promoting inter-
expression were apparent before the development of actions of transcription factors with repressors, dis-
diabetes in the HD transgenic mice, analogous to a rupting interactions with activators, and unbalancing
mouse model of SCA1 in which expression patterns of the stoichiometry of multiprotein transcriptional acti-
selected cerebellar mRNA transcripts changed before vation complexes. Homopolymeric glutamine tracts
the onset of neurologic symptoms (Lin et al., 2000). are sufficient to confer transcriptional activation or

Defects in insulin production in HD transgenic mice repression properties to fusion proteins, depending on
develop in parallel with the accumulation of intranu- the cellular context and the gene reporter (Gerber et
clear inclusions in the endocrine pancreas. The accu- al., 1994; Grierson etal., 1999; Irvine etal., 2000; Steffan
mulation of intranuclear inclusions in affected cells etal., 2000), probably because the polyglutamine tracts
may be the result of aberrant protein processing by the in mutant proteins mediate direct interaction with
proteasome, as ubiquitin and other proteasome pro- nuclear proteins (Hsiao et al., 1999; Irvine et al., 2000;
tein components are found with mutant polyglu- Waragai et al., 1999).
tamine proteins in nuclear aggregates (Martin, 1999). Transcriptional coactivators and corepressors, such
The potential of intranuclear inclusions to contribute as CBP, SRC-1, and N-CoR, associate with polyglu-
to cellular toxicity is controversial (Perutz and Windle, tamine nuclear protein aggregates in transfected cells
2001). (Boutell et al., 1999; Kazantsev et al., 1999; Nucifora et

It is somewhat surprising that pancreatic endocrine al., 2001; Stenoien et al., 1999). Neuronal intranuclear
cells and neural cells are susceptible to cellular dys- inclusions in HD transgenic mice sequester CBP (Nu-
function in HD while other cells are unaffected by cifora et al., 2001; Steffan et al., 2000), and CBP is
expression of the mutant huntingtin protein (Freiman incorporated into intranuclear inclusions in human
and Tijan, 2002). Pancreatic islet cells share extraordi- patients and in a transgenic mouse model of the CAG
narily similar protein expression patterns with cells in repeat expansion disorder spinal and bulbar muscular
the central nervous system (Le Douarin, 1988; Scharf- atrophy (McCampbell et al., 2000). Other nuclear fac-
mann, 1997; Schwartz et al., 2000). Both neurons and tors, such as the glucocorticoid receptor, have the
pancreatic /3 cells finely regulate secretory processes capacity to regulate the nuclear localization and ag-
and are electrically excitable cells. Despite these simi- gregation of polyglutamine-expanded proteins (Dia-
lar properties, pancreatic neuroendocrine cells are not mond et al., 2000). Interactions of proteins encoding
derived from the neural crest during embryonic de- polyglutamine tracts with regulators of gene tran-
velopment (Le Douarin, 1988). However, embryonic scription are implicated in the pathogenesis of triplet
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repeat disorders as illustrated by the identification of contrast to the absence of observed defects in p300
transcriptional cofactors sin3a, rpde, and CtBP as ge- expression or function in the HD central nervous sys-
netic modifiers of the SCAl phenotype in Drosophila tem (Zuccato et al., 2001), expression levels of p300
(Fernandez-Funez et al., 2000). were reduced markedly in pancreatic islets of HD

The altered patterns of transcription factor expres- transgenic mice. p300 interacts with multiple tran-
sion in the pancreatic islets of HD transgenic mice scription factors in pancreatic /3 cells, including E2A,
could result from multiple mechanisms. Direct se- Beta-2/neuroD, and PDX-1 (Qiu et al., 1998, 2002), and
questration of transcriptional regulators by polyglu- thereby contributes substantially to the stability of the
tamine tracts and accelerated transcription factor deg- multiprotein enhanceasome that governs the activa-
radation are likely explanations. In some contexts, tion and glucose responsiveness of the insulin pro-
huntingtin represses transcription by inhibiting the moter. The susceptibility of the insulin gene to the
acetyltransferase activity of the coactivators CBP, p300 expression of a polyglutamine expansion tract protein
and p/CAF or by interacting with corepressors such may reflect endogenous insulin gene regulation by
as NCOR and CtBP (Boutell et al., 1999; Kegel et al., glutamine-rich transcription factors. It is conceivable
2002). Mutant huntingtin also may interfere with the that altered expression of other regulators of transcrip-
coupling of transcription factors to the basal transcrip- tion also contribute to the defective /3-cell gene expres-
tion machinery (Dunah et al., 2002). Alterations in sion in HD transgenic mice.
mRNA stability also may conceivably regulate gene Defects in insulin gene expression and pancreatic
expression in HD. In the Drosophila SCA1 model, PDX-1 expression preceded the development of dia-
RNA-binding proteins are genetic modifiers of the betes and were apparent at 9 weeks of age when the
SCAI phenotype (Fernandez-Funez et al., 2000). HD transgenic mice had normal fasting glucose levels

Mutations in pancreatic islet cell transcription fac- but impaired glucose tolerance. These findings are
tors are associated with diabetes mellitus in humans, harbingers of /3-cell dysfunction and impending dia-
Five of the six MODY syndromes are linked to muta- betes in the prediabetic state. Whether the underlying
tions in transcription factors that are direct or indirect mechanism involves inherited mutations in MODY
regulators of the insulin gene (Fajans et al., 2001). In syndromes or sequestration and degradation of essen-
particular, a heterozygous inactivating mutation in the tial transcription factors in HD, decreased insulin gene
insulin gene activator pdx-1 is linked to MODY4 and expression may be a common final pathway in the
heterozygous missense mutations in pdx-1 confer a development of diabetes.
predisposition to the development of Type 2 (adult- As in neuronal cellular toxicity in HD, the severity
onset) diabetes (Hani et al., 1999; Macfarlane et al., of the diabetes phenotype is inversely related to the
1999; Stoffers et al., 1997a). Heterozygous disruption of number of polyglutamine repeats fused to the hun-
pdx-1 in mice results in impaired glucose tolerance and tingtin protein. In a HD transgenic mouse model with
reductions in PDX-1 expression in mice after the pan- 82 CAG repeats, the age of onset and extent of hyper-
creas has developed result in diabetes mellitus (Ahl- glycemia are delayed relative to the HD transgenic
gren etal., 1998; Dutta etal., 1998; Thomas etal., 2001a). mice with 145-150 CAG repeats. In contrast, HD trans-
In this respect, the observed reduction of PDX-1 ex- genic mice with only 18 CAG repeats do not develop
pression alone in HD transgenic mice likely is suffi- hyperglycemia (Andreassen et al., 2001). Phenotypic
cient to explain defects in insulin gene expression and changes outside the central nervous system in re-
the phenotype of diabetes mellitus. The severity of the sponse to polyglutamine tract expansions are ob-
phenotype is compounded by altered E2A, CBP, and served in other diseases. For example, in the setting of
p300 expression patterns. E2A transcription factors a polyglutamine tract expansion within the androgen
and the coactivators CBP and p300 also are important receptor in spinal and bulbar muscular atrophy,
regulators of insulin gene transcription in pancreatic /3 shorter CAG repeat tracts are associated with an in-
cells (German et al., 1992; Peers et al., 1994; Qiu et al., creased risk of benign prostatic hyperplasia while
1998; Sharma et al., 1999). The decreased expression of longer stretches of CAG repeats confer androgen in-
the islet hormones glucagon and somatostatin in HD sensitivity (Giovannucci et al., 1999).
transgenic mice is interesting in this context because Comodifying genes are likely to exacerbate or ame-
both E2A proteins and p300 activate the glucagon liorate the susceptibility for metabolic dysfunction in
promoter (Dumonteil et al., 1998; Hussain and Ha- transgenic mouse models of HD. In our colony of
bener, 1999) and PDX-1 activates the somatostatin pro- R6/2 HD transgenic mice, full penetrance of the dia-
moter (Leonard et al., 1993; Miller et al., 1994). In betes phenotype is observed by 12 weeks of age, sim-
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* Oxidative Stress in Huntington's Disease

Susan E. Browne1, Robert J. Ferrante2, M. Flint Beal1,3  Introduction
The late onset and progressive development of the

Department of Neurology, Massachusetts General Hospital behavioural abnormalities, cognitive impairment and
and Harvard Medical School, Boston MA involuntary choreiform movements which characterize

2 Bedford VA Medical Center, Bedford MA, and Departments of
Neurology, Pathology, and Psychiatry, Boston University Huntington's disease (HD) are the physical manifesta-

School of Medicine, Boston, MA tions of a mutation in a gene on chromosome 4 encod-
Department of Neurology, New York Hospital and Cornell ing so-called "huntingtin" protein. The first clinical
University Medical College, New York NY. symptoms of HD are generally psychiatric abnormali-

It has been five years since the elucidation of the ties, most commonly depression and mood disturbances,

genetic mutation underlying the pathogenesis of which typically present in the fourth or fifth decade of

Huntington's disease (HD) (97), however the precise life. Involuntary choreiform movements and dementia

mechanism of the selective neuronal death it propa- develop over the next 15-20 years, and death generally

gates still remains an enigma. Several different etio- results from complications of immobility. This autoso-
logical processes may play roles, and strong evi- mal dominantly inherited degenerative disorder is char-
dence from studies in both humans and animal mod- acterized neuropathologically by bilateral striatal atro-
els suggests the involvement of energy metabolism phy with marked neuronal loss and astrogliosis within
dysfunction, excitotoxic processes, and oxidative the caudate and putamen. Within the striatum, spiny
stress. Importantly, the recent development of trans- projection neurons containing the inhibitory neurotrans-
genic mouse models of HD led to the identification
of neuronal intranuclear inclusion bodies in affected mitter -y-aminobutyric acid (GABA) are particularly

brain regions in both mouse models and in HD brain, vulnerable to degeneration in HD, whilst large choliner-

consisting of protein aggregates containing frag- gic interneurons and aspiny interneurons containing

ments of mutant huntingtin protein. These observa- nicotinamide adenine dinucleotide phosphate
tions opened new avenues of investigation into pos- diaphorase (NADPH-d), somatostatin and neuropeptide
sible huntingtin protein interactions and their puta- Y appear to be relatively spared (46, 39, 81, 82). Less
tive pathogenetic sequelae. Amongst these studies, severe neuropathological changes also occur in other
findings of elevated levels of oxdative damage prod- brain regions, notably cerebral cortex, at more advanced
ucts such as malondialdehyde, 8-hydroxy- braies notal ereb
deoxyguanosine, 3-nitrotyrosine and heme oxyge- stages of the disease.
nase in areas of degeneration in HD brain, and of Despite identification of the genetic abnormality in

increased free radical production in animal models, HD (97), resulting in expression of an expanded polyg-

indicate the involvement of oxidative stress either as lutamine tract in huntingtin protein, the definitive role of

a causative event, or as a secondary constituent of mutant huntingtin in neuronal degeneration remains
the cell death cascade in the disease. Here we unclear. As discussed below, the insidious progression
"review the evidence for oxidative damage and poten- of motor and behavioural disturbances in HD reflect the
tial mechanisms of neuronal death in HD. selective pattern of cell loss in the brain, and the specif-

ic neurotransmitter pathways affected. The reason for
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pathogenesis of cell death in HD is linked to a gain of
function of mutant huntingtin, and involves energetic
defects, oxidative damage and excitotoxic processes. In
this review we summarize the current understanding of
neuropathological events in HD brain and discuss puta-
tive pathogenetic mechanisms, with particular emphasis
on the role of oxidative damage in cell death. We will
address three broad themes: 1) Neuropathological
changes in HD; 2) Functional alterations in HD brain;

and 3) Potential mechanisms linking functional alter-
ations with their pathological sequelae in HD.

Neuropathological Changes in HD

Gross Neuropathological Features of HD. Motor
. -dysfunction in HD results from the disruption of basal

ganglia-thalamocortical pathways regulating movement
i control. The primary site of neuronal loss and atrophy in

HD brain is in the caudate-putamen, although in many
cases atrophy also occurs in a number of non-striatal

• regions, including cerebral cortex, thalamus, globus pal-
i6 lidus (GP), cerebellum and white matter tracts (31, 99).

The typical neuropathological features of HD have
recently been thoroughly and definitively outlined in a
review by Vonsattel and DiFiglia (100), and thereforeSi will be addressed only briefly here. In summary, the typ-

ical pattern of striatal cell loss in HD occurs graduallyalong a topographically well defined pathway (31, 99).

' .Neurodegeneration in both the caudate and putamen fol-
lows a caudo-rostral progression, with a preferential

, :. dorsal to ventral gradient. Thus, at end stage cell loss is
maximal in the tail of the caudate nucleus, less severe in
the body, and least in the head of the caudate, although

.. - in severe cases neuronal populations are devastated
throughout the neostriaturn (100). Fibrillary astrogliosis

A" follows the path of cell loss in striatum, however reac-

Figure 1. Immunocytochemical localization of lipofuscin in corti-
"cal pyramidal neurons and striatal neurons, but lack of colocal-
ization with NADPH-diaphorase staining, in HD brain. Plates are
frontal cortex (Brodmann area 8) and caudate nucleus sections

o* single- and double-stained for SMI-32 (neuro-filament), acid
phosphatase (lipofuscin), and NADPH-diaphorase (NADPH-d).
A) Low power view of the cortex immunocytochemically stained
with SMI-32 antisera. Note the pyramidal distribution of SMI-32
labeling, predominantly in laminae 2, 3 and 5. B) Low power

view of the same cortical region as in A, staining acid phosphatase activity (lipofuscin). The staining distribution pattern is equivalent
to SMI-32 labeling. C) High power photomicrograph of a cortical section double-stained for SMI-32 and acid phosphatase activity,
demonstrating colocalization of SMI-32 labeling with punctate acid phosphatase (lipofuscin) within the same pyramidal neuron. D)
Photomicrograph of a neocortex section double-stained for acid phosphatase and NADPH-diaphorase. There is little or no phos-
phatase activity within the NADPH-diaphorase positive neuron. E) Photomicrograph of a striatal section double-stained for acid phos-
phatase and NADPH-diaphorase. As in D, there is little or no colocalization of the endproducts. However, F) acid phophatase can be
identified in a small population of NADPH-d neurons within the striatum, although it is less pronounced than in surrounding non-
NADPH-d neurons.
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tive gliosis does not accompany the chronic cell loss -. "•'- '•.
seen elsewhere in the brain, and no inflammatory . ,'

response is involved (73). , ' . .'

On the basis of the progressive involvement of stri- . '
atal regions, Vonsattel developed guidelines for grading ,

HD patients based on gross and microscopic measures J , -

of neuropathological severity, determined in three stan- -,- ,,

dardized coronal brain sections including the striatum -.,n •'

(99). Grades range from 0 to 4 with increasing severity ,. '.:

and extent of striatal involvement. Briefly, Grade 0 " ''- .
cases are generally indistinguishable from normal brains",
on gross examination, but exhibit 30-40% neuronal loss •'" • '

in the head of the caudate, with no visible signs of reac-

tive gliosis. In contrast, in Grade 4 the striatum is
severely atrophic with loss of more than 95% of neurons
and markedly increased oligodendrocytic density. Cell
loss in the nucleus accumbens is evident in approxi-
mately 50% of Grade 4 cases. The majority of HD cases
(approximately 80%) are Grades 3 or 4 at time of death
(100). The grade of striatal pathology appears to corre-

late closely with the involvement of other cerebral
regions. Non-striatal regions are largely unaffected in
grades I and 2, whilst atrophy and neuronal loss are evi-

dent in the GP, cortex, and to a lesser extent thalamus,
subthalamic nucleus, substantia nigra, white matter and B
cerebellum in Grade 3 and 4 cases (17, 92, 100). Figure 2. Photomicrographs of a double-stained tissue section

Cerebellar atrophy is particularly prevalent in cases of from human HD caudate nucleus using NADPH-diaphorase

juvenile onset HD. enzyme histochemistry (A) and immunofluorescence for acid

Surviving neostriatal neurons generally appear mor- phosphatase activity (lipofuscin) (B). Two NADPH-diaphorase

phologically normal, but may be reduced in size and neurons are identified by arrows in A. The same area of the
section was photographed in B for acid phosphatase activity.

contain elevated levels of the oxidative damage marker Bright red identifies lipofuscin within neurons. There is little or
lipofuscin. However Vonsattel has described a sub-pop- no colocalization of lipofuscin within NADPH-diaphorase neu-
ulation of neurons scattered largely between the zones rons.

of atrophic and healthy cells, referred to as "neostriatal
dark neurons" (NDN) because of their relatively intense (GABA). Subsets of spiny neurons also contain

staining with Luxol-fast-blue and haematoxylin and enkephalin (ENK), substance-P (SP), dynorphin or cal-

eosin. These cells have characteristically scalloped bindin. The other major class of striatal neuron are
membranes, granulation of the cytoplasm and condensa- aspiny interneurons. Nicotinamide adenine dinucleotide

tion of nuclear chromatin, and some can be labeled by phosphate diaphorase (NADPH-d), neuropeptide YTdT-edited UTPbioin nck nd-lbeling (NPY), somatostatin (SS) and nitric oxide synthase
TdT-mEdiated dUTP-biotin nick end-labelling (NOS) typically colocalize in medium-sized aspiny neu-
(TUNEL), suggesting that they may be undergoing rons, and some contain cholecystokinin (CCK) or the

apoptosis (100). calcium binding protein parvalbumin. The large aspiny

neurons contain acetylcholine. In HD striatumn, spiny
Clinical Correlates of Neuronal Loss. Striatal neurons contain ine In HD stri iny

Neuronal Populations in HD. The striatal cell type most projection neurons containing SP or ENK are involved

susceptible to degeneration in HD is the medium spiny earliest and most severely, whereas aspiny interneurons

"projection neuron (81, 82, 99). Spiny neurons constitute and the larger cholinergic interneurons are relatively

80% of striatal neurons, and are the principal input and spared (9, 40). There is also some hierarchy in vulnera-

output neurons of the striatum. Spiny neurons may be bility of different spiny neuron subsets, ENK-positive

classified as small-, medium- or large-sized, but all con- neurons projecting to the external segment of the globus

tain the inhibitory neurotransmitter -y-aminobutyric acid pallidus (GPe) degenerating prior to SP-containing neu-
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tex associated with motor planning and execution (2, 4,
47). The GABAergic basal ganglia output projections to
the thalamus maintain a tonic inhibition of their target
nuclei, which is modulated by two opposing pathways
(direct and indirect) which integrate the input and output
compartments within the basal ganglia. It is an imbal-
ance in the relative contributions of these two regulato-
ry pathways which triggers, and dictates the nature of,
the motor dysfunction in HD.

In the direct (monosynaptic) pathway, striatal effer-
ents containing GABA and SP (GABA/SP) project
directly to the internal segment of the globus pallidus

A L(GPi). Activation of this pathway results in disinhibition
of thalamic activity. In contrast, the indirect pathway

":. "" consists of a polysynaptic projection between the stria-
- . turn and GPi. In the first step of the indirect pathway,

" ,striatal efferents containing GABA and enkephalin
(GABA/ENK) project to the external segment of the
',globus pallidus (GPe) which then sends purely." " ." GABAergic projections to the subthalamic nucleus. The

efferent projection to the basal ganglia output nuclei
"(SNr and GPi) from the subthalamic nucleus is excitato-

- .,- • -" - ry, most likely glutamatergic. The GPe projection gen-
, , :.. erally exerts a tonic inhibition on the subthalamic nucle-

. - us, and activation of the GABA/ENK striatal efferents
d" :tends to suppress the activation of GPe neurons, result-

ing in disinhibiton of the subthalamic nucleus and hence
Figure 3. In situ end labeling (ISEL) detection of DNA frag- an increase in the excitatory innervation of the basal
mentation in normal control (A, B) and HD caudate (C, D), at
low and higher power, respectively. ISEL staining is significant- Tanglia output nuclei. This leads to an increased
ly greater in HD than in control striatal neurons. Note that ISEL inhibitory input to the target thalamic nuclei.
is distributed predominantly within the cytoplasm with little or no Consequently the thalamic innervation of the cortex is
labeling within the nucleus, implying more severe involvement differentially modulated depending on the basal ganglia
of mitochondrial than nuclear DNA. pathway activated (2, 4). Disruption of these pathways

rons projecting to the internal segment (GPi) (81, 82, in HD leads to motor dysfunction. In HD there is pref-
84). Golgi staining shows that spiny neurons are also erential loss of the GABA/ENK neurons comprising the
susceptible to morphological changes in HD, including indirect pathway. The resulting "disinhibition" of the
recurving of the dendrites, altered shape and size of the thalamus is manifest by the development of involuntary

spines, and increased density of spines. choreic movements. In contrast, it is proposed that the
Motor l).vsiuclion in HD. The clinical symptoms of rigid akinetic state seen in some HD patients results

HD reflect the pattern and extent of neuronal loss with- from the additional loss of striatal GABA/SP efferents
in different components of the basal ganglia-thalamo- projecting directly to the GPi (1). There is also recent
cortical circuit. The neostriatUmn (caudate nucleus and evidence that the dyskinesia seen in HD patients is
putamen) receives excitatory glutanmatergic inputs from influenced by imbalances between neuronal activities
the entire neocortex, the first step in the anatomical loop within the basal ganglia internal and external pallidal
responsible for the initiation and execution of move- segments, as well as between segments (68).
mlent. Processed signals are transmitted via basal gan- NeurIt ra]smitter Factors Influencing Cell
glia output nuclei (the internal segment of the globus Vulnerabilitv in the HD Striatum. Several factors includ-

pallidus, GPi; the substantia nigra pars reticulata, SNr; ing cell localization, afferent and efferent projections,
and ventral pallidum) to the thalamus, which in turn and neurochemical content appear to influence cell fate
sends excitatory projections to areas of the frontal cor- in HD. It has been proposed that the variable rates of

cell death within the striatum and the selective neuronal
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vulnerability in HD may reflect the neuronal distribu-
tion of glutamate receptor subtypes. The spiny neurons
most vulnerable to degeneration contain mainly N-
methyl-D-aspartate (NMDA) glutamate receptor sub-

types (predominantly NMDAR-1 and NMDAR-2B)
which are implicated as mediators of excitotoxic cell
death in numerous pathological situations (27).
Furthermore, an early and preferential loss of NMDA
receptors in HD has been demonstrated (103). In con-
trast, the relatively preserved aspiny interneurons are
rich in GluR-I AMPA ionotropic glutamate receptor
subtypes. Striatal spiny neurons also contain high densi-
ties of mGlu5 (group 1) and mGlu3 (group II)
metabotropic glutamate receptor subtypes, which mod-
ulate excitatory synaptic transmission via activation of
G-proteins in cell membranes. Group I mGluR subtypes
have been proposed to be involved in neurotoxic , ,
processes, whereas group II subtypes are protective. A",>
Dopaminergic (DA) transmission also appears to influ-
ence cell vulnerability in the striatum. Striatal spiny
neurons contain DI receptors in the direct pathway, and q
D2 receptors in the indirect pathway. Dl and especially
D2 receptors are markedly reduced in asymptomatic HD .4
mutation carriers, suggesting that loss of DA innnerva-
tion contributes to the pathophysiology of HD (101).

NADPH-d-containing aspiny interneurons are rela-

tively resistant to degeneration in HD. This has been
postulated to reflect the type of glutamatergic receptors Figure 4. In situ end labeling (ISEL) detection of DNA frag-
they express, and to be associated with their co-local- mentation in normal control (A, B) and HD cortex (C, D), at low

ization with NOS. NOS-containing neurons in the stria- and higher power, respectively. The amount of label is marked-
ly increased in HD cortex, relative to age-matched control lev-

turn are historically resistant to acute excitotoxic insults els.
putatively mediated by nitric oxide (NO), including
ischemic insults, leading to the proposition that the group II mGluR agonist and a group I mGluR antago-
capacity to generate NO confers some degree of protec- nist) is protective against quinolinic acid lesions (75).
tion on this cell type (57, 98). A recent report suggests However, the extreme striatal atrophy and neuronal loss
that this resistance to NO toxicity may be related to anti- seen in Grade 4 HD patients suggests that ultimately all
oxidant properties of these cells, since cultured NO- cell types are susceptible to cell death in HD.
resistant neurons were found to contain elevated levels
of the mitochondrial superoxide radical scavenging Mutant Huntingtin Protein and the HD Brain. The
enzyme manganese superoxide dismutase (MnSOD) genetic defect in HD is an expansion of an unstable
(45). Furthermore, presence of MnSOD was found to be CAG repeat encoding polyglutamines at the 5' end of a
critical for the resistance of these nNOS-positive cul- gene on chromosome 4, termed "interesting transcript
tured neurons to NO- and NMDA-mediated toxicity. 15" (IT15) (97). cDNA analysis reveals a predicted 348
The involvement of excitotoxic processes is inferred by kD gene product containing 3144 amino acids, termed

, observations that intrastriatal injections of the endoge- "huntingtin" protein. In unaffected individuals the IT15
- nous NMDA receptor agonist quinolinic acid induce trinucleotide repeat typically contains 11-34 CAGs.

preferential loss of medium spiny neurons but spare Expansion to 35-39 CAG repeats in one or both alleles
NADPH-d neurons, whilst injection of the non-NMDA confers the likelihood of developing HD, whilst individ-
receptor agonists kainate or quisqualate result in loss of uals with greater than 39 CAG repeats in either allele
both spiny and NADPH-d positive aspiny neurons (8, will develop the disease. The trinucleotide repeat is
57). In contrast, s-4-carboxy-3-hydroxyphenylglycine (a polymorphic and undergoes alterations during meiosis,
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generally fluctuating by ± 1-5 repeats per transmission,

although larger increases can occur following paternal
transmission (83). At present the physiological func-
tions of both normal and mutant huntingtin are
unknown. However it is known that several features of

the HD phenotype are influenced by CAG repeat length
in the mutant gene. Most individuals develop the first

symptoms of HD in adulthood, although age of onset of
the disease is inversely correlated with size of the CAG
repeat expansion, and a small proportion of cases have a
juvenile onset associated with large CAG repeat lengths

A (5, 36). CAG repeat length has also been correlated with
neuropathological severity, although this observation is
controversial since grade of disease at time of death is
dependent on a number of factors also influenced by
repeat length, including age of onset and disease dura-
tion (43).

The elucidation of a pathogenic function for mutant

huntingtin is currently the subject of intense research

activity, but to date little is known about its potential
roles in cell death processes, and distribution studies

give little insight into the regional selectivity of cell loss
in the disease. Studies in huntingtin "knock-out" mice
suggest that the mutation results in the gain of a novel

[B function, since murine HD homologue null mice die in
utero, whilst heterozygous knock-out mice show little or
no pathology (37). In addition, mice expressing abnor-
mally low levels of murine huntingtin exhibit develop-
mental abnormalities (102). Observations that antibod-
ies to expanded polyglutamine stretches can discrimi-

nate between normal and mutant forms of huntingtin
!,, -' "•.,< iply that the gene defect causes a conformational

"change in the protein (96). Findings that huntingtin pro-
tein is widely expressed throughout the body, showing

no apparent selectivity for cerebral regions targeted by
the disease process, suggest that another property of
basal ganglia neurons confers vulnerability to degenera-
tion in HD (62, 90). However, immunohistochemical

studies have recently revealed a heterogeneous distribu-
tion of huntingtin immunoreactivity within the striatum
which may underly cell susceptibility (39). Ferrante and
colleagues (39) report huntingtin immunoreactivity
located primarily within the matrix compartment,
whereas little or no immunoreactivity was seen in the
patch compartment. Double labeling techniques

Figure 5. 3-Nitrotyrosine (3-NT) immunoreactivity, a marker for
protein nitration, is increased in HD caudate. Relative to levels
of immunoreactivity in normal caudate nucleus (A, B), there is
"a marked increase in immunohistochemical expression of 3-NT
in HD striatum, predominantly localized to neuronal and neu-
ropil elements.
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revealed higher levels of huntingtin expression in medi-
um spiny neurons and colocalization with calbindin, in
contrast to little or no colocalization between huntingtin
and NADPH-d or NOS neurons.

In neurons, huntingtin protein has a cytoplasmic dis-
tribution in perikarya, axons, dendrites and some nerve
terminals. Potential roles in intracellular trafficking and
synaptic function have been proposed on the basis of
subcellular fractionation studies which indicated an
association of huntingtin with synaptic vesicles and
microtubules (32, 50). Huntingtin protein has also
recently been identified in neuronal nuclei. N-terminal
fragments of huntingtin have been found in ubiquinated A
protein aggregates deposited in neuronal nuclei (neu-
ronal intranuclear inclusions, NII) and in dystrophic
neurites (cytoplasmic inclusions, CI). These protein
aggregates have been identified in both HD brain, and in
the brains of transgenic mice expressing a fragment of
human mutant huntingtin (30, 33). The mechanism of
inclusion formation is unclear at present, but Perutz and ' . ,
colleagues (79) have suggested that the expanded polyg- j o .'
lutamine stretches in mutant huntingtin facilitate the for- W

mation of P3-pleated sheets held together by hydrogen
bonds between amide groups. The CAG repeat length
appears to be critical for aggregate formation, and
Scherzinger and colleagues (86) demonstrated the for-

mation of insoluble high molecular weight protein Figure 6. Malondialdehyde immunoreactivity, detecting lipid
aggregates following proteolytic cleavage of a GST- peroxidation, is increased in HD caudate nucleus (B), relative to

levels in normal control caudate nucleus (A), and is evident in
huntingtin fusion protein containing 51 glutamine neuronal, astrocytic and vascular tissue elements.
residues. However no protein aggregation occurred
when polyglutamine repeat stretches were reduced to 20 Mitochondrial abnormalities in HD were first identi-
or 30. Similar intranuclear inclusions have also been fied in ultrastructural studies of cortical biopsies from
reported in other CAG repeat disorders including spin- juvenile and adult onset HD cases (44). A metabolic
ocerebellar ataxia type 3 (78). It is yet to be determined defect in HD is also implicated by observations of insid-
whether these huntingtin protein aggregates are directly ious weight loss in HD patients despite a sustained
involved in processes of cellular dysfunction, or caloric intake (77). The bulk of evidence comes from
whether deposition is secondary to another pathogenet- positron emission tomography (PET) studies and bio-
ic process. chemical studies in post-mortem brain which show

selective metabolic defects in brain regions targeted by
Functional Alterations in HD Brain the disease.

Glucose metabolism is markedly reduced in the basal
Energy Metabolism is Selectively Disrupted in ganglia and cerebral cortex of symptomatic HD patients

Brain Regions Targeted in HD. Human Studies. (23, 60, 61, 70). Moreover, findings in PET studies that
Despite identification of the HD mutation gene product, rates of striatal glucose utilization are reduced prior to
it is still not known how the gene defect results in selec- the bulk of tissue loss in HD, and in asymptomatic sub-
tive cell death. One hypothesis is that the gain of func- jects at risk of developing the disease provide com-
tion associated with expanded polyglutamine repeats pelling evidence that energetic defects play a causative
leads either directly or indirectly to a defect in mito- role in the disease process (23, 60, 70). Cortical
chondrial energy metabolism. As discussed later, mito- hypometabolism is also seen in patients suffering psy-
chondrial defects may result from oxidative damage to chological disturbances and mood changes, before the
cellular elements, or alternatively may induce oxidative onset of motor symptoms (61). Nuclear magnetic reso-
stress via increased free radical production. nance (NMR) imaging studies also demonstrate meta-
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bolic abnormalities in HD brain, suggestive of enhanced
glycolytic activity to compensate for impaired oxidative
phophorylation (55, 58). Elevated lactate concentrations
were found in the occipital cortex and basal ganglia of

symptomatic HD patients, but were not altered in
asymptomatic or at risk patients (55, 56). The degree of
increased lactate production correlated well with the

duration of the disease, implying that normal energy
metabolism is progressively impaired by the disease

process. Interestingly, increased lactate production in
HD brain can be ameliorated by treatment with the
metabolic co-factor and antioxidant coenzyme Q, (58).

A Biochemical studies in HD post-mortem tissue show

selective dysfunction of components of the oxidative

phosphorylation pathway and Krebs' cycle in brain
- regions targeted in the disorder. Activities of succinate
. .dehydrogenase and cytochromne oxidase (components of

complexes II-1ll and IV of the electron transport chain,

respectively) are markedly reduced in advanced grade
"HD caudate and putamen, but at-e unaltered in other

"". brain regions (22, 25, 49). Brennan and colleagues (18)

' have also reported decreased cytochrome aa, levels in
HD caudate, whereas cytochome b and ccl levels do not
change in the disease. Reduced pyruvate dehydrogenase
activity has been reported in the basal ganglia and hip-
pocampus in HD, while polarographic studies show
decreased oxygen consumption in HD striatum, relative
to levels in age-matched controls (25).

A " Animal Models of HD: Mitochondrial Toxins. A role
•,o -fo mitochondrial energy metabolism dysfunction in the

pathogenesis of neuronal degeneration in HD is further
"- ' supported by observations, in both humans and in exper-

j' •,~ imental animals, that the basal ganglia neurons are par-
j.\ ticularly vulnerable to mitochondrial toxins such as the

complex II inhibitors 3-nitropropionic acid (3-NP) and

',,,..: rmalonate: aminooxyacetic acid (AOAA) and MPTP
. "(complex I); potassium cyanide and sodium azide (com-

plex IV) (7, 10, 13, 20, 48, 65). Ingestion of 3-NP, an
, . - "- irreversible inhibitor of succinate dehydrogenase (com-

"plex II), produces selective basal ganglia lesions and

delayed dystonia in humans (65). Systemic administra-
.• ..... , tion of 3-NP to both rats and primates produces age-

.. p dependent striatal lesions which are strikingly similar to

mtur, and levels of expression in cells and neuropil increase with

••], severity of the disease. In comparison to immunoreactivity in

normal caudate nucleus (A), 8-OHdG expression is moderate-
7# •,' ly increased in low garde HD (B, Vonsattel Grade 1), and to a

;L" • greater extent in moderate (C, Grade 2) and severe (D, Grade
[ • - 4) HD. Less cellular staining in D may reflect greater neuronal

54S Brw etl.xtiSteinH inn.Dsaloss.
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Figure 8. H-erne oxygen~ase 1 (H01), a marker for inducible oxidative stress, is incoreased in HiD striaturn. Relative to levels in nor-
mal caudate nucleus (A, B), there is a marked increase in H01 immunoreactivit7 in HiD caudate (C, D) associated with cellular and
vascular tissue elements. Topographic heterogeneity of of H0O1 immunoreactivity was observed within the HD caudate. Areas of
greatest H01 immunoreactivit7 (E) conformed to the matrix compartment , as shown in a contiguous striatal section stained for oal-
bindin-Dk28 immunoreactivit7 (F). Arrows identify comparable patches of low activity.

those seen in HD (20, 21). In primates, chronic 3-NP respiratory enzymes, such as thiamine, riboflavin or
administration produces selective striatal lesions which biotin, or agents which serve as supplementary electron
spare NADPH-d neurons, and induce proliferative donors and acceptors, such as vitamins C, K, and coen-
changes in the dendrites of spiny neurons. Animals also zyme Q.0 (CoQ,0). Coenzyme Q,,, also has potent antiox-
show both spontaneous and apomorphine-inducible idant effects. To date CoQ,o has been investigated most
movement disorders resembling HD (21). 3-NP basal thoroughly, and oral administration improves symptoms
ganglia lesions in rats are associated with elevated lac- in some mitochondrial-associated disorders including
tate levels, similar to the increased lactate production MELAS (mitochondrial myopathy, encephalopathy, lac-
seen in HD patients (20). 3-NP lesion formation in rats tic acidosis and stroke-like episodes) and Kearns-Sayre
can be blocked by removal of glutamnatergic excitatory syndrome patients (reducing CSF and serum lactate and
striatal inputs by decortication, by glutamate release pyruvate levels, and enhancing mitochondrial enzyme
inhibitors, and by glutmate receptor antagonists, sug- activities in platelets) (19, 52). We recently showed that
gesting that 3-NP toxicity is mediated by secondary oral administration of CoQ,o over 1-2 months signifi-
excitotoxic mechanisms (7, 89). cantly ameliorated elevated lactate levels seen in the

Increased Energy Metabolism is Neuroprotective in cortex of HD patients, an effect which was reversible on
HD and Animal Models of HD. Further indirect evi- withdrawal of CoQ,0 (58). Furthermore, CoQ,0 attenu-
dence that energetic defects contribute to neurodegener- ates neurotoxicity induced by the mitochondrial toxins
ative processes in HD is provided by evidence that MPTP and malonate in animal models (13, 89).
agents which enhance energy production in the brain An alternative strategy is to increase brain energy
exert neuroprotective effects. Preliminary studies in stores of the high energy compound phosphocreatine
rodent mitochondrial toxin models, and NMIR measure- (PCr) by creatine administration. Creatine is phosphory-
ments of lactate production in man, suggest that coen- lated by mitochondrial creatine kinase. PCr then essen-
zyme Q,0 and creatine are neuroprotective, putatively tially shuttles energy in the form of a high-energy phos-
via enhancing cerebral energy metabolism (58, 69). A phate bond from the mitochondria to cell regions where
number of agents which may improve mitochondrial it is required. ATP is regenerated in the cytoplasm where
function have been suggested as potential therapeutic it is used in many different functions including mainte-
strategies. These include vitamins that are coenzymes of nance of the membrane potential by the Na÷/K+-ATPase
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pump, and for Ca" buffering by Ca2'-ATPase (51). It is tively correlated with the length of the polyglutamine
hypothesized that PCr may be neuroprotective during expansion in huntingtin (26). Using in situ end labelling
periods of energetic compromise by providing an alter- techniques (ISEL), we found marked increases in DNA
native energy source to ATP. This hypothesis is support- fragmentation in HD striatal and cortical neurons, rela-
ed by observations that PCr levels are reduced prior to tive to levels in the corresponding regions of age-
any ATP loss during depletion of energy stores in matched controls (Figures 3 and 4). Furthermore, it
ischemic conditions. We recently showed that oral crea- appears that mitochondrial DNA (mtDNA) is more sus-
tine administration in rats attenuates neurotoxicity ceptible than nuclear DNA (nDNA) to fragmentation,
induced by the succinate dehydrogenase inhibitor 3-NP since little or no ISEL labeling was detected within cell
(69). In addition, increases in cerebral lactate levels and nuclei.
decreases in levels of high energy phosphate com- Oxidative damage can also induce excessive oxi-
pounds seen in the striata of 3-NP treated rats were dation of DNA bases, such as deoxyguanosine (to pro-
attenuated by plre-treatment with creatine. duce 8-hydroxy-deoxyguanosine; 8-OHdG) (42). We

found significant increases in levels of 8-OHdG in
Evidence of Oxidative Damage In HD. Human nDNA in the caudate of Grade 4 HD cases, using HPLC

Studies. Abnormal increases in levels of a number of detection methods in post-mortem tissue (22). No alter-
markers for oxidative damage have been reported in HD ations in nDNA 8-OHdG content were seen in brain
brain. These include increased incidence of DNA strand regions affected to a lesser extent in HD, including
breaks, exacerbated lipofuscin accumulation, and frontal and parietal cortices and cerebellum, in the same
increased immunohistochemical staining of oxidative subject population.
damage products in HD striatum and cortex (see Figures Using immunohistochemical markers to examine
1-8) (41, 44, 94). oxidative damage to a number of cellular macromole-

A number of studies indicate increased peroxidative cules, we found abnormal elevations in oxidative dam-
damage in HD. These include evidence that HD skin age to lipid, protein and DNA in HD cortex and striatum
fibroblasts show increased vulnerability to glutamate (Figures 5-8; 41). In control brains, we found that
toxicity which can be attenuated by antioxidant treat- immunoreactive staining for 3-nitrotyrosine (3-NT; a
ment (71), and findings of enhanced lipofuscin deposi- marker for peroxynitrite-mediated protein nitration),
tion in HD brain (94). Lipoftscin is a fluorophore pro- malondialdehyde (MDA; marker for oxidative damage
duced by the reaction of amino compounds with see- to lipids), 8-OHdG (DNA oxidative damage product)
ondary aldehydic products of oxidative free radical- and herne oxygenase (HO; formed during oxidative
induced oxidation of nacrotnolecules, in particular lipid stress) was weak, evident only in scattered cortical and
peroxidation. It accumulates in lysosomes in post-mitot- striatal neurons, with enhanced staining in the striatal
ic cells such as neurons and cardiac myocytes, and is matrix zone. The extent and intensity of immunoreac-
commonly known as "age pigment- since its accumula- tivity were enhanced in HD brain, and patterns of stain-
tion increases with age (95). The rate and extent of lipo- ing seen in cases of different grades mirrored the pattern
fuscin deposition in cells also increases under condi- of progressive cell loss throughout the brain. In low
tions of increased oxidative stress and metabolic rate grade HD cases, 3-NT, MDA, 8-OHdG and HO all
(74, 91). As shown in Figures I and 2, both striatal and showed greater imm-unoreactivity in dorsal versus cau-
cortical neurons in HD brain contain higher levels of dal striatutn, and the extent of immunoreactivity
lipofuscin than age-matched controls. In addition, the increased through the striatum with increasing grade of
extent of lipofuscin accumulation increases with the disease. In grades 3 and 4 striatal immnunoreactivity was
neuropathological severity of the disease. These results reduced, consistent with the severe striatal cell loss at
suggest increased lipid peroxidative damage in affected end stage
brain regions in HD. Animal Studies. Oxidative damage is also implicated

Free radical-induced oxidative damage to DNA can in the pathogenesis of striatal lesion formation induced
induce DNA strand breaks (34). A number of studies by the mitochondrial toxins malonate and 3-NP, which
show evidence of increased DNA strand breaks in HD inhibit succinate dehydrogenase and produce striatal
striatal neurons, and have suggested the involvement of lesions resembling HD (88, 89). Intrastriatal injection of
both apoptotic and necrotic mechanisms of cell death either agent in rats increased the rate of hydroxyl free
(26, 80). Moreover, a recent study demonstrates that the radical production in the striaturn, as detected by micro-
degree of DNA fragmentation in HD striatutn is posi- dialysis measurement of 2,3- and 2,5-dihydroxybenzoic

156 S.E. Browne et al: Oxidative Stress in Huntington's Disease



acid levels, generated by the reaction of hydroxyl radi- findings that excitotoxic striatal lesions in animal mod-
cals with salicylate. Increased 8-OHdG levels in stria- els closely resemble those seen in HD brain (6, 8).
turn were also detected following systemic 3-NP admin- Impaired activity of components of the energy
istration, and elevated 3-nitrotyrosine concentrations metabolism pathways including pyruvate dehydroge-
were seen after either systemic 3-NP administration, or nase and succinate dehydrogenase have been reported in
intrastriatal malonate injection. Lesion volumes and HD, as discussed previously. Direct impairment of the
associated increases in oxidative damage markers mitochondrial oxidative phosphorylation pathway, or
induced by 3-NP were markedly attenuated in mice reduced substrate trafficking into this pathway as a
overexpressing the superoxide free radical scavenger result of disruption of glycolysis or the Krebs cycle, will
Cu/Zn superoxide dismutase (Cu/Zn-SOD), suggesting result in reduced ATP production by mitochondria. The
the involvement of oxidative free radical damage in bulk of ATP production within cells takes place within
lesion formation (14). Furthermore, malonate and 3-NP the mitochondrial electron transport chain. It is com-
striatal lesions were attenuated by free radical spin traps prised of five protein complexes: NADH ubiquinone
and nitric oxide synthase (NOS) inhibitors (89). oxidoreductase (complex I), succinate ubiquinol oxi-
Inhibition of nitric oxide (NO) generation in mice lack- doreductase (II), ubiquinol cytochrome c oxidoreduc-
ing the gene for the neuronal isoform of NOS (nNOS), tase (III), and cytochrome c oxidase (IV) which act in
also resulted in reduced volume of malonate lesions. series to oxidize NADH and FADH, generated in the
Results support the involvement of nitric oxide-mediat- mitochondrial matrix by the Krebs cycle, via electron
ed oxidative damage in cell death processes following transfer, ultimately to oxygen. Electron movement
energetic disruption in these models (89). involves pumping of protons across the inner mitochon-

drial membrane, producing an electrochemical gradient
Putative Mechanisms of Cell Death in HD: which complex V (ATP synthase) utilizes as an energy
Mitochondrial Damage, Oxidants and Excitotoxicity. source for the high-energy bonds in ATR Optimal meta-

bolic activity is dependent on the efficiency of electron
Mitochondrial Dysfunction and Excitotoxicity. movement along the electron transport chain and its

What are the common pathways linking the huntingtin coupling to oxidative phosphorylation, and processes
mutation with bioenergetic defects, oxidative damage which disrupt electron transfer may potentially impair
and cell loss in HD? The definitive answer is currently mitochondrial energy metabolism.
unknown, but one hypothesis is that bioenergetic defects Reduced ATP production can result in cell death via
could lead to neuronal death via so-called secondary disruption of energy-dependent processes (6). ATP is
excitotoxicity (3, 6). Energetic defects might occur as a essential to fuel ionic pumps which generate and main-
primary event in HD, or as a consequence of oxidative tain ionic and voltage gradients across neuronal mem-
damage to cellular elements. Reduced ATP production branes, including Na÷/K+-ATPase pumps which control
due to impaired mitochondrial energy metabolism can the restoration of the resting membrane potential after
result in partial cell depolarization, by making neurons depolarization, and ATPases which regulate intracellular
more vulnerable to endogenous levels of glutamate (15, levels of Ca2

1. Impaired Na*/K+-ATPase pump activity

28). The concomitant increase in Ca2 influx into neu- will inhibit membrane repolarization, resulting in pro-
rons may trigger further free radical production, exacer- longed or inappropriate opening of voltage-dependent
bating damage to cellular elements. This hypothesis is ion channels. If severe enough, this partial membrane
supported by findings that normally ambient levels of depolarization may facilitate activation of NMDA
excitatory amino acids become toxic in the presence of receptors by endogenous levels of glutamate, by allevi-
oxidative phosphorylation inhibitors, sodium-potassium ating the voltage-dependent Mg2

' blockade of NMDA
pump inhibitors, or potassium-induced partial cell mem- receptor channels. The resultant excessive inward flux
brane depolarization (76, 104). Further, excitatory of Na' and Ca 21 ions can set in motion neurotoxic cas-
amino acid antagonists such as MK-801 can ameliorate cades. Ca 2- influx into neurons is implicated as a trigger
cerebral lesions induced by mitochondrial toxins includ- for increased free radical production via NO-mediated
ing AOAA, malonate, 3-NP and 3-acetylpyridine, 3-AP mechanisms, and associated oxidative damage to cellu-
(10, 48, 65, 87). Excitotoxic mechanisms have been lar elements including proteases, lipases and endonucle-
implicated in the mechanism of cell death in HD large- ases, ultimately leading to cell death. The cascade may
ly on the basis of observations of NMDA glutamate become self-perpetuating, high cytosolic Ca2* levels
receptor distribution within striatal cell populations, and inducing Ca 2 uptake by mitochondria, leading to irre-
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versible mitochondrial damage which is exacerbated by perturbations of DNA transcription and translation, pro-
the actions of Ca'-activated phospholipases. Increased tein synthesis, enzyme activities and membrane fluidity.
intracellular Na+ levels will decrease the activity of the Mitochondria are thought to be particularly vulnerable
NaVCa-2+ antiport system, which would normally extrude to oxidative injury since most intracellular free radicals
Ca 2 , from the cell. In addition, reduced ATP levels will are generated by the mitochondrial electron transport
impair ATP-dependent extrusion and storage of Ca-, chain. MtDNA is extremely susceptible due to its local-
further increasing intracellular concentrations of free ization in the mitochondrial matrix, lack of protective
Ca'2. histones, and limited repair mechanisms (64). Thus any

increase in free radical production, or impaired activity
Oxidative Damage and Energetic Dysfunction. It is of a regulatory enzyme such as Cu/Zn-SOD or glu-

presently unclear whether mitochondrial dysfunction is tathione peroxidase, could reduce the functional capaci-
a direct consequence of the huntingtin mutation in HD, ty of the oxidative phosphorylation pathway. In addi-
or occurs as a secondary event. However, recent evi- tion, the slow, progressive nature of neuronal injury in
dence suggests that mitochondrial energy metabolism chronic neurodegenerative disorders may be explained
dysfunction may result from excessive oxidative dam- by cycling of free radicals and mitochondrial dysfunc-
age to DNA or other neuronal macromolecules, as a tion. Further evidence supporting a role for oxidative
consequence of increased free radical and oxidant gen- damage in HD is that the energetic defects seen in HD
eration. Free radicals including superoxide (O_,-) and brain are similar to those induced in cell culture by per-
hydroxyl radicals (HO'-) are constantly produced as by- oxynitrite, which preferentially inhibits complex II-III
products of aerobic metabolism, but production increas- and (to a lesser extent) complex IV activity in the elec-
es Under circumstances of electron transport chain inhi- tron transport chain (16).
bition or molecular defects (35, 38). Elevated Ca2" influx
induced by excitotoxic processes leads to sequestering Pathological Interactions of Mutant Huntingtin
of Ca2- in mitochondria, which in turn increases fi'ee Protein? A number of possible cellular interactions of
radical generation by the mitochondria. Increased gen- mutant huntingtin have been proposed. These include
eration of hydroxyl and carbon-centered radicals by suggestions that expanded glutamine repeats may allow
mitochondria in response to Ca2" concentrations similar protein-protein interactions, or that polyglutamines may
to those induced by neuronal exposure to excitotoxins be a substrate for transglutaminase (29, 79). The princi-
has been demonstrated in vitro (38). Redox sensitive pal candidate protein interactors are huntingtin-associat-
dyes, including dihydrorhodamine. have also shown ed protein-I (HAP-I) and glyceraldehyde 3-phosphate
glutamate-induced increases in milochondrial Ca"* con- dehydrogenase (GAPDH) (24, 63). HAP-1 is found only
tent and free radical generation in vitro (35). Incresed in brain but does not show a preferential striatal distrib-
nitric oxide (NO) production in response to elevated ution. GAPDH is a critical glycolytic enzyme, leading
Ca 2 /calmodulin-mediated activation of NOS, may also to suggestions that an interaction with huntingtin may
result in increased peroxynitrite (ONOO) formation, result in impaired metabolic function. The potential for
ONOO, produced by the reaction of NO with superox- huntingtin to deleteriously affect GAPDH function is
ide radical, may then react with Cu/Zn-SOD to form supported by a recent report that both GAPDH and (x-
nitronium ion, which nitrates tyrosine residues in pro- ketoghitarate dehydrogenase are inactivated by fusion
teins (53). An alternative pathway for NO/ONOO- proteins containing polyglutamine stretches of patho-
mediated toxicity is via peroxidative DNA damage lead- logical length, in reactions catalyzed by transglutami-
ing to activation of poly(ADP-ribose) synthetase nase (29). However, the glycolytic function of GAPDH
(PARP). PARP is a nuclear enzyme invoved in DNA appears to remain intact in HD, as a recent study failed
repair, but excessive PARP activation can exhaust cellu- to detect any differences in levels of cytosolic GAPDH
lar energy supplies, inducing cell death cascades due to activity between HD grade 4 and age-matched control
energetic dysfunction (105). brain tissue (22).

Free radicals can induce oxidative damage to cell There is a great deal of debate concerning whether
macromolecules including DNA, proteins and lipids by NIl deposition plays a causative role in the pathogenesis
a number of different mechanisms, including DNA of cell death in HD. Interestingly, a recent study reports
strand breaks or formation of DNA adducts such as 8- that in HD cortex and striatum inclusion deposition does
OHdG, protein carbonylation, or by lipid peroxidation not mirror the pattern of cell death in the disease (59).
(42, 67, 93). Potential functional consequences include NIl and CI are seen in NADPH-d neurons spared in the
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disease, but are not found in acetylcholinesterase- and with the HD gene mutation, which is impossible to
choline acetyltransferase-positive interneurons, suggest- determine from end-stage post-mortem tissue.
ing that NII formation is not critical for cell death mech- Several transgenic mouse models of HD have recent-
anisms. Furthermore, although expression of human ly been developed. Of these the best characterized to
mutant huntingtin in transgenic mouse models of HD is date are R6/2 mice, developed by inserting a transgene
associated with the development of movement disorders containing an N-terminal fragment of human mutant
and deposition of huntingtin aggregates reminiscent of huntingtin carrying CAG repeat expansions of 145-150
HD, no murine model reported to date exhibits the units (66). Mice exhibit a rapidly progressing neurolog-
selective neuronal death which characterizes HD (30, ical phenotype, with onset at approximately 2 months of
66, 102). There is in vitro evidence that expanded CAG age and lifespan of up to 17 weeks. They develop a
repeats can induce huntingtin aggregation and cell death movement disorder involving resting tremor, shudder-
in transfected cerebellar granule cell cultures (72). In ing, stereotypic grooming behaviour, and epileptic
addition, transfection of a human mutant huntingtin seizures, and lose body weight from 8 weeks of age.
fragment into Drosophila eye cells induced CAG Brain weight is reduced approximately 20% at 12
repeat-dependent photoreceptor degeneration and death, weeks, relative to normal littermate controls. Neuronal
putatively via apoptotic mechanisms (54). However, intranuclear inclusions (NII) of the transgene protein are
Saudou and colleagues (85) recently reported cell-selec- evident by 3-4 weeks of age (30). It is anticipated that
tive neurodegeneration resembling apoptotic cell death the investigation of oxidative stress markers in this and
in cultured striatal (but not hippocampal) neurons trans- other transgenic mouse models of HD will soon provide
fected with a human mutant huntingtin fragment, inde- vital insight into the etiologic role of oxidative damage
pendent of the presence of intranuclear inclusions, sug- in mechanisms of neuronal death in HD.
gesting that NII deposition may reflect a protective
mechanism within cells. This proposition is supported Acknowledgements
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SUMMARY

Huntington's disease (HD) is an autosomal dominantly inherited, fatal neurodegenerative disorder,

named for the author of the first definitive report of the condition in 1872, George Huntington. It is

characterized by the progressive development of involuntary choreiform movements, although

neuropsychiatric symptoms are sometimes the earliest and often the most devastating features of HD.

These include detrimental emotional disturbances, behavioral and personality changes, and cognitive

impairment. Gross pathological changes are restricted to the brain. Degeneration of specific basal

ganglia neurons is a hallmark of HD, but dysfunction in multiple CNS pathways contributes to the motor

and neuropsychiatric phenotype. HD is caused by an abnormal expansion of a trinucleotide repeat in the

huntingtin gene. It is a relatively rare disease with highest prevalence rates of 5-10 per 100,000 found in

Europe and the USA, while incidence is extremely low in Japan and Africa. The typical duration of

disease before premature death is 15-20 years. Age of onset is associated with the size of the

trinucleotide expansion and is generally in adulthood, although approximately 10% of cases have

juvenile onset. There are currently no effective treatments for the disease.

KEY WORDS

Huntington's disease, Trinucleotide, Polyglutamine, Neurodegeneration, Striatum, Movement Disorder.

1. BRAIN PATHWAYS AFFECTED IN HD.

The motor and behavioral disturbances in HD result from alterations in specific neurotransmitter

systems and degeneration of selective neuronal subpopulations in the brain. The principal

neuropathological feature of HD is progressive caudal to rostral degeneration of the neostriatum

(caudate and putamen) (1). A post-mortem grading system classifies patients according to the extent of

neuropathological severity at death, grades ranging from 0 to 4 with increasing severity and extent of
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striatal involvement. Grade 0 brains show 30-40% neuronal loss in the head of the caudate, with no

visible gliosis. In Grade 4 brains the striatum is severely atrophic with neuronal depletion exceeding

95%, gliosis is extensive, and 50% of cases show cell loss in the nucleus accumbens. Most HD patients

reach Grade 3 or 4 by the time of death, by which stage neuronal degeneration is evident in several non-

striatal regions including the globus pallidus (GP) and cerebral cortex, and to a lesser extent in thalamus,

subthalamic nucleus, substantia nigra, white matter and cerebellum. Cerebellar atrophy is particularly

prevalent in juvenile onset HD.

Striatal medium spiny projection neurons are most vulnerable to degeneration in HD. Positron

emission tomography (PET) has demonstrated that the first clinical symptoms of the disease correlate

with loss of 30-40% of striatal dopamine Dl and D2 receptors, which are localized on the medium spiny

neurons (2). These constitute 80% of all striatal neurons and are the principal input and output neurons

of the striatum. They utilize the inhibitory neurotransmitter y-aminobutyric acid (GABA), and subsets

additionally contain either enkephalin (ENK), substance-P (SP), dynorphin or calbindin. Aspiny

interneurons containing nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d),

neuropeptide Y (NPY), somatostatin (SS) and nitric oxide synthase (NOS) are relatively spared in HD,

but are eventually affected by the disease process. Striatal spiny projection neurons containing SP or

ENK degenerate earliest in the disease, ENK-positive neurons projecting to the external segment of the

globus pallidus (GPe) degenerating prior to SP-containing neurons that project to the internal segment

(GPi). Neuronal degeneration eventually affects other brain regions and dysfunction within the cerebral

cortex and limbic sub-cortical circuitry is thought to underlie the mood and personality changes

prevalent in many HD patients (3).

1.1 Neuropathologic Basis of Motor Dysfunction
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The uncontrolled, hyperkinetic choreic movements typical of HD result from the disruption of

basal ganglia-thalamocortical pathways that regulate movements (4). Signals to stimulate initiation and

execution of movements originate in the cerebral cortex in response to sensory afferent input. Excitatory

glutamatergic efferents from the cortex innervate the neostriatum, which sends projections to other basal

ganglia nuclei where signals are processed. Basal ganglia output nuclei (GPi, GPe, the substantia nigra

pars reticulata (SNr), and ventral pallidum) then transmit "sorted" impulses to appropriate thalamic

nuclei. From the thalamus, excitatory projections are sent back to topographically organized motor

output areas of the frontal cortex to initiate execution of the appropriate motor response. The type of

movement initiated thus depends on the combination of neostriatal neuron pathways activated, their

downstream routing to the thalamus, and the resultant cortical activation (as discussed in Chapter 1). An

imbalance in the relative contributions of the two regulatory basal ganglia pathways ("direct" mediated

by GABA and SP, "indirect" mediated by GABA and ENK) triggers the motor dysfunction in HD and

dictates its phenotype. In HD there is preferential loss of the GABA/ENK neurons comprising the

indirect pathway. Disinhibition of the thalamus and increased excitation of cortical motor output regions

result (Figure 1), manifest in HD patients by the development of involuntary, unregulated choreic

movements. The late onset of rigidity and akinesia in some HD patients is thought to be due to

disruption of the direct motor pathway following additional loss of striatal GABA/SP neurons. The

predominance of bradykinesia in juvenile onset HD results from simultaneous loss of SP and ENK

neurons.

1.2 Neuropathologic Basis of Psychiatric Symptoms

A number of psychiatric disorders are prevalent in HD, often occurring before motor symptoms.

While neuropathologic pathways underlying these traits specifically in the context of HD are not well

documented, these syndromes generally involve anatomical and neurotransmitter pathways that are
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disrupted by HD pathology. Common psychiatric syndromes including depression, apathy, mania, and

cognition changes in HD generally involve dysfunction in the cerebral cortex and the sub-cortical limbic

system.

Loss of cerebral cortex neurons is well documented in HD brain. At disease end-stage more than

half the neurons in layer VI of frontal cortex that project to thalamus, claustrum and other cortical

regions are lost, and in excess of 70% of cortico-striatal projection neurons in layer V (1). Positron

emission tomography (PET) studies of cerebral glucose metabolism in presymptomatic and at risk

patients indicate cortical dysfunction prior to disease manifestation in many patients (3). In particular,

reduced cerebral metabolism in the prefrontal cortex of symptomatic and presymptomatic patients, and

at-risk individuals, correlates with depression and increased suicide risk. Apathy is also associated with

frontal lobe dysfunction. Bipolar disorder and mania are associated with alterations in neurotransmitter

systems affected by HD pathology, including glutamatergic transmission in the cerebral cortex and

striatum, and GABAergic transmission in cortex and hippocampus. Dysfunction and damage to neurons

in the cerebral cortex and striatum, and subsequent dysfunction within synaptic projections from these

regions to limbic structures including cingulate cortex and hippocampus are therefore likely to

contribute to several of the emotional disturbances identified in HD.

2. GENETIC BACKGROUND

2.1 The HD Gene Mutation: HD is caused by a mutation in a gene on chromosome 4pl6.3 termed

"huntingtin" (HD; formally IT15, "interesting transcript 15") (5). The mutation is an expansion of an

unstable CAG repeat region in exon 1 of HD that is manifest as an expanded polyglutamine (Qn) stretch

in the 348 kDa protein product "huntingtin" (Htt). The polyQ stretch is associated with a proline (P)-

rich domain. Wildtype HD in unaffected individuals contains 11-34 CAGs. Repeat lengths of 35-39
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CAGs in one allele are variably penetrant, conferring the possibility of developing HD late in life, while

the disease shows complete penetrance when triplet repeats exceed 39.

HD, generally a monozygotic trait, is considered a true dominant disorder with full penetrance

since carriers with greater than 39 CAG repeats will develop the disease during a normal lifespan (6).

Homozygosity does not alter either age of onset, duration, or severity. Another disease trait is

anticipation, whereby age of onset in an individual precedes that in their affected parent. Trinucleotide

repeats of 27 or more are polymorphic and undergo alterations during meiosis, fluctuating by ± 1-5

repeats per transmission with a bias towards expansion. Instability in spermatogenesis typically yields

the largest expansions, meaning that anticipation is more pronounced following paternal inheritance.

This characteristic contributes to the appearance of "sporadic" HD cases estimated to constitute about

8% of HD patients. Non-penetrant but unstable repeats (27-35 CAGs) may expand to penetrant length

during transmission, or expand due to novel mutations. Other factors contributing to apparent sporadic

onset include lack of knowledge of a family history of HD, for example due to adoption, no parental

contact, or presymptomatic death or misdiagnosis of the affected parent.

Several features of the HD phenotype are influenced by CAG repeat length. Age of onset is

inversely correlated with CAG expansion size, and especially long repeats (>55) confer juvenile onset.

The most common repeat lengths of 42-50 generally correspond to symptom onset in the fourth and fifth

decades, although the large variances in onset ages mean that repeat sizes in this range are often not

accurate predictors for the age of symptom appearance. Disease severity, extent of neuropathological

degeneration, and degree of DNA damage are all positively correlated with triplet repeat length. In

contrast, rates of functional decline do not correspond with mutation size. It therefore seems likely that

aspects of the disease process are influenced by extrinsic factors such as stochastic, environmental or

genetic modifiers. Genomic studies in HD families have revealed a number of genetic loci that may

influence disease course including genes encoding ubiquitination enzymes (such as UCHL] which
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encodes ubiquitin carboxyl-terminal hydrolase LI), the glutamate GluR6 kainate receptor subunit, and

apolipoprotein E (6, 7).

Polymerase chain reaction (PCR)-based assays to quantify CAG repeat lengths are now available

for confirmatory diagnostic testing, predictive testing in at-risk individuals, and pre-natal testing in

known mutation carriers (for review see 8). Linkage-based exclusion testing is offered to pregnant at-

risk women who choose not to know their own gene status (termination is only an option if gene linkage

analysis implies the fetus shows the same 50% genetic risk as the mother). Pre-implantation testing of in

vitro fertilized (IVF) embryos is also available. Genetic testing is an emotive subject and testing

procedures are closely governed by International guidelines. Genetic counseling is a pre-requisite for

participants. Current testing approaches are not 100% reliable, but identify CAG repeat number to

within 1 or 2 triplets. Potential problems include interpretation of disease risk when CAG repeat lengths

in the mutable or at-risk lengths are detected, which provide no accurate determination of the probability

of disease onset or the risk of transmission to a child.

2.2 Htt Protein: Huntingtin (htt) protein was unknown until identification of the HD gene mutation in

1993, and the endogenous functions of both wildtype and mutant huntingtin have still to be definitively

elucidated (6).

a) Wildtype Htt: A role in developmental apoptosis is suggested by observations that (i) mice entirely

lacking the murine HD homologue gene Hdh die in utero, but heterozygous knock-out mice show little

or no pathology, and (ii) abnormally low levels of huntingtin expression are associated with

developmental abnormalities. Huntingtin protein is ubiquitously expressed throughout the body. At the

sub-cellular level it is present in multiple compartments with a largely cytoplasmic distribution in

perikarya, axons, dendrites and some nerve terminals. The protein contains a nuclear export signal

domain and at any given time approximately 5% of the protein is found in the nucleus, suggesting that
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huntingtin shuttles between the nucleus and the cytoplasm. Reports of colocalization with synaptic

vesicles and microtubules infer an involvement in trafficking, and possibly RNA biogenesis or signaling

(see 9, 10, and section 3).

Htt is a large protein that takes on multiple conformations within cells, putatively due to multiple

HEAT domains throughout the protein (-40 amino acid sequence repeats, named for the first four

disease-related proteins this motif was identified in: htt, elongation factor 3, regulatory A subunit of

protein phosphatase 2A, and TORI). HEAT repeats form hydrophobic ca helices that can generate

elongated superhelices. Htt binding with other proteins is facilitated by several protein components,

including the HEAT superhelices, htt amino terminal, and the polyglutamine/proline tract.

b) Mutant Htt: Mutant htt's toxicity is due to the gain of a novel function, rather than loss of wild-type

huntingtin function, since (i) mice homozygous for the mutant gene still develop normally, and (ii)

expression of a single allele of mutant huntingtin is sufficient to rescue Hdh-null mice from death in

utero (6). Mutant htt is also expressed ubiquitously throughout the body and its distribution shows no

apparent selectivity for cerebral regions targeted by the disease process, suggesting that another property

of neurons within these regions confers vulnerability to htt toxicity.

Htt contains multiple cleavage sites and proteolytic processing of htt appears to be a normal

physiological event (11, 12). Studies suggest that polyQ-induced toxicity is exacerbated in protein

fragments, and is inversely correlated with fragmant length. Therefore cleavage of mutant htt to generate

N-terminal htt fragments encompassing the expanded polyQ region may contribute to htt toxicity. Htt

fragments are most abundant in cortical projection neurons, suggesting that accumulation of mutant htt

fragments contributes to cortico-striatal dysfunction in HD pathogenesis.

N-terminal fragments of mutant htt eventually form ubiquitinated sodium dodecyl sulphate (SDS)-

resistant protein aggregates in neuronal nuclei (neuronal intranuclear inclusions, NII) and in dystrophic
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neurites (cytoplasmic inclusions, CI). Aggregates have been identified in HD brain and in the brains of

transgenic mice expressing mutant htt, but are not restricted to CNS cells. Aggregate deposition patterns

differ between CNS and somatic cells. In skeletal muscle cells, for example, aggregates are found solely

within nuclei, whereas in the brain the bulk of aggregates are neuritic. The mechanism of inclusion

formation is not yet known, but CAG repeat length is critical for aggregate formation and mutant

polyglutamine stretches lend themselves to the formation of B-pleated sheets held together by hydrogen

bonds between amide groups.

3. CELLULAR AND MOLECULAR TARGETS OF THE DISEASE

How the HD gene defect leads to progressive, selective neurodegeneration remains a tantalizing

question. In vivo imaging and analysis of post-mortem human tissue, in vitro studies and animal models

expressing mutant htt have identified a number of cellular components and pathways that involve

wildtype htt interactions, or are altered during mutant htt-mediated toxicity, discussed below and

summarized in Table 1. The htt-mediated event triggering toxicity remains elusive.

3.1 Abnormal protein/protein interactions

One hypothesis of neurotoxicity in HD is that mutant htt influences cellular functions via

interactions with proteins that are either novel, or modify the effects of wildtype htt binding (reviewed in

9). Htt contains several binding sites for protein interactions:

a) The polyglutamine/proline (Q/P)-rich domain binds with proteins with Src homology region 3 (SH3)

or tryptophan (WW) residues. These include protein kinase C and casein kinase substrate 1 (PACSIN1)

and SH3GL3/endophilin3 involved in endocytosis, the transcription factor p53, and the synaptic scaffold

protein PSD-95. other interactors include the multifunctional enzyme glyceraldehyde 3-phosphate

dehydrogenase (GAPDH), the calcium sensor protein calmodulin, and pro-apoptotic caspase-3.
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b) HEAT domains bind with several proteins, including the transcription factor NFKB, and contribute to

binding with htt-associated protein (HAP) 1, and htt-interacting proteins (HIP) 1 and 14 (HYP-H)

involved in intraneuronal trafficking and endocytosis.

c) The amino terminal region (including the polyQ region) binds to molecules involved in endocytosis

(e.g. ct-adaptin C/HYP-J) and several transcription regulators including cAMP response element binding

protein (CREB) binding protein (CBP), specificity protein 1 (Spl), TATA-binding protein-associated

factor (TAFII-130), and Sin3a. Other interactors include components of signal transduction pathways

including Cdc42-interacting protein 4 (CIP4), Akt/PKB, and Ras GTPase activating protein (RasGAP).

The functional consequences of some of these interactions are reviewed below.

Findings of increased transglutaminase (TGase) activity in HD caudate and in transgenic mouse

models imply that the gene mutation increases the extent of htt/protein interactions. TGases catalyze the

covalent linkage of Q residues with lysine (K) and polyamines in other proteins. The concentration of

glutamyl-lysine crosslinks is also elevated in HD brain and CSF, and crosslinks are found in htt positive

aggregates. TGase-mediated htt-protein interactions appear to contribute to htt-mediated toxicity, since

knocking out the TGase-2 gene delayed neuronal damage in HD transgenic mice (13).

3.2 Endocytosis pathways

Endocytosis is the process whereby the cell membrane invaginates to form membrane-bound

vesicles containing substances previously bound at the cell surface. A number of proteins that interact

with htt modulate steps in the endocytosis process, and thus mutant htt may deleteriously affect this

pathway (reviewed in 9). An early stage in vesicle generation is the formation of pits in the cell

membrane that are lined with the structural protein clathrin, via clathrin's interaction with adaptor

protein-2 (AP2) which binds to membrane phopholipids. A number of htt-interactor proteins may

modify the formation of clathrin-coated pits and vesicles. HIPM can interact with clathrin, and both
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HIPJ and htt directly interact with the AP-2 a-adaptin subunit. HIPI and HIP12 influence vesicle

budding and actin-mediated transport. PACSINl has roles in actin polymerization and phosphoinositide

turnover, and is thought to contribute to vesicle detachment. Another htt interactor, SH3GL3 (endophilin

3), appears to affect membrane curvature, invagination and vesicle scission. Htt also binds to HIP14

(HYP-H), which has sequence similarity with a yeast endocytotic protein, Arklp. Since HIP14 localizes

to the Golgi apparatus and cytoplasmic vesicles in cell lines, it has been proposed to act as a perinuclear

endocytosis regulator. Thus wildtype htt may serve regulatory roles in clathrin-mediated endocytosis,

and mutations in htt could deleteriously modify clathrin binding to membranes, vesicle budding and

actin-mediated vesicle transport.

3.3 Intraneuronal trafficking

Mutant htt-induced defects in axonal trafficking were first proposed on the basis that distribution

of htt aggregates within neuropil seemed to correlate with neurodegeneration more closely than nuclear

deposition, in HD patients and "knock-in: mouse models. In addition, htt is enriched in membranous cell

fractions, shows affinity for cytoskeletal and vesicular components. More compelling evidence for a role

of wildtype htt in trafficking is provided by a recent study demonstrating that reduced expression of htt

in Drosophilae induces abnormal accumulations of cellular organelles in larval neurons, termed axonal

blockages, and concomitant disruption of axonal transport. Another study demonstrated that mutant

polyQ expansions in truncated htt and androgen receptor (AR) proteins impair intergraded and

retrograde fast axonal transport in squid giant axons. Increased polyQ repeat length exacerbates this

defect (reviewed in 10).

3.4 Transcriptional regulation
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Huntingtin protein can bind to and functionally alter the activity of several transcription factors,

co-activators and repressors (for review see 14).

a) Transcription factors: Mutant htt exon 1 interacts with both p53 and CREB binding protein (CBP)

and represses transcription of the p53-regulated promoters p21wAFIcIPI and MDR1. CBP colocalizes with

htt aggregates in HD mouse models, cell culture preparations, and in human HD post-mortem brain

tissue. PolyQ toxicity in vitro can be blocked by overexpression of CBP.

b) Transcriptional activators: Htt binds to the transcriptional activator SpI that recruits the

transcription factor TAFIID to DNA. It also binds the co-activator TAFII-130. Since TAFII-130

interacts directly with Spl, it has been proposed that htt may form a support to facilitate transcription

activation.

c) Transcriptional repression: Htt also interacts with repressor machinery, including the complex

containing N-CoR and Sin3A that represses transcription induced by some ligand-activated nuclear

receptors (e.g. retinoic acid receptors). N-CoR links DNA binding proteins to histone deacetylases, and

interacts directly with transcription factors through TFIIB. Several genes regulated by NcoR-Sin3A-

mediatred transcription (9, 14). Further, mSin3 also colocalizes with htt and CBP in protein aggregates.

The mechanism underlying mutant htt's effects on gene transcription is currently unclear. It was

initially suggested that reduced transcriptional activity of some factors (e.g. CBP and TAFII- 130) might

result from sequestration into htt-containing aggregates. Sequestration now seems unlikely to be the

primary step in HD pathogenesis since transcriptional changes precede aggregate formation in several

experimental models. An alternative hypothesis is that a deficiency in cAMP underlies decreases in

CRE-mediated gene transcription. ATP-dependent cAMP generation is reduced in HD CSF, cerebral

cortex, and lymphoblastoid cell lines, while the adenylate cyclase stimulator forskolin attenuates mutant

htt-induced toxicity in cell lines. Reduced cortical and striatal levels of cAMP also precede alterations in

PKA/CREB signaling, nuclear aggregate formation, and neuronal death in a mouse model of HD (15).
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Changes in cAMP-mediated transcription will have downstream effects on many cell components.

There is substantial evidence of defects in brain derived neurotrophic factor (BDNF) function, a cell

survival protein regulated by CREB, in HD. BDNF protein and mRNA levels are markedly reduced in

the fronto-parietal cortex of symptomatic patients. Reduced BDNF gene transcription and protein levels

are also evident in cerebral cortex and striatum of multiple mouse models expressing mutant htt (15). In

contrast, mice expressing human wildtype huntingtin show increased levels of BDNF. It has therefore

been hypothesized that the selective vulnerability of striatal neurons may result from loss of

neurotrophic support by BDNF, since the striatal pool of BDNF arises from cortical projection neurons.

3.5 Postsynaptic signaling

Htt binds to postsynaptic density-95 (PSD-95), a member of the membrane-associated guanylate

kinase (MAGUK) protein family that is involved in organization of the post-synaptic density. PSD-95

binds to kainite and N-methyl-D-aspartate (NMDA) glutamate receptor subtypes, as well as to

cytoplasmic signaling molecules including SynGAP (synaptic GTPase-activating protein). SynGAP also

modulates excitatory synapses via down-regulation of GTPase Ras. PSD-95 further influences dendritic

spine morphology via effects on RacI signalling involved in actin cytoskeleton remodeling. Htt binding

to CIP4 and FIP-2 may also affect dendritic spine morphology (reviewed in 9).

3.6 Apoptotic cascades

One putative function of wildtype htt is regulation of apoptosis during development, and it has

been suggested that striatal htt protects neurons from pro-apoptotic pathways, possibly through

inhibition of the cytochrome C (cyt C)-dependent procaspase-9 pathway. The htt interactor HIP1

induces caspase-3-dependent cell death, but co-expression of htt abrogates this toxicity in cell lines.

Mutant expansion of the htt polyQ tract reduces the ability of htt to bind HIP1, suggesting a possible
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pathway for increased apoptotic damage in HD. Free HIP1 can associate with HIPM protein interactor

(Hippi) to induce procaspase-8 cleavage and apoptosis in vitro (16). It has also been proposed that htt

acts as a survival factor in the phosphoinositide 3-kinase (PI3K)-Akt pathway, as it is a substrate for

Akt. This pathway stimulates the expression of survival genes including Bcl-xL and brain-derived

neurotrophic factor (BDNF), and represses death genes including BAX and Bcl-2.

3.7 Mitochondria and energy metabolism pathways

Energy metabolism is impaired in affected brain regions of HD patients (reviewed in 17). Reduced

ATP generation can be detrimental to cells in a number of ways, including direct reduction of functional

activity within cells, increasing free radical generation, and increasing neuronal vulnerability to

excitotoxic damage. Thus energetic defects are postulated to be important contributors to HD

pathogenesis.

The most prominent metabolic alteration in HD patients is profound weight loss, even when

caloric intake is maintained. In the CNS, impairments in energy metabolism have been found in brain

regions targeted by the disease. Glucose uptake is reduced in the caudate, putamen and cerebral cortex

prior to the bulk of tissue loss in symptomatic patients, and pre-symptomatically in approximately 50%

of gene-positive mutation carriers. Cerebral levels of lactate are abnormally elevated in affected basal

ganglia and cerebral cortex of HD patients. This abnormality can be ameliorated by treatment with the

metabolic co-factor coenzyme Q10 (18). Biochemical studies in HD post-mortem tissue have revealed

selective dysfunction of components of the mitochondrial tricarboxylic acid (TCA) cycle and electron

transport chain (ETC) in affected brain regions, in particular succinate dehydrogenase in complex II and

the TCA cycle, complex IV, and aconitase. Further indirect evidence that energetic defects contribute to

neurodegeneration in HD is provided by findings that creatine and coenzyme Qjo are protective in
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animal models of HD, putatively via enhancing the efficiency of energy production and delivery in

neurons.

Involvement of mitochondrial damage in HD is supported by observations of degenerating

mitochondria in mutant mouse models of HD, in some cases concomitant with symptom onset. Htt

staining in degenerated mitochondria in symptomatic mice suggests that mutant htt may interact directly

with neuronal mitochondria (19). Another HD mouse line (N171-82Q) shows evidence of apoptotic cell

death in the striatum and cerebral cortex associated with mitochondrial cytochrome C release and

caspase 9 activation in the striatum and cerebral cortex. In vitro studies show that mutant htt can alter

mitochondrial function by influencing mitochondrial calcium handling (see Browne and Beal, 2004).

Pathogenic polyglutamine constructs have also been shown to decrease mitochondrial membrane

potential and to increase mitochondrial vulnerability to Ca2,-induced depolarization.

3.8 Excitotoxic processes

Mutant htt expression induces alterations in several components of the glutamate neurotransmitter

system in affected brain regions that may render cells vulnerable to glutamate-mediated excitotoxic

damage (reviewed in 17). The considerable glutamatergic innervation of the neostriatum from the

cerebral cortex is postulated to exacerbate the risk of excitotoxic damage to striatal neurons.

Studies of glutamate receptor subtypes in postmortem tissue from late-stage and presymptomatic

HD patients show that NMDA receptors are selectively depleted in HD striatum. Findings suggest that

NMDA receptor-bearing neurons are preferentially vulnerable to degeneration, and that excitotoxic

stress may occur early in the disease course. In animal models, striatal lesions induced by excitotoxins

(glutamate receptor agonists) in rodents and primates closely resemble those seen in HD brain. The

NMDA receptor agonist quinolinic acid produces neuronal-specific lesions typical of HID, with relative

sparing of NADPH-diaphorase and parvalbumin-positive neurons. NMDA receptor-mediated lesions in
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primates are associated with an apomorphine-inducible movement disorder resembling the choreic

movements in HD. Some genetic models of HD (discussed further in section 4) also show age-

dependent declines in glutamate receptor densities in striatum and cerebral cortex, and increased

vulnerability to excitotoxic damage.

Excitotoxic damage may also occur in circumstances when extracellular glutamate levels are

normal but energy metabolism is impaired, by so-called "secondary excitotoxicity" (20). Reduced ATP

production disrupts energy-dependent processes within neurons, including the maintenance of pumps

regulating ionic and voltage gradients across cell membranes. Impaired Na+/K+-ATPase activities at the

cell membrane may cause prolonged or inappropriate opening of voltage-dependent ion channels leading

to partial depolarization. If depolarization is severe enough, normally inert extracellular levels of

glutamate can trigger NMDA receptor activation resulting in Ca2' influx, nitric oxide synthase (NOS)

activation and free radical production. Secondary excitotoxicity is responsive to blockade by NMDA

receptor antagonists and glutamate release inhibitors.

3.9 Htt and Oxidative Damage

Mutant htt expression is linked with oxidative damage to multiple cellular components in HD,

including proteins, DNA and phospholipids (reviewed in 21). Studies in HD post-mortem brain show

increased levels of DNA strand breaks, DNA oxidative damage products such as 8-

hydroxydeoxyguanosine (OH'dG), 3-nitrotyrosine (a marker for peroxynitrite-mediated protein

nitration), malondialdehyde (marker for oxidative damage to lipids), lipofuscin accumulation (a marker

of lipid peroxidation), and heme oxygenase (formed during oxidative stress) in HD striatum and cortex.

Findings that oxidative damage to DNA and lipids is increased after symptom onset in mouse models of

HD suggest that it is a downstream consequence of htt-induced damage. Glutamate agonists, Ca2" influx,
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and nitric oxide can stimulate free radical generation, and therefore oxidative damage in HD may result

from excitotoxic damage or energy impairments.

3.10 Huntington Aggregates in Pathogenesis

Intracellular htt-containing protein aggregates are a hallmark of HD. In some experimental models,

including Drosophila photoreceptors, mutant htt's toxicity is associated with the presence of neuronal

aggregates (neuronal intranuclear inclusions, "NII"). Thus it has been proposed that htt-positive

aggregates could be detrimental to cells by sequestering other critical cell proteins and macromolecules,

by preventing htt from performing its normal function, or by disrupting vital processes such as

proteosome pathways. However, this hypothesis is countered by observations that aggregates are found

throughout the body of HD patients and deposition patterns do not mirror cell death in post-mortem

tissue. In addition, several studies in cell lines have shown that human mutant htt can induce cell-

selective neurodegeneration independent of the presence of NII, while suppression of NII formation can

increase htt-mediated toxicity, suggesting that aggregate deposition may be part of a protective

mechanism within cells (see 17). Transgenic and knock-in mouse models (discussed in Section 6)

further support the argument that NII are not a pre-requisite for toxicity in HD models, since there is no

direct link between the timing and distribution of NII deposition and cell damage or dysfunction in the

majority of models. Aggregates may, therefore, be the result of an intrinsic mechanism to remove toxic

htt from the cell milieu, or alternatively be an inert side effect of the propensity for htt to self-aggregate.

4. ANIMAL MODELS

The existing approaches for modeling Huntington's disease in animals utilize knowledge of the

genetic basis of the disease and neurochemical facets of its etiology (largely the involvement of the

glutamate neurotransmitter system and energetic defects). Three categories predominate: models
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recapitulating specific neurotransmitter pathway lesions using either 1) excitotoxic or 2) mitochondrial

toxins in rodents and non-human primates, and 3) models expressing the HD gene defect.

4.1 Excitotoxins

Excitotoxic striatal lesions in rodents and primates closely resemble those seen in HD brain (17).

Intrastriatal injection of the NMDA agonist quinolinic acid induces striatal neurodegeneration of

medium spiny projection neurons, but spares NADPH-diaphorase and parvalbumin-positive neurons. In

primates, NMDA receptor-mediated striatal lesions result in an apomorphine inducible movement

disorder resembling that seen in HD patients. This phenomenon appears to be NMDA receptor-specific,

since degeneration induced by AMPA and kainate receptor agonists does not target the same neuronal

populations.

Expression of the HD gene mutation also confers some susceptibility to excitotoxic damage, but

reports to date suggest that the context in which the mutant gene is expressed influences vulnerability.

For example, striatal NMDA receptor-mediated quinolinic acid lesions are exacerbated in a full-length

htt mouse model (YAC-72Q mice), possibly associated with expression of the NMDA receptor NR2B

subunit in this model. In contrast, another transgenic mouse model expressing an N-terminal fragment of

mutant huntingtin (N171-82Q) showed no preferential susceptibility to quinolinic acid lesions, while

expression of a shorter gene fragment with longer CAG repeats (in R6/2 and R6/1 mice) conferred

resistance to quinolinic acid, malonate, NMDA and 3-NP toxicity. Hypotheses to explain the differences

between models include reduced synaptic activity in resistant lines, or differential vulnerabilities of

background mouse strains. In contrast, R6/2 striatal and cortical neurons show increased susceptibility to

NMDA ex vivo. The fact that the glutamate release inhibitor riluzole prolongs survival in R6/2 mice

reinforces suggestions of an excitotoxic component of pathogenesis in this model.
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4.2 Mitochondrial Toxins: 3-Nitropropionic Acid (3-NP) and Malonate

Mitochondrial defects are implicated in HD by findings of reduced glucose metabolism and

mitochondrial succinate dehydrogenase (SDH) activity in the caudate and putamen of symptomatic

patients. SDH, located on the matrix surface of the inner mitochondrial membrane, catalyzes the

oxidation of succinate to fumarate in both the tricarboxylic acid (TCA) cycle and complex II of the

electron transport chain (ETC). Impaired SDH activity therefore decreases substrate delivery from the

TCA cycle to complex I of the ETC and impairs electron transfer, ultimately reducing ATP generation.

Some of the clinical and pathological characteristics of HD are replicated by inhibiting striatal SDH

activity with 3-nitropropionic acid (3-NP) and malonate (reviewed in 17).

3-Nitropropionic Acid (3-NP): Systemic administration of 3-NP causes selective degeneration of striatal

medium spiny neurons and motor abnormalities resembling HD. 3-NP's utility as a HD mimetic was

discovered by chance, when a group of children in China developed motor disturbances and dystonia

associated with discrete basal ganglia lesions after eating sugar cane contaminated with the fungus

Arthrinium. The toxic moiety was found to be the 3-nitopropanol metabolite 3-NP (22). 3-NP toxicity in

humans induces gait abnormalities, multiple cognitive symptoms including acute encephalopathies and

coma, and may be fatal. Systemic administration of 3-NP to both rats and primates produces age-

dependent striatal lesions that are strikingly similar to those seen in HD. For example, striatal 3-NP

lesions in non-human primates show sparing of NADPH-d neurons and proliferative changes in the

dendrites of spiny neurons. Animals also develop both spontaneous and apomorphine-inducible

movement disorders. The extent of basal ganglia lesions induced in animals are minutely dependent on

the dosing regimen used, with chronic low dose paradigms inducing cerebral pathology most closely

mimicking HD.

Malonate: Malonate is another selective inhibitor of SDH activity that induces motor impairments

following intrastriatal administration in rodents. Since malonate does not cross the blood brain barrier
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systemic administration is ineffective, but it remains a useful tool for modeling the effects of complex II

inhibition in vitro and in vivo.

Selective Toxicity of Mitochondrial Toxins: The striatum is discretely targeted by 3-NP toxicity despite

uniform distribution of 3-NP throughout the brain and uniform depression of SDH activity following

systemic administration. It has been suggested that this susceptibility of striatal neurons to metabolic

stress might contribute to their selective vulnerability in HD, supported by findings that improving

energy generation within neurons (by creatine or coenzyme Q,0 administration) protects against 3-NP

toxicity. 3-NP administration also causes activation of NMDA receptors, and lesions can be prevented

by prior removal of glutamatergic excitatory cortico-striatal inputs by decortication, by glutamate

release inhibitors, and by glutamate receptor antagonists, suggesting that 3-NP toxicity is mediated by

excitotoxic mechanisms secondary to metabolic defects (23). NMDA receptor antagonists also abrogate

malonate toxicity. 3-NP and malonate lesions induce oxidative damage, resulting in increased hydroxyl

radical generation, DNA and protein damage. Free radical scavengers and nitric oxide synthase

inhibitors attenuate lesions (21).

4.3 Genetic Models of HD.

One of the major drawbacks of relying on human tissue to determine disease mechanism in

progressive neurodegenerative disorders is the inability to adequately map early events in the disease

process. The development of animal models expressing the HD gene mutation has been invaluable in

circumventing many of these issues. A number of model organisms have been utilized, including C.

elegans and drosophila which are particularly useful for rapid, high-throughput screening applications,

and HD-mutant rodent models which allow multi-system evaluation of potential disease pathways.

Mutant mouse lines are the most thoroughly characterized HD genetic models currently available

(reviewed in 17, 24; summarized in Table 2). Several different mutants have been generated that vary
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in the technique used to incorporate the gene mutation into the mouse genome. As a result phenotypes

vary between mouse lines depending on the nature of the mutation incorporated (full length human HD,

a fragment of human HD, or precise "knock-in" of a polyglutamine repeat into the murine HD

homologue Hdh), CAG repeat length, copy number of the mutant gene, promoter-dependent cellular

specificity of expression, expression levels, and background strains of the mice. The utilities of these

different types of mouse models can be divided into three broad categories:

4.3.1 Mice expressing N-terminal exon-1 fragments of the human huntingtin gene (HD)

containing CAG expansions (plus both alleles of murine wildtype huntingtin, Hdh).

Typical characteristics of "fragment" mouse models are short life spans, and relatively rapid onset

of phenotype that includes reductions in body weight and brain weight, htt aggregate formation, and

neuronal atrophy. R6/2 mice expressing -150 CAGs were the first mutant HD mice developed, and are

therefore the best characterized to date (25). Mice have extremely short lifespan (-13-17 weeks), and

develop NII (-3-4 weeks); gait abnormalities, rotarod impairments, glucose intolerance, body weight

loss, brain weight loss, diabetes, striatal atrophy and ventricular enlargement (6-10 weeks); and cerebral

neurotransmitter receptor alterations including depletions of metabotropic glutamate and dopamine

receptors (~12 weeks). N171-82Q mice express a longer fragment of human htt exon 1 with a shorter

polyQ repeat (82Q). As a result phenotype onset is later and progression slower than R6/2s, but mice

develop a behavioral phenotype more closely reminiscent of HD. Weight loss, gait abnormalities,

impaired motor performance, systemic glucose intolerance and NII deposition are evident by 3-4 months

of age, before premature death at 4-6 months (26). There is little evidence of overt neuronal loss in R6/2

mice, but degeneration of organelles including mitochondria has been reported in symptomatic mice (19).

End-stage N171-82Q mice show evidence of apoptotic cell death in striatum and cortex.

Another genetic HD modeling strategy uses an inducible tetracycline-responsive gene system to

turn on expression of an HD gene fragment postnatally (27). Gene expression in this context induced a
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progressive phenotype of intranuclear and cytoplasmic inclusion formation, striatal atrophy and

astrocytosis, hind-limb clasping and rotarod motor impairments, and receptor changes in the striatum.

Some of these changes partially reverse or resolve following transgene turn-off, including aggregate load,

receptor fluctuations, and motor performance. These observations suggest that appropriate HD treatments

may still be beneficial when applied after symptom onset.

4.3.2 Mice expressing the full-length human HD gene (and murine Hdh).

"Full length" mouse models show behavioral phenotypes and selective neuronal degeneration

more closely resembling HD than fragment models, but onset and progression is slower. YAC128 mice

express full length HD using the human promoter, with expression levels -75% of endogenous (28).

Mice show early hyperkinetic movements, followed by impaired motor function, reduced brain weight,

cortical and striatal atrophy, neuronal atrophy and striatal cell loss (affecting primarily medium spiny

neurons), and late deposition of htt aggregates. These full length mutant mice live normal life spans.

4.3.3 Mice with pathogenic CAG repeats inserted into murine Hdh.

"Knock-in" mice generated by inserting mutant CAG expansions into the murine HD homologue

Hdh represent the most accurate models for mutant htt expression. In general these models develop

pathologic phenotypes most closely resembling HD, but behavioral phenotypes are less severe and

slower progressing than human full length and fragment HD models. Mice have normal life spans.

Several knock-in models have been generated of which the HdhQ92 and HdhQ"' mice are the best

characterized (29). Mice show nuclear localization of htt selectively in striatal medium spiny neurons,

eventual htt aggregate formation, and striatal-specific cell loss around 24 months of age in HdhQ...

mice. Increased CAG repeat length is associated with acceleration of neuronal intranuclear inclusion
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(NII) formation and cell death. Other knock-in models show overt behavioral abnormalities including

hypoactivity, hindlimb clasping, and gait abnormalities (see 24).

In summary, while all mutant HD models exhibit some features of the human disorder, invariably

involving htt aggregate formation, few develop the cardinal signs of striatal neuronal degeneration.

Neurodegeneration seems to depend ultimately on the context in which the HD mutation is expressed.

Some generalities can be drawn from a survey of existing mouse lines. Firstly, mice require longer CAG

repeats than humans to elicit pathogenic events, putatively due to their relatively short life spans.

Secondly, onset is accelerated when gene fragments are expressed, and both age of onset and survival

decrease with shorter fragments. In contrast, expression of longer fragments or full-length huntingtin is

associated with neuronal death patterns more closely resembling human HD pathology. Age of

phenotype onset, aggregate formation, and cell death are all slower in full-length models (including

knock-in mice), compared with fragment models. Within each of these subsets, longer CAG repeats

accelerate all phenotypes.

5. CLINICAL PHENOTYPES

A diagnosis of Huntington's disease is based largely on the development of the hallmark choreic

movement disorder, and is aided by a positive family history. Genetic testing to detect the abnormal

CAG repeat may now be used to confirm suspected HD. Approximately one third of HD cases initially

present with emotional disturbances and neuropsychiatric conditions, however, which can lead to

misdiagnosis. In the absence of a family history, a correct diagnosis in these cases may be difficult until

the movement disorder presents.
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The clinical phenotype of HD includes a primary movement disorder, emotional disturbances and

cognitive decline. The heterogeneous clinical presentations of HD and treatment paradigms are

extensively reviewed by Rosenblatt and colleagues (30).

5.1 HD Movement Disorder. The earliest motor abnormalities in HD typically affect the eye.

Initiation of eye movement is delayed, the speed of saccades declines, patients show impaired ability to

suppress blinks when saccades are initiated, and pursuit movements become jerky. Choreic body

movements gradually develop, and are the most noticeable feature of HD. The earliest changes are

subtle and are often suppressible at first. These include clumsiness, variable stride length, a propensity

to fidget, restlessness, and the appearance of fragmentary or exaggerated facial expressions or gestures.

As the movement disorder becomes more profound and disabling patients develop a choreic "dancing"

or "drunken" gait. Patients are unable to suppress involuntary movements involving many muscle

groups, principally affecting the limbs and trunk generating irregular jerking and writhing movements,

and often face, mouth and tongue. As a result HD patients show an increasing frequency of falls and

muscle movements controlling respiration may become irregular. Motor impersistence develops,

typified by incomplete chewing (increasing the risk of choking and aspiration), inconsistent driving

speed, and a tendency to drop objects. Dystonia and bradykinesia become prominent later in the disease.

Voluntary movements and postural reflexes slow, and patients lose facial expression. As a result

dysphagia, dysarthria, aspiration, reduced dexterity and coordination, and balance problems are common

occurrences in HD.

5.2 Emotional Disturbances. Mood and behavioral disorders are often the most disruptive features of

HD not only for patients, but also their families and other relationships. Emotional changes precede the

appearance of overt motor symptoms in approximately one third of patients, and an increased risk of
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suicide has been identified in pre-symptomatic HD patients. While the appearance of emotional

disturbances is quite variable between individuals they may include depression (with concomitant social

withdrawal and suicide risk), increased impulsivity, obsessive-compulsive behavior, increased anxiety

and irritability, or psychosis. Overt changes in personality are also common, including the development

of uncharacteristically rude behavior and impatience, violent outbursts, changes in sexual behavior, and

errors in social judgement.

5.3 Cognitive Decline. As the disease progresses, symptoms of cognitive decline become prevalent.

Patients become easily distractible and the speed of their intellectual maneuvers decreases. Visual-

spatial abilities become impaired, often manifest as a decreased awareness of their environment and the

relationship of their body to objects, and a tendency to get lost. Executive function is impaired,

affecting attention, decision-making, planning and organization abilities, and initiation and sequencing

of actions. Decline in short term memory and learning skills are also prevalent. Cognitive changes in

HD are considered "sub-cortical" in origin, since they generally lack cortical-associated symptoms such

as aphasia, agnosia and amnesia typical of Alzheimer's type dementia.

5.4 Juvenile and Late Onset HD. Consistent with the pathological differences between adult and

juvenile onset forms, juvenile HD shows phenotypic variations. Chorea is much less prominent, and

bradykinesia is overt and occurs early (the so-called Westphal variant). Juvenile patients also typically

show tremor, rigidity, and dystonia. Myoclonic jerks and seizures may occur. Behavioral problems are

often manifest as attention deficit, poor impulse control, inappropriate behavior, and failure at school.

Late onset HD may present purely as chorea.

6. CURRENT AND PROTOTYPICAL TREATMENTS
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6.1 Current Treatments. There are no therapeutic approaches to prevent the neuronal degeneration

in HD available at present (agents in clinical trial are discussed below). Approaches currently used treat

the symptoms rather than the disease. The multiple neurological and psychological components of HD

mean that medications used to treat these symptoms often have side effects that compound other features

of the disease. Wherever possible, therefore, non-pharmacologic techniques are applied first, and if

pharmacologic agents are necessary the lowest effective doses are used. HD is associated with reduced

energy metabolism, weight loss and associated loss of strength. Therefore nutrition is important and

patients should be maintained on high calorie diets, with supplements if necessary. Swallowing is often

impaired and easy to swallow food should be chosen. An eating environment designed to reduce

distractions and improve food access (e.g. using adapted utensils) is also beneficial. Pharmacologic and

non-pharmacologic approaches are discussed in detail in "A Physician's Guide to the Management of

Huntington's Disease" (30).

6.1.1 Movement Disorder: While the appearance of involuntary choreic movements is typically the

most overt feature of HD, it is often the least troublesome symptom for patients and therefore often

needs no treatment. If chorea is severe and distressful, standard antiphsychotics such as the neuroleptics

haloperidol or fluphenazine may be used to suppress movements. Possible side effects include sedation,

parkinsonism, and dystonia, of which the latter two can be addressed by using less potent

antiphsychotics (e.g. clozapine or quetiapine; 31). Benzodiazepines including clonazepam and

diazepam, or dopamine-depleting agents (e.g. reserpine and tetrabenazine) may have some beneficial

effects. The impaired initiation and control of voluntary movements have greater impacts on functional

ability in HD, but no effective pharmacologic agents are available. Physical, occupational, speech and

swallowing therapies can delay decline of these functions. Bradykinesia, dystonia and spasticity may

develop late in the disease. Antiparkinsonism drugs such as levodopa/carbidopa and amantadine can be
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used to treat bradykinesia, but are associated with delirium and tolerance. Benzodiazepines may relieve

stiffness, although increased bradykineisa is a potential side effect. Myoclonus may respond to

clonazepam or divalproex sodium, although it is often not debilitating enough to warrant treatment.

Divalproex sodium is also used to treat myoclonic epilepsy or seizures that occur in approximately 30%

of juvenile HD patients.

6.1.2 Emotional Changes: Many of the symptoms of mood disturbances and personality changes can

be improved by conventional pharmacologic approaches. Antidepressants are commonly used, and do

not generally affect motor deficits. Selective serotonin re-uptake inhibitors (SSRIs) (including

fluoxetine, sertraline, paroxetine and fluvoxamine) are usually the class chosen since have less severe

side effects and less chance of overdose. Tricyclic antidepressants are avoided if possible, especially in

impulsive or suicidal patients, due to their adverse cardiovascular effects and relatively high risk of

toxicity in overdose, although they may be used for acute treatment if depression is unresponsive to

SSRIs (e.g. Nortryptaline). Psychotherapy can be beneficial, and in refractive or severe cases

electroconvulsive therapy has been used (30). Concomitant presentation of hallucinations, delusions or

severe agitation can be treated with antipsychotic medications. Standard antipsychotics should be

administered at low doses to avoid the detrimental side effects of parkinsonism, rigidity or sedation. If

chorea is not an overt problem in psychotic patients, newer agents that are less sedative and display low

or no parkinsonian side effects (e.g. quetiapine or aripiprazole) may be beneficial (31).

A small cohort of HD patients develops mania, and some may develop bipolar disorder (alternating

between depression, mania, and normal mood). Mood stabilizers such as lithium are useful in these

cases. Impulsivity can also be treated with mood stabilizers (e.g. carbamazepine, gabapentin, divalproex

sodium and valproic acid). SSRIs or the tricyclic antidepressant clomipramine are typically used to treat

obsessive-compulsive behavior. Commonly used anti-anxiety agents include SSRI's and
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benzodizaepines. Mood stabilizers, SSRIs and antipsychotic agents are often useful to treat irritability.

One prevalent behavioral affect of HD is a change in sexual behavior. If inappropriate sexual activity is

a problem, agents that reduce libido as a side effect such as propranolol or fluoxetine may be useful.

6.1.3 Cognitive Changes: No pharmacologic interventions are currently available. Non-pharmacologic

approaches include compensating for poor organizational skills by instigating daily routines, prompting

patients to initiate activity, and behavioral approaches to deal with impulsivity and temper outbursts.

6.2 Prototypical Treatments.

Mutant htt interactions and animal models of the disease have revealed several targets for

pharmacological interventions aimed at preventing or arresting the progression of neurodegeneration in

HD. A number of agents induced moderate beneficial effects in animal models, including agents that

improve energy metabolism, modulate glutamate receptor activation, inhibit free radical-mediated

oxidative damage, modulate dopamine and cannabinoid neurotransmission, and prevent caspase

activation. The most promising agents identified to date are being assessed in clinical trials in the HD

population.

Coenzyme Q10 and Creatine improve aspects of HD phenotype putatively via enhancing cerebral

energy metabolism (see 17). Oral administration of CoQ10 ameliorated elevated lactate levels seen in the

cortex of HD patients, an effect that was reversible on withdrawal of the agent (18). CoQ10 attenuated

neurotoxicity induced by the mitochondrial toxins MPTP and malonate in animal models, and increased

survival and delayed symptom onset in genetic mouse models of HD. These findings led to CoQ10 being

tested in a 30-month clinical trial in early-stage HD patients, both alone and in combination with the

weak NMDA receptor antagonist remacemide (32). Although this multi-arm trial did not detect a
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significant ameliorative effect of CoQ 10, it did demonstrate a trend towards a protective effect with

treatment slowing the decline in "total functional capacity" of HD patients by 13%. Whilst findings

were not immediately conclusive, results are encouraging and further studies of different doses are

planned.

An alternative strategy to enhance cerebral energy metabolism is to increase brain energy stores of the

high-energy compound phosphocreatine (PCr) via systemic creatine administration. Oral creatine treatment

successfully attenuated neurotoxicity induced by 3-NP in rats, ameliorating increases in striatal lactate levels

and decreases in energy metabolites including ATP induced by the toxin (see 17). Furthermore, oral creatine

administration delayed disease onset in HD mouse models, and protected against purkinje cell loss in a

transgenic mouse model of another polyglutamine repeat disease, SCAL. As a result of these promising

effects, creatine's efficacy in HD is currently being assessed in clinical trials.

Riluzole is a glutamate release inhibitor that has been shown to abrogate damage in models of excitotoxic

damage, and of HD and other neurodegenerative disorders. The effects of riluzole on components of the

Unified HD Rating Scale (UHDRS) were recently assessed in an eight-week 2-dose study in 63 HD patients

(33). The higher dose tested (200mg/kg/day) significantly reduced the progression of chorea over this

period, but had no effects on motor, cognition, behavioral, or functional components of the UHDRS.

The modified tetracycline antibiotic minocycline is currently in initial clinical trials as an HD therapeutic.

This agent has been shown to inhibit htt aggregation, caspase 3 activation, and calpain cleavage. It has been

reported to be protective in some animal models of focal and global cerebral ischemia, mitochondrial

toxicity, and neurodegenerative disorders including HD and amyotrophic lateral sclerosis (ALS). However

beneficial effects are not universal, and a number of recent studies report no effects or even detrimental
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effects of this agent, suggesting its reported beneficial effects may be associated with a small dosing

window. The potential utility of this agent in HD therapy is controversial.

A number of other therapeutic approaches are being actively explored for HD, including stem cell

transplantation, viral vector delivery of neurotrophic hormones, gene therapy approaches, and genetic

technology designed to silence mutant HD gene expression. As a result, Huntington's disease is currently at

the forefront of therapeutic design in neurodegenerative disorders, and the current high volume of HD-

related research implies that ameliorative treatments may be available in the near future.

7. TERMINOLOGY

Anticipation Age of disease onset decreases in successive generations, due to mutation

instability.

Atrophy A wasting or decrease in size of a body organ, tissue, or part, owing to

disease, injury, or lack of use.

Apoptosis Programmed cell death (or "cell suicide") induced by intracellular signals in

response to variety of stimuli. Apoptosis may occur in development, or due

to disease, or age. Cell death occurs in a controlled fashion, requires energy,

and generally occurs without inflammatory responses.

Autosomal dominant A dominant trait (expressed even if represented in only one of two alleles) in

a non-sex determining chromosome.

Chorea Irregular, sustained jerking or writhing movements involving multiple

muscle groups.

Dysarthria Difficulty with the physical production of speech.

30



Huntington's Disease

SE Browne

Dysphagia Difficulty in swallowing.

Dystonia A neurologic movement disorder characterized by sustained muscle

contractions, usually producing twisting and repetitive movements or

abnormal postures or positions.

Monozygotic Trait resulting from expression of a gene carried on only one of a pair of

chromosome alleles.

Mutation A random change in a gene or chromosome resulting in a new trait or

characteristic that can be inherited.

Myoclonus Sudden brief jerking movements involving discrete groups of muscles.

Oxidative damage Detrimental events in cells induced by altering the function or bioavailability

of molecules by oxidization, for example by interaction with free radicals.

Polyglutamine (polyQ) Repetitive sequence of glutamine amino acid moieties.

Transcription The first step in converting genetic instructions encoded in DNA. The

genetic code in DNA is transferred to messenger RNA molecules that carry

the code to protein-generating machinery.
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FIGURE LEGEND

Figure 1: Modulation of the "Indirect" Basal Ganglia Pathway Controlling Movement in HD. A

representative diagram showing the major neurotransmitter systems involved in the indirect basal

ganglia output pathways. Under normal circumstances (left), activation of the indirect pathway increases

the inhibitory input to thalamic nuclei, resulting in reduced excitatory output to the cortex. Choreic

movements in HD are thought to result from decreased activity of the indirect pathway due to loss of

GABA/Enk neurons projecting from the striatum to GPe, reducing the tonic inhibition of the thalamo-

cortical projection (4). Abbreviations: CTX, cerebral cortex; GPe, Globus pallidus, external segment;

GPi, Globus pallidus, internal segment; Thal, Thalamus; SNR, substantia nigra pars reticulata; STN,

Subthalamic nucleus; Stri, Striatum. "X" represents pathways inhibited by presynaptic inhibitory input,

or in the case of GABA/ENK Stri-GPe projection in HD, by neuronal loss.
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Table 1: Synopsis of wildtype and mutant htts' interactions with cellular and molecular targets.

Process Altered Htt Target Effect

Protein/Protein Multiple, described below, Potential to modify or abrogate activity of
Interactions plus calmodulin, GAPDH. bound protein. Many covalent interactions are

catalyzed by transglutaminases, forming
glutamyl-lysine crosslinks.

Endocytosis HIP-i, HIP-12, HIP-14, Htt modulates clathrin-mediated vesicle
AP-2aadaptin, PACSIN1, SH3GL3. formation and endocytosis. Mutant htt may

disrupt vesicle formation and transport.

Intracellular Trafficking HAP-1. PolyQ increases axonal blockages

Gene Transcription CBP, p53. Mutant htt affects transcription factors,
Sp1, TAFII-130. transcriptional activators and co-activators,
N-CoR, Sin3A. and transcription repressor activities.

Postsynaptic Signalling PSD-95. Htt influences organization of the post-synaptic
CIP4, FIP-2. density, including glutamate receptor subtypes,

and dendrite morphology.

Apoptosis HIPI. Htt binding to HIPI prevents HIP-induced
Caspase 3. caspase-dependent cell death cascades. PolyQ

expansion reduces htt's binding to HIP1.

Energy Metabolism Mitochondrial enzymes (TCA cycle Mitochondrial damage, reduced energy
and respiratory chain) production, increased risk of excitotoxicity.

Glutamatergic NMDA receptor-bearing Brain regions receiving glutamatergic
Signalling neurons. innervation at risk of excitotoxic damage.

Oxidative Damage Mutant htt-mediated cascades Oxidative damage to proteins, DNA, and
induce free radical generation. phospholipids.

Htt Aggregation Mutant-length polyQ expansions Deposition of ubiquitinated htt-positive protein
lead to htt self-aggregation. aggregates, that may sequester or bind other

proteins, and may disrupt proteosomal
processing.
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Table 2: Animal models of Huntington's disease (17)

Approach Model HD-like Phenotypes Atypical Phenotypes

Excitotoxic Intrastriatal injections Striatal neurodegeneration. Rapidly progressing, acute

Lesions of NMDA receptor Medium spiny neurons targeted. phenotypes.
agonists (quinolinic Apomorphine-inducible Toxins are not region-specific,
acid, kynurenic acid) movement disorder in primates, and intrastriatal placement is
in non-human required.
primates, rats, mice.

Mitochondrial SDH / Complex II Striatal neurodegeneration. Rapidly progressing, acute
Toxins inhibition by systemic Medium spiny neurons targeted. phenotypes (but can be titered

administration of 3- Often fatal. 3-NP's effects are for more chronic effects).
NP; Intrastriatal striatal-specific. Induce motor
injection of malonate. disturbances and dystonia.
Primates, rats, mice. Disrupt energy metabolism and

induce oxidative damage.

Gene Constructs Mouse Lines

Fragment, R6/2 (144Q), R6/1 ("15Q) Weight loss, movement disorder, Little or no overt striatal cell

human htt. N171-82Q (82Q) htt aggregates, atrophy of cortex death.

HD100 100Q) and striatum, neurotransmitter Diabetes or glucose intolerance.
receptor changes, transcriptional Disease onset very rapid.
dysregulation, reduced life span. Peripheral toxicity.

Full length, YAC (72Q & 128Q) Weight loss, movement disorder, Normal life span.

human htt. HD89 (891 htt aggregates, transcriptional
dysregulation, atrophy of cortex
and striatum, some cell death.
Symptoms develop slowly.

Inducible, Tet-off (94Q) Movement disorder, htt Normal life span.

human htt. aggregates, atrophy of cortex and Symptom-onset rapid after gene
striatum, neurotransmitter turn-on.
receptor changes. (Many
symptoms reversible on gene
turn-off).

CAG HdhQlll (11oQ) Selective cell death and atrophy Normal life span.
insertion, Hdh-150Q (150Q) of cortex and striatum observed in No overt movement disorder.
murine htt. Hdh4/6 Knock-in (80Q) some models, htt aggregates.

HDIHdh Chimera (80O9 Subtle behavioral changes.
Symptoms develop slowly.
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49
Huntington's Disease

Huntington's disease is one of several devastating neurodegenerative diseases, including amyotrophic lateral sclerosis
and Alzheimer's disease (AD), which are characterized by late onset in adult life. Their debilitating symptoms include
cognitive dysfunction, behavioral changes and mood disturbances, and movement disorders, and in the cases of
amyotrophic lateral sclerosis and Huntington's disease paralysis and death can occur. As the mean age of the
population increases, so does the frequency of occurrence of these disorders. Symptoms are associated with region-
specific loss of neurons within the central nervous system (CNS), but to date the mechanism of this selective neuronal
death remains unknown. Several different etiological processes may play roles, and strong evidence from studies in
humans and in animal models suggests the involvement of energy metabolism dysfunction, excitotoxic processes, and
oxidative stress. The recent development of transgenic mouse models expressing the human Huntington's disease
mutation has provided novel opportunities to determine the chronological order of events underlying the selective
neuronal death seen in the disease, which have hitherto been impossible to determine in humans. © 2001 Academic Press.

1. Introduction the body. However, experimental evidence suggests that the
pathogenesis of cell death in Huntington's disease is linked

Over a century elapsed between the first description of the to a gain of function of mutant huntingtin. In addition, studies
Huntington's disease phenotype by George Huntington in in both human Huntington's disease brain and transgenic
1872 and the discovery of the genetic defect underlying the mouse model of Huntington's disease have identified wide-
disease in 1993 (Huntington's Disease Collaborative Research spread neuronal intranuclear and cytoplasmic aggregations of
Group, 1993). A physician in Long Island, New York, the mutant huntingtin that may be linked to the disease process. In
familial inheritance of the disease was well known to Hunting- the following review we have collated the experimental infor-
ton from the family histories passed down to him by his grand- mation available to date to give insight into the link between
father and father. Huntington's disease is now known to be an the Huntington's disease gene mutation and selective neuronal
autosomal dominantly inherited neurodegenerative disorder dysfunction and death in this disease.
characterized by the adult onset and progressive development
of behavioral abnormalities, cognitive impairment, and invo-
luntary choreiform movements, with a typical duration of 1l. Neuropathological Features and Motor
15-20 years. The genetic abnormality in Huntington's disease Dysfunction in Huntington's Disease
is a CAG repeat expansion in a gene encoding a 350 kDa pro-
tein of unknown function, termed "huntingtin" (Huntington's A. Pathological Changes in Huntington's
Disease Collaborative Research Group, 1993). It is thought to Disease Brain
be a true dominant disorder since homozygous patients do not
seem to differ from heterozygote carriers in either age of onset, The typical neuropathological features of Huntington's
duration, or severity of the disease (Durr et al., 1999). Despite disease are progressive caudal to rostral degeneration of the
its identification, the definitive role of mutant huntingtin in caudate-putamen (Vonsattel and DiFiglia, 1998). Patients are
neuronal degeneration remains unknown. As discussed below, graded at postmortem according to the extent of gross and
the insidious progression of motor and behavioral disturbances microscopic measures of neuropathological severity, grades
in Huntington's disease reflects the selective pattern of cell loss ranging from 0 to 4 with increasing severity and extent of stria-
in the brain and the specific neurotransmitter pathways tal involvement (Vonsattel et al., 1985). Briefly, grade 0 brains
affected. The reason for the preferential vulnerability of striatal exhibit 30-40% neuronal loss in the head of the caudate, with
neurons in Huntington's disease is still enigmatic, and cannot no visible signs of reactive gliosis. In contrast, in grade 4 more
be simply explained in terms of the distribution of abnormal than 95% of striatal neurons are lost, the striatum is severely
huntingtin since the gene mutation is expressed throughout atrophic with marked gliosis, and about 50% of end-stage

Functional Neurobiology of Aging 711 Copyright Cc, 2001 by Academic Press. All rights of reproduction in any form reserved.
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cases show cell loss in the nucleus accumnbens. Most Hunting- planning and execution (Albin et al., 1989; Alexander and
ton's disease cases reach grade 3 or 4 by the time of death, by Crutcher, 1990; Graybiel et al., 1994). The GABAergic basal
which stage nonstriatal regions are also involved, in particular ganglia output projections to the thalamus maintain a tonic
the globus pallidus, cortex, and, to a lesser extent, thalamus, inhibition of their target nuclei, which is modulated by two
subthalamic nucleus, substantia nigra, white matter, and cere- opposing pathways (direct and indirect) which integrate the
bellum (Sotrel el al., 1991; Braak and Braak, 1992; Vonsattel input and output compartments within the basal ganglia
and DiFiglia, 1998). Fibrillary astrogliosis occurs in the stria- (Fig. 49.1). It is an imbalance in the relative contributions of
turn, but has not been reported in other affected areas, and no these two regulatory pathways that triggers, and dictates the
inflammatory responses are involved (Myers et al., 1991). In nature of, the motor dysfunction in Huntington's disease. In
cases of juvenile onset Huntington's disease cerebellar atrophy the direct (monosynaptic) pathway, activation of striatal effer-
is particularly prevalent. ents containing GABA and SP projecting directly to the GPi

The striatal cells most susceptible to degeneration in Hun- results in disinhibition of thalamic activity. In contrast, in the
tington's disease are medium spiny projection neurons (Beal, indirect (polysynaptic) pathway striatal efferents containing
1994a). Spiny neurons, which constitute 80% of striatal neu- GABA and enkephalin project to the GPe which sends purely
rons, are the principal input and output neurons of the striatum. GABAergic projections to the subthalamic nucleus. From here,
All contain the inhibitory neurotransmitter 'y-aminobutyric excitatory efferents (probably glutamatergic) project to the
acid (GABA), while subsets also contain enkephalin (ENK), basal ganglia output nuclei (SNr and GPi). The GPe projection
Substance P (SP), dynorphin, or calbindin. The other major generally exerts a tonic inhibition on the subthalamic nucleus.
class of striatal neurons are aspiny interneurons. Nicotinamide Activation of GABA/ENKergic striatal efferents tends to sup-
adenine dinucleotide phosphate diaphorase (NADPH-d), neu- press activation of GPe neurons, causing disinhibiton of the
ropeptide Y (NPY), somatostatin, and nitric oxide synthase subthalamic nucleus and hence an increase in the excitatory
(NOS) typically colocalize in medium-sized aspiny neurons, innervation of the basal ganglia output nuclei. This leads to
and some also contain cholecystokinin or the calcium-binding an increased inhibitory input to the target thalamic nuclei.
protein parvalbumin. In Huntington's disease striatum, spiny Thus, cortical function is differentially modulated depending
projection neurons containing SP or ENK degenerate earliest on which basal ganglia pathway, and therefore which thalamo-
in the course of the disease, whereas aspiny interneurons cortical pathway, is activated (Albin et al., 1989; Alexander
and the larger cholinergic interneurons are relatively spared and Crutcher, 1990). In Huntington's disease there is preferen-
(Ferrante el al., 1987; Beal et al., 1988). There is also some tial loss of the GABA/ENK-containing neurons comprising
hierarchy in the vulnerability of different spiny neuron subpo- the indirect pathway. "Disinhibition" of the thalamus results,
pulations; ENK-immunoreactive neurons projecting to the ex- which is manifest in Huntington's disease patients by the
ternal segment of the globus pallidus (GPe) degenerate prior to development of involuntary choreic movements. The later
SP-containing neurons projecting to the internal segment (GPi) onset of a rigid akinetic state in some Huntington's disease
(Reiner el al., 1988; Richfield el al., 1995; Sappet al., 1995). patients is thought to result from the additional loss of striatal
Spiny neurons also undergo morphological changes in the GABA/SP-containing efferents projecting directly to the GPi
course of the disease process in Huntington's disease, includ- (Albin et al., 1990).
ing recurving of the dendrites, altered shape and size of the
spines, and increased density of spines.

Surviving neostriatal neurons are generally morphologically Ill. Mutant Huntingtin Protein in
normal, although some are reduced in size and contain elevated Huntington's Disease
levels of the oxidative damage marker lipofuscin. A subpopu-
lation of "neostriatal dark neurons" has also been described by The genetic defect in Huntington's disease is an expansion
Vonsattel et al. (1 985), scattered between the zones of atrophic of an unstable CAG repeat encoding polyglutamines (Q,) at
and healthy cells. Interestingly, markers of apoptotic cell death the 5' end of a gene on chromosome 4, IT15 ("interesting
have been detected in these neostriatal dark neurons (for exam- transcript 15"), now termed huntingtin (HD) (Huntington's
ple, granulation of the cytoplasm and condensation of nuclear Disease Collaborative Research Group, 1993). Similar trinu-
chromatin and labeling by TdT-lnediated dUTP-biotin nick cleotide mutations in different genes are responsible for at least
end-labelling [TUNELI; Vonsattel and DiFiglia, 1998). seven other neurodegenerative disorders: the spinocerebel-

lar ataxias (SCA1, SCA2, SCA3 [Machado-Joseph disease],
B. Motor Dysfunction SCA6, and SCA7), dentatorubral-pallidoluysian atrophy, and a-spinal bulbar muscular atrophy (Ross, 1995; Zoghbi, 1997).

The motor defects typical of Huntington's disease result While the genes affected in these disorders have now been
from the disruption of basal ganglia-thalamocortical pathways identified, only in spinal bulbar muscular atrophy is the func-
which regulate movement control. The neostriatum (caudate tion of the affected protein known (androgen receptor). All the
nucleus and putamen) receives excitatory glutamatergic inputs glutamine repeat diseases involve neuronal loss and gliosis.
from the entire neocortex, the first step in the anatomical loop However, while gene expression is widespread throughout
responsible for the initiation and execution of movement. Pro- the body, cell death occurs in specific regions of the brain
cessed signals are transmitted via basal ganglia output nuclei and spinal cord. How these genetic defects lead to progressive,
(GPi, the substantia nigra pars reticulata, SNr, and ventral pal- selective neurodegeneration, remains elusive. The gene pro-
lidum) to the thalamus, which in turn sends excitatory projec- duct in Huntington's disease, huntingtin protein, is a 348 kDa
tions to areas of the frontal cortex associated with motor protein containing 3144 amino acids. Normal, unaffected indi-
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Indirect Pathway Direct Pathway

Inhibitory_ Excitatory
-.... GABA Glutamate

--------------------GABA/SP
--...... GABA/Enk

FIG. 49.1. Corticofugal pathways controlling movement. A representative diagram showing the major neurotransmitter systems
involved in the direct (right) and indirect (left) basal ganglia output pathways. Activation of the indirect pathway increases the
inhihitory input to thalamic nuclei, resulting in reduced excitatory output to the cortex. In contrast, activation of GABAISP-containing
striatal efferents in the direct pathway results in inhibition of the GPi and SNR projection to the thalamus, effectively releasing the
thalamus from pallidal inhibition. As a result, the excitatory output to the cortex increases. Choreic movements in Huntington's disease
are thought to result from reduced activity of the indirect pathway, due to loss of GABA/Enkephalinergic neurons (Aihin et al., 1989;
Andrews and Brooks, 1998). CTX, cerebral cortex; GPe, globus pallidus, external segment; GPi, globus pallidus, internal segment;
Thai, Thalamus; SNR, substantia nigra pars reticulata; STN, subthalamic nucleus; Stri, striatum.

viduals typically have trinucleotide repeats of 11-34 CAGs. confers vulnerability to degeneration in Huntington's disease
Expansion to 34-39 CAG repeats in one or both alleles confers (Strong et al., 1993; Sharp et al., 1995). However, recent
the possibility of developing Huntington's disease, while the immunohistochemical studies suggest that huntingtin may be
disease is inescapable when CAG repeats in either allele differentially distributed at the cellular level within the stria-
exceed 39. The trinucleotide repeat is polymorphic and under- turn. Ferrante et al. (1997) reported that within the striatum
goes alterations during meiosis, generally fluctuating by +- 1-5 huntingtin immunoreactivity is heterogeneous, the patch corn-
repeats per transmission, although larger increases can occur partment showing low levels or no immunoreactivity in neu-
following paternal transmission (Ross, 1995). The physiologi- rons and neuropil, while levels are relatively higher in the
cal functions of both normal and mutant huntingtin have not matrix. Double labeling techniques revealed higher levels of
yet been determined, although several features of the Hunting- huntingtin expression in medium spiny neurons and colocali-
ton's disease phenotype are known to be influenced by CAG zation with calbindin, in contrast to little or no colocaliztion
repeat length, such as age of onset of the disease (Andrew of huntingtin with NADPH-d or NOS neurons, suggesting
et a!., 1993; Duyao et a!., 1993; MacDonald et a!., 1999) that there is some correlation between huntingtin's cellular
and the extent of DNA fragmentation in Huntington's disease location and cell vulnerability. A more recent study (Fusco
striatal neurons (Butterworth et a!., 1998). CAG repeat length et a!., 1999) supports Ferrante and colleagues' observations
has also been correlated with neuropathological severity, that huntingtin protein load varies within the striatal population
although this observation is controversial since the grade of of medium-sized neurons and is not consistently found in all
disease at time of death is dependent on a number of factors medium spiny projection neurons. Taken with their observa-
also influenced by repeat length, including age of onset and tions that large striatal cholinergic interneurons which are rela-
disease duration (Furtado et al., 1996; Sieradzan and Mann, tively spared in the disease contain high levels of huntingtin,
1998). Fusco and colleagues suggest that the huntingtin mutation is

Distribution studies give little insight into the involvement not directly toxic to cells.
of mutant huntingtin in the regional selectivity of cell loss in At the neuronal level, huntingtin protein is widely expressed
the disease, since huntingtin protein is ubiquitously expressed throughout cells, with a largely cytoplasmic distribution in
throughout the body. The fact that its distribution shows no perikarya, axons, dendrites, and some nerve terminals, and
apparent selectivity for cerebral regions targeted by the disease protein fragments have been identified in neuronal nuclei.
process suggests that another property of basal ganglia neurons Subcellular fractionation studies revealed an association of
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huntingfin with synaptic vesicles (DiFiglia et al., 1995), while has a number of other functions within the cell which might
another report suggests association with the microtubules be altered by an interaction with huntingtin. These include a
(Gutekunst et af., 1995), implicating potential roles in intracel- role as a uracil DNA glycosylase in DNA repair, and binding
lular trafficking and synaptic function. N-terminal fragments of to a number of proteins including DNA, RNA, ATP, actin,
huntingtin form ubiquinated protein aggregates in neuronal tubulin, amyloid precursor protein, and calcyclin. GAPDH
nuclei (neuronal intranuclear inclusions) and in dystrophic expression is very susceptible to metabolic stress, and a glyco-
neurites (cytoplasmic inclusions). These protein aggregates lytically inactive form of the enzyme found in the nucleus has
have been identified in both Huntington's disease brain and been implicated in apoptotic mechanisms in neurons and
in the brains of transgenic mice expressing a fragment of somatic cells (Saunders et al., 1997; Sawa et al., 1997). The
human mutant huntingtin (Davies et af., 1997; DiFiglia et af., potential for huntingtin to deleteriously affect GAPDH func-
1997; Reddy et af., 1998; Hodgson et af., 1999). The mechan- tion is supported by a report that both GAPDH and a.-ketoglu-
ism of inclusion formation has not yet been detrmined, but tarate dehydrogenase are inactivated by fusion proteins
Perutz and colleagues (1994) suggest that the expanded poly- containing polyglutamine stretches of pathological length, in
glutamine stretches in mutant huntingtin lend themselves to the reactions catalyzed by transglutaminase (Cooper et al., 1997a).
formation of /3-pleated sheets held together by hydrogen bonds Tissue transglutaminases (tTGase) are also implicated in the
between amide groups. CAG repeat length appears to be criti- pathogenesis of trinucleotide repeat disorders including Hun-
cal for aggregate formation (Scherzinger et al., 1997). Similar tington's disease due to another functional role within neurons
intranuclear inclusions also occur in other CAG repeat disor- and astrocytes, catalyzing Ca 2+-dependent cross-linking of
ders including spinocerebellar ataxia type 3 (Paulson el al., glutamine residues with lysine and polyamines in other pro-
1997) and in transgenic mice expressing merely an expanded teins (Aeschlimann and Paulsson, 1994; Kahlem et al., 1996;
CAG repeat (Ordway et al., 1997), suggesting that nuclear Lorand, 1996; Cooper et al., 1997a,b, 1999).
inclusions are a common product of trinucleotide expansions
irrespective of the affected gene.

The toxic function associated with mutated huntingtin IV. Huntingtin Aggregates: Toxic,
appears to be due to gain of a novel function, rather than Protective, or Inert?
loss of wild-type huntingtin function, since murine HD homo-
log-null mice die in utero while heterozygous knock-out mice A great deal of debate surrounds the issue of whether neu-
show little or no pathology (Duyao et al., 1995). Further, Hun- ronal intranuclear inclusion deposition plays a causative role in
tington's disease knock-out mice are completely rescued by the pathogenesis of cell death in Huntington's disease, or is
crossing into knock-in HdhfQ50 mice with a mutant polygluta- merely a secondary event. There is conflicting evidence about
mine expansion (48 CAGs), while mice expressing abnormally the role of neuronal intranuclear inclusions, although at present
low levels of mturine huntingtin exhibit developmental the weight of opinion seems to favor a lack of involvement, or
abnormalities (White et al., 1997). Putative mechanisms of even a neuroprotective role. The original thesis that nuclear
huntingtin dysfunction include altered cellular interactions, localization of huntingtin aggregates was essential for patho-
These include suggestions that expanded glutamine repeats genic processes came from observations in the R6/2 transgenic
may allow protein-protein interactions or that polyglutamines mouse line, that neuronal intranuclear inclusion deposition
might be substrates for transglutaminases (Perutz et al., 1994; preceded symptoms and pathology in the mouse phenotype
Cooper et al., 1997b). The principal candidates for protein (Mangiarini et al., 1996; Davies et al., 1997). Expanded
interactors are huntingtin-associated protein-I (HAP-I) and CAG repeats have also been shown to induce huntingtin ag-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Li gregation and cell death in transfected cerebellar granule cell
el al., 1995; Burke et al., 1996). Others include calnodulin, cultures (Moulder et al., 1998). In addition, transfection of a
caspase-3, a-adaptin, cystathionine /J-synthase, and huntingtin human mutant huntingtin fragment into Drosophila eye cells
interacting protein (HIP-I) (see Aronin el al., 1999). Interest- induced CAG repeat-dependent photoreceptor degeneration
ingly, in the case of calmodulin the polyglutamine expansion and death, putatively via apoptotic mechanisms (Jackson
seems to increase huntingtin's affinity (Bao et al., 1996). A et af., 1998).
potential role for HAP-1 in the pathogenesis of Huntington's The case against a pathogenic role of neuronal intranuclear
disease has largely been discounted on the basis of reports inclusions is steadily growing. In Huntington's disease post-
that although it is found only in brain it does not show a pre- mortem brain, neuronal intranuclear inclusion deposition in
ferential striatal distribution, and that HAP-I does not interact the cortex and striatumn does not mirror the pattern of cell death
with the mutant stretch in huntingtin (Bertaux et al., 1998). in the disease (Ferrante et al., 1997; Fusco et al., 1999). Neu-
GAPDH is a critical glycolytic enzyme, which led to intriguing ronal intranuclear inclusions and cytoplasmic inclusions are
proposals that an interaction with mutant huntingtin might seen in NADPH-d neurons spared in the disease, but are not
impair metabolic function. Arguing against this idea, we found found in acetylcholinesterase- and choline acetyltransferase-
that the glycolytic function of GAPDH is not altered in post- positive interneurons, suggesting that neuronal intranuclear
mormem Huntington's disease brain tissue (Browne et al., inclusion formation is not critical for cell death mechanisms.
1997). However, a recent study in fibroblast preparations Also, in the majority of Huntington's disease patients hunting-
showed that GAPDH's glycolytic activity is less responsive to tin aggregates are most commonly found in neurites, with the
metabolic stress in Huntington's disease patients than in fibro- exception of 5-10% of patients with juvenile onset of disease
blasts from control subjects and unaffected Huntington's in whom neuronal intranuclear inclusions are prevalent in the
disease family members (Cooper et al., 1998). GAPDH also cortex and striatum (Aronin et al., 1999). In addition, Sawa
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et al. (1999) demonstrated in cultured Huntington's disease inclusion deposition precedes behavioral symptoms and neuro-
and control lymphoblasts that stress-induced depolarization transmitter changes in R6/2 mice, there is no direct link
is much greater in Huntington's disease mitochondria than in between the distribution of neuronal intranuclear inclusion
mitochondria from controls, in the absence of any neuronal deposition and patterns of cell death or dysfunction in several
intranuclear inclusion deposition--suggesting that neuronal other mutant Huntington's disease mouse models (Reddy et al.,
intranuclear inclusions are not necessary for cellular dysfunc- 1998; Hodgson et al., 1999; Levine et al., 1999). In addition,
tion. They went on to demonstrate that this mitochondrial dys- R6/2 transgenic mice also develop neuronal inclusions in many
function is linked to apoptotic cell death. Furthermore, Saudou postmitotic peripheral tissues from about 6 weeks of age,
and colleagues (1998) recently reported cell-selective neurode- including both skeletal and cardiac muscle, kidney, liver, pan-
generation resembling apoptotic cell death in cultured striatal creas, and adrenal glands (Sathasivam et al., 1999). Peripheral
(but not hippocampal) neurons transfected with a human mutant aggregate formation seems to coincide with tissue atrophy, but
huntingtin fragment, independent of the presence of intra- there is no direct evidence of cell death. It is of interest, there-
nuclear inclusions. Observations that suppression of neuronal fore, that unlike the brain where the bulk of aggregtes are
intranuclear inclusion deposition resulted in increased cell neuritic, inclusions in skeletal muscle cells are found solely
death in this neuronal population led to the proposal that neu- within nuclei. There is also increasing evidence from trans-
ronal intranuclear inclusion deposition may reflect a protective genic mouse models that the mechanism of neuronal death
mechanism within cells. in other polyglutamine repeat disorders is independent of

Another study in cultured mouse clonal striatal neurons sup- nuclear aggregation of the mutant protein. Lin et al. (2000)
ports the argument that nuclear aggregates are unnecessary for report that polyglutamine expansion in ataxin-l causes the
the cell death mechanism to be activated in Huntington's dis- downregulation of several neuronal genes involved in signal
ease. Kim et al. (1999) demonstrated that transfecting mouse transduction and calcium homeostasis in SCA-1 mice expres-
clonal cells with either full-length or truncated huntingtin con- sing the transgene. More interestingly, these changes precede
taining mutant CAG repeat lengths induced the formation of any pathological changes in the mice by at least 3 weeks
both nuclear and cytosolic inclusions, whereas huntingtin (pathology is evident at 6 weeks). Mutant ataxin-1 also forms
with wild-type CAG repeats remained within the cytoplasm. intranuclear inclusions in cerebellar Purkinje cells of SCA-1
Nuclear inclusions consisted largely of N-terminal cleaved mice, and in humans, by aggregating with proteosomes and
fragments of huntingtin, while cytoplasmic inclusions con- ubiquitin (Cummings et al., 1998). However, these inclusions
tained both fragments and intact proteins. Apoptotic features do not appear to be pathogenic, since decreasing the frequency
were present in both wild-type and mutant huntingtin trans- of nuclear inclusion formation (by treating with E6-AP ubiqui-
fected cells, but were exacerbated in mutant cells. Findings tin ligase) actually exacerbated the rate and extent of pathol-
that inhibiting caspase activity with Z-VAD-FMK increased ogy in SCA-1 mice (Cummings et al., 1999).
cell survival, but had no effect on either neuronal intranuclear
inclusion or cytoplasmic inclusion number, imply that neuro-
nal death is independent of aggregate formation in this model. V. Putative Mechanisms of Cell Death
This hypothesis was supported by observations that another
caspase inhibitor, Z-DEVD-FMK, reduced neuronal intranuc- The main question still confounding researchers is how the
lear inclusion and cytoplasmic inclusion number but had no huntingtin mutation results in selective neuronal cell loss in
effect on cell survival. The authors also demonstrated that Huntington's disease. The definitive answer is still elusive,
only mutant, and not wild-type, huntingtin underwent cleavage but several hypotheses exist.
to form N-terminal fragments, which suggests that the poly-
glutamine domain confers some propensity for cleavage by A. Bioenergetic Defects
caspases (Kim et al., 1999). In another study, nuclear import
and export sequences were inserted into huntingtin fragments One hypothesis is that the gain of function associated with
in 293T cultured cells to alter their normal distribution within expanded polyglutamine repeats leads either directly or indir-
the cells (Hackam et al., 1999). Results show that toxicity of ectly to a defect in energy metabolism, potentially via second-
mutant huntingtin is unaffected by the intracellular location of ary excitotoxicity (Albin and Greenamyre, 1992; Beal, 1994b).
huntingtin aggregates. Although neither full-length huntingtin Reduced ATP production due to impaired energy metabolism
or huntingtin fragments have yet been found in mitochondria, can lead to partial cell depolarization by making neurons more
an effect on mitochondrial function cannot be ruled out. For vulnerable to endogenous levels of glutamate. The concomi-
instance, huntingtin may play a role in mitochondrial traffick- tant increase in Ca2+ influx into neurons may trigger further
ing, or alternatively neuronal intranuclear inclusions may influ- free radical production, exacerbating damage to cellular ele-
ence nuclear transcription and thus affect the expression of ments. This hypothesis is supported by findings that normally
nuclear-encoded proteins including subunits of mitochondrial ambient levels of excitatory amino acids become toxic in the
complex II. The latter is of particular note since complex II presence of oxidative phosphorylation inhibitors, sodium-
activity is impaired in affected brain areas in Huntington's potassium pump inhibitors, or potassium-induced partial cell
disease. membrane depolarization. Further, excitatory amino acid

Transgenic and knock-in mouse models (discussed in sec- antagonists such as MK-801 can ameliorate cerebral lesions
tion VI) further support the argument that neuronal intra- induced by mitochondrial toxins such as 3-nitropropionic
nuclear inclusions are not needed for cell toxicity in acid (3-NP), 3-acetylpyridine (3-AP), aminooxyactic acid
Huntington's disease models. Although neuronal intranuclear (AOAA), 1-methyl-4-phenylpyridinium (MPP+), and malo-
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nate (Storey el al., 1992; Beal, 1996; Schulz et al., 1996b). The the TCA cycle enzyme aconitase in affected brain regions and
principal indicator of all energetic involv'ement in the disease muscle (> 70%; Tabrizi et al., 1999). In addition, mitochon-
process is the observation of insidious weight loss in Hunting- drial toxins, which inhibit succinate dehydrogenase in the
ton's disease patients despite a sustained caloric intake TCA cycle and complex I (3-nitropropionic acid and malo-
(O'Brien et al., 1990). Subsequently, positron emission tomo- nate), induce selective striatal lesions in rodents and primates
graphy (PET) and biochemical studies in postmortem brain which closely resemble those seen in Huntington's disease
have shown selective metabolic defects in brain regions tar- (Beal et aii., 1993, 1994; Wullner et al., 1994; Schulz et al.,
geted by the disease, and mitochondrial abnormalities in Hun- 1996a,b). Mitochondrial abnormalities and metabolic defects
tington's disease have been identified in ultrastructural studies are also features of other trinucleotide repeat disorders, includ-
of cortical biopsies from juvenile and adult-onset Huntington's ing SCA I, SCA2, and SCA3, leading to the proposal that ener-
disease cases (Goebel et al., 1978). getie dysfunction may play a common role in these disorders,

PET studies show marked reductions in glucose metabolism and is directly linked to the polyglutamine defect (Matthew
in the basal ganglia and cerebral cortex of symptomatic Hun- et al., 1993; Mastrogiacomo and Kish, 1994; Mastrogiacomo
tington's disease patients (KuhI el al., 1985; Kuwert et al., et al., 1994; Matsuishi et al., 1996).
1990; Andrews and Brooks, 1998). Caudate hypometabolisnl Further indirect evidence that energetic defects contribute to
in symptomatic patients has been shown to correlate with clin- neurodegenerative processes in Huntington's disease is pro-
ical test scores for bradykinesia, rigidity, dementia, and func- vided by findings that agents which enhance energy production
tional capacity, while the extent of putanlinal hypolletabolisnl in the brain exert neuroprotective effects. Preliminary studies
correlates with chorea and eye-movement dysfunction, and in rodent mitochondrial toxin models, and NMR measurements
thalamic hypermeitabolisin correlates with dystonia scales of lactate production in man, suggest that coenzyme Qio and
(Young et cii., 1986; Berent et (it., 1988; Kuwert et al., 1990). creatine are neuroprotective, putatively via enhancing cerebral
Cortical hypometabolisil is also seen in patients suffering psy- energy metabolism (Koroshetz et al., 1997; Matthews et al.,
chological disturbances and mood changes, before the onset of 1998). Coenzyme Q, also has potent antioxidant effects.
motor symptoms (Kuwert el al., 1990). More convincing evi- Oral administration of coenzyme Qo improves symptoms in
dence of a causative role for energetic defects comes from some other mitochondrial-associated disorders including
observations of striatal hypometabolism prior to the bulk of tis- MELAS (mitochondrial myopathy, encephalopathy, lactic
sue loss, and in asymptomlatic subjects at risk of developing the acidosis, and stroke-like episodes) and Kearns-Sayre syndrome
disease (Grafton el al, 1992; Kuwert et al., 1993; Antonini (reducinlg cerebrospinal fluid, serum lactate and pyruvate
el (ii., 1996). Approximately 50% of gene-positive mutation levels, and enhancing mitochondrial enzyme activities in plate-
carriers exhibit metabolic defects years before the onset of lets) (Bresolin et al., 1988; Ihara et al., 1989). We recently
clinical symptoms (Antonini et al., 1996). PET techniques showed that oral administration of coenzyme Q10 ameliorated
have also demonstrated that the first clinical symptoms of elevated lactate levels seen in the cortex of Huntington's dis-
the disease correlate with loss of 30-40% of striatal dopamine ease patients, an effect which was reversible on withdrawal of
DI and D2 receptors, which are localized oil the GABAergic coenzyme QIo (Koroshetz et al., 1997). Furthermore, coenyme
medium spiny projection neurons in the striatumn (Andrews Qlo attenuates neurotoxicity induced by the mitochondrial tox-
et al., 1997; Hussey et tit., 1998). More evidence of metabolic ins MPTP and malonate in anirnal models (Beal et al., 1994;
dysfunction in Huntington's disease comes fi-om proton nucle- Schulz et al., 1996b). An alternative strategy is to increase
an magnetic resonance ('H NMR) imaging studies which show brain energy stores of the high-energy compound phosphocrea-
increased lactate production in the basal ganglia and occipital tine by creatine administration. We recently showed that oral
cortex of Huntington's disease patients (Jenkins et al., 1993, creatine administration in rats attenuates neurotoxicity induced
1998). Notably, these lactate defects can be ameliorated by by the succinate dehydrogenase inhibitor 3-NP (Matthews
treatment with the metabolic cofactor coenzyme QO (Kor- et al., 1998). In addition, increases in cerebral lactate levels
oshetz el al., 1997). and decreases in levels of high-energy phosphate compounds

Biochemical studies in Huntington's disease postmortem tis- seen in the striata of 3-NP treated rats were attenuated by pre-
sue have revealed selective dysfuiction of components of the treatment with creatine.
oxidative phosphorylation pathway and the tricarboxylic acid
(TCA) cycle iil brain regions targeted in the disorder. Activities B. Oxidative Damage
of complexes 11-111 and IV are markedly reduced in advanc-

ed grade Huntington's disease caudate and putarlen, while Oxidative damage can affect cell viability directly, via
enzyme activities are unaltered in other brain regions (Gu oxidation of DNA and other neuronal macromolecules, or
et al., 1996; Browne et al., 1997). Complex I activity is also indirectly, for example by impairing mitochondrial energy
reported to be impaired in muscle f-om Huntington's disease metabolism (Schulz et al., 1996b; Browne et al., 1999a). Evi-
patients, but has not been shown to be affected in brain (Parker dence for oxidative damage in Huntington's disease is steadily
el ai,, 1990; Bi-owne el cii., 1997; Arenas el al., 1998). Pyruvate accumulating. Findings include increased incidence of DNA
dehydlogenase activity is decreased in Huntington's disease strand breaks, exacerbated lipofuscin accumulation (a marker
basal ganglia and hippocanlpus, while polarographic studies of lipid peroxidation), elevated DNA oxidative damage
show that striatal oxygen consumption in Huntington's disease products such as 8-hydroxydeoxyguanosine (OH8dG), and
patients is lower than in age-matched controls (Butterworth increased immnnohistochemical staining of oxidative damage
et al., 1985). The most profound enzyme defect seen in Hull- products in Huntington's disease striatum and cortex, including
tington's disease to date is the dramatic reduction in activity of staining for 3-nitrotyrosine (a marker for peroxynitrite-
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mediated protein nitration), malondialdehyde (marker for oxi- et al., 1990). Systemic administration of 3-NP to both rats and
dative damage to lipids), heme oxygenase (formed during oxi- primates produces age-dependent striatal lesions which are
dative stress), and OH8dG (Goebel et al., 1978; Tellez-Nagel strikingly similar to those seen in Huntington's disease
et al., 1995; Ferrante et al., 1996; Browne et al., 1997, 1999a). (Brouillet et al., 1993, 1995). In primates, chronic 3-NP

A potential mechanism of mitochondrial dysfunction is via administration produces selective striatal lesions which spare
increased generation of free radicals and oxidants. Free radi- NADPH-d neurons, and induce proliferative changes in the
cals including superoxide (02-) and hydroxyl radicals dendrites of spiny neurons. Animals also show both sponta-
(HO-) are constantly produced as by-products of aerobic neous and apomorphine-inducible movement disorders resem-
metabolism, but production increases under circumstances of bling Huntington's disease (Brouillet et al., 1995). 3-NP basal
electron transport chain inhibition or molecular defects (Scha- ganglia lesions in rats are associated with elevated lactate
pira et al., 1992). These agents can induce oxidative damage to levels, similar to the increased lactate production seen in Hun-
cell macromolecules including DNA, proteins, and lipids by a tington's disease patients (Jenkins et al., 1993). 3-NP lesions
number of different mechanisms, including DNA strand breaks can be prevented by prior removal of glutamatergic excitatory
or formation of DNA adducts (e.g., OH8dG), protein carbony- corticostriatal inputs by decortication, by glutamate release
lation, or lipid peroxidation. Potential functional consequences inhibitors, and by glutmate receptor antagonists, suggesting
include perturbations in DNA transcription and translation, that 3-NP toxicity is mediated by secondary excitotoxic
protein synthesis, enzyme activities, and membrane fluidity. mechanisms (Beal, 1994a; Schulz et al., 1996b).
Mitochondria are thought to be particularly vulnerable to Intrastriatal injection of either malonate or 3-NP in rats is
oxidative injury since most intracellular free radicals are gen- also associated with increased oxidative damage. We found
erated by the mitochondrial electron transport chain. Mito- that the rate of hydroxyl free radical production is elevated
chondrial DNA is extremely susceptible due to its local- in the striatum, as detected by microdialysis (Schulz et al.,
ization in the mitochondrial matrix, lack of protective histones, 1996a). Increased OH 5dG levels in striatum are also detected
and limited repair mechanisms (Linnane et al., 1989). Thus following systemic 3-NP administration, and elevated 3-nitro-
any increase in free radical production, for example due to tyrosine concentrations are reported after either systemic 3-NP
impaired activity of a regulatory enzyme such as Cu/Zn or intrastriatal malonate injection. Further, the finding that 3-
SOD or glutathione peroxidase, could reduce the functional NP-induced lesions and concomitant increases in oxidative
capacity of the respiratory transport chain. In addition, the damage markers were markedly attenuated in mice overex-
tricarboxylic acid cycle enzyme aconitase, which is severely pressing the superoxide free radical scavenger Cu/Zn super-
affected in Huntington's disease, is a prime target for free radi- oxide dismutase (SODI) implies that oxidative free radicals
cal-mediated oxidative damage. The slow, progressive nature contribute to lesion formation (Beal et al., 1995). Furthermore,
of neuronal injury in neurodegenerative disorders may be malonate and 3-NP striatal lesions were attenuated by free
explained by cycling of free radicals and mitochondrial dys- radical spin traps and NOS inhibitors. Inhibition of nitric oxide
function. We have previously found increased levels of oxida- (NO) generation in mice lacking the gene for the neuronal
tive markers in both Huntington's disease and aminotrophic isoform of NOS (nNOS) also resulted in reduced volume of
lateral sclerosis. Nuclear DNA OH8dG levels are significantly malonate lesions (Schulz et al., 1996b). Hence there is sub-
elevated in Huntington's disease caudate relative to controls stantial evidence that nitric oxide-mediated oxidative damage
(Browne et al., 1997, 1999a). Further evidence supporting a is involved in cell death processes following energetic disrup-
role for oxidative damage in Huntington's disease is that the tion in these models.
energetic defects seen in Huntington's disease brain are similar
to those induced in cell culture by peroxynitrite, which prefer- B. Transgenic Mouse Models of
entially inhibits complex I-II and (to a lesser extent) complex Huntington's Disease
IV activity in the electron transport chain (Bolanos et al., 1995).

One of the major drawbacks of relying on human tissue for
asessment of neurological disease progression is the inability

VI. State of the Art Approaches: to adequately map early events in the disease etiology. Sub-
Animal Models Provide Insights stantial evidence of a causative role in the disorder would be

A nima MDielse P ovi ighs provided by evidence of occurrence prior to symptoms and
into Disease Etiology pathology in models of Huntington's disease. Over the past

A. Mitochondrial Toxin Models few years, the development of methodology to generate trans-
genic mouse lines expressing the physiological phenotypes

4 A role for mitochondrial energy metabolism dysfunction in associated with human gene mutations has provided much
the pathogenesis of neuronal degeneration in Huntington's dis- needed in vivo models to circumvent many of these issues. A
ease is further supported by observations, in both humans and number of different groups have developed several different
in experimental animals, that the basal ganglia neurons are par- transgenic and "knock-in" mouse models of Huntington's dis-
ticularly vulnerable to mitochondrial toxins. These include the ease, which vary in terms of the transgene incorporation tech-
complex II inhibitors 3-NP and malonate, AOAA (complex I), nique employed. As a result, mouse phenotypes vary between
potassium cyanide, and sodium azide (complex IV) (Browne lines, the features manifested by the animals depending on the
and Beal, 1994). Ingestion of 3-NP, an irreversible inhibitor nature of the transgene incorporated (i.e., full-length human
of succinate dehydrogenase (complex II), produces selective mutant huntingtin, or a huntingtin HD gene fragment incorpor-
basal ganglia lesions and delayed dystonia in humans (Ludolph ating the mutant region in exon 1, or merely an expansion
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insertedi into the inur11ine HD homnolog Hdh7); CAG repeat 1. Transgenic Mice Expressing Full-Length Human
length; copy number of the Mutant gene incorporated; promno- Mutant Huntingtin
eter used, and hence cellular specificity of expression; back-

ground strains; and expression levels of the mutant gene. The HD89 and YAC72 rnice discussed below represent two
The different mouse lines reported to date are discussed below of the most useful transgenic mouse lines developed to date.
andl listed in Table 49.1, which compares the salient features of Their utility is encumnbent on the fact that disease-length hun-
each of the models. tingtin mutations are expressed in the context of the human

TABLE 49.1 Characteristics of Transgenic and Knock-in Mouse Models Expressing the Huntington Disease Mutation

Mutant mouse B ackgrotund Symptom Nil Neuronal toss Life span
lilies strain Promoter Insert CAG repecat onset (weeks) onset (weeks) (at end stage) (weeks)

RD"
]it)I16 (Wt) FVB/N CMV Full-lengtth 16+~/- (A-F) None None None Normal
H D48 HDIl eDNA. 48 -- (B.D) 8 12 Stri, CTX > 29-31
1-1189 2-22 copies 48 --- (C) 25 Stri, CTX, That, Hip 29-31

89 -- (A-C) 8 Ttat, Hip, (Not 48C) 29-31
48B +/-I 0-S C131 21-23
89A -- /± 0-8 21t-23

YAC
YAC 18 (Wt) FVB/N Constitutive FullI-lenlý'tl 18 None None None Normat
YAC46 HD DNA, 46 42 None None N/D
YAC72 I-2 copies 72 (2511 l ine) 26 None stri' NID

11dh Knock-i,,
Hdb,(_7 (Wt) C5713 16/i Murine Full lergtti 7 None None None Normal
J~~I-hll( end~llogenos mouse Hdh, 48 None None None Normal
Ill/joQ1 CAG insert 90 16 60 None Normal

/Id/I 1109 16 None Normal

('AG Knock-in"
CAG 71 C571316/J ConstitUtiVe Mouse Hdh 71 12 None None N/D
CAG 94 - t00 hp). 94 8 None None N/D

CAG insert

Hdh4/6 Knock-in'
I-Id/ 6/Q72 RFS ConStiftutixe Ful1 length 72 12 None None NID
Ildb 4/Q80) im-I mouse 11dh, 80 12 Nonse None N/D

CAG insert

NJ 71'
N 17 1-1 8Q (WI) C'57131 6/0 MOUSe prior N-termninal i8 None None None Normal
N I71-44Q protein truncated 44 None None None Normal
N I71-82Q III) eDNA, 82 14 21-26 Some; CTX, 21-26

171 aa Stri, Hip, CBL

L63'

1,63-46 SJL/136 Rat NSL N-termuinal 46 12-- N/D None N/D
1,63-It)0 fragment, t00 12 CTX, Stri Stri N/D

epitope tag

R61'
H-dex6 (Wt) C57B I 6/CBA Constitutive 1.9-k-b H/i) 18 None None None Normal
Hdex27 (Wt) DNA is None None None Normal
R6/0) fragment 142 None None None Normal
R6/1I 113 16-20) Yes Atrophy/loss?
R6/2 144 8 3.5 Atrophy/loss9  17-25
R6/5 128-156 +/-+ 36 Yes Atrophy/loss?

128-156 +,/- None None None Normal

mT-Of

CainKIl Full length Tet-oti Yes, reversible Atrophy/loss? N/D
itl01.1se Hd/t.

CAG intsert

Notc. Tite miodlels listed reflect those reported by February 2(000. CB3L, cerebellum; CTX, neocortex Hip, hippoeampus; N/D, not determined to date;
NIl, neuronal intranuclear inclu sions:. Stri. Striat tim Tet, tetracycl in That,. thalamuILs; wks. weeks of age Wt, wild type.
iEvident its striatal mediutm spiny neurotns by 52 wcceks of age.
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full-length gene inserted into the mouse genome, rather than from the combination of low expression levels of the gene
just a gene fragment. In contrast to some other putative Hun- and the short life span of mice. In support of this hypothesis,
tington's disease models (such as the Hdh knock-in mice and HD48 mice, which do show selective cell death, neuronal intra-
R6/2 mice), animals develop region-specific neuronal degen- nuclear inclusion, cytoplasmic inclusion formation, and motor
eration over their life span, which provides a suitable context disturbances, express up to 5 x wild-type endogenous levels
for measuring the efficacy of potential neuroprotective agents. of full-length huntingtin protein (Reddy et al., 1998). However,

in the knock-in lines only endogenous murine levels of hun-

a. HD48 and HD89 Mice. Tagle and colleagues generated tingtin are expressed. Also, the CAG repeat number required
mice expressing 16 (wild type), 48, and 89 glutamines from to confer toxicity in mice seems to be longer than in humans,
full-length human huntingtin cDNA constructs. Using the perhaps reflecting the short life span of the animals.
human promoter, huntingtin expression is widespread through-
out the brain and periphery. In these mice, copy number of the a. Hdh knock-in Mice. White et al. (1997) developed a
gene incorporated varied from two to six in mutant CAG lines, mouse model of Huntington's disease by extending the
Both 48 and 89 CAG repeat mice showed motor deficits from polyglutamine tract of the murine homolog (Hdh) of the
an early age, developing foot clasping and stereotypic hyper- human huntingtin gene (HD). CAG repeats from an HD
kinetic activity, followed by hypokinesis and locomotor de- chromosome were inserted into the appropriate position in Hdh
terioration. Mice die prematurely (24-32 weeks). By about 24 exon l, altering the mouse HD homolog to encode huntingtin
weeks of age marked neuronal cell loss and astrogliosis is protein with 50, 92, or Ill glutamine residues, instead of the 7
evident in the striata of both HD48 and HD89 mice, but few normally found in the mouse protein. The transgene has the
neuronal intranuclear inclusions occur. The lack of a distinct endogenous promoter, and mice express wild-type levels of
correlation between CAG repeat number and disease progres- huntingtin protein. Mice homozygous for mutant huntingtin do
sion is thought to be associated with the levels of expression not exhibit any behavioral symptomatology up to 18 months of
in each of the mouse lines, which vary from approximately age. However, recent observations have shown CAG length-
endogenous levels in 89/89 mice to fivefold higher in 48/48 dependent translocation of huntingtin protein from cytosol to
mice (Reddy et al., 1998). the nucleus, and eventual neuronal intranuclear inclusion

formation in HdhQ92 and HdhQH' mice (Wheeler et al., 2000).

b. YAC HD Tg Mice. Hodgson et al. (1999) used yeast Although there is no evidence of selective cellular pathology in
artificial chromosome (YAC) technology to generate trans- any of these mouse lines yet, we have found that cerebral
genic mice expressing normal (YAC18: 18 glutamines) and glucose metabolism and mitochondrial enzyme activities are
mutant huntingtin (YAC46 and 72: 46 and 72 glutamines, impaired in HdhQ9 2 mice at 4 months of age (Browne et al.,
respectively). Mutations are expressed in the context of full- 1999b, and unpublished observations). This corresponds with a
length huntingtin protein. By 12 months of age YAC72 mice time point preceding neuronal intranuclear inclusion formation
have a selective degeneration of medium spiny neurons in the in these mice, and may be indicative of early bioenergetic
lateral striatum (similar to the selective cell death seen in changes associated with the huntingtin mutation (Fig. 49.2, see
Huntington's disease patients). Neurodegeneration seems to color insert).
require nuclear translocation of N-terminal huntingtin frag-
ments, but not neuronal intranuclear inclusion formation. Both b. CAG71 and CAG94 Mice. Similar to the technique in
YAC46 and YAC72 develop progressive electrophysiological Hdh mice, the endogenous murine Hdh gene was modified by
abnormalities at approximately 7 months of age that precede replacing a portion of mouse exon 1 and the adjacent intron
nuclear translocation of huntingtin and cell death. Behavioral with a human sequence containing an expanded CAG repeat
changes are manifest in YAC72 mice at 7 months of age. region (71 or 94) from a juvenile Huntington's disease lympho-

blastoid cell line (Levine et al., 1999). Although no overt cell

2. "Knock-in" Mice Expressing Full-Length Huntingtin loss has been reported to date in this model, there is evidence
of neuronal dysfunction in CAG94 knock-ins, which showed

"Knock-in" mice arguably represent an excellent model an increased sensitivity of cortical and striatal cells to N-methyl-
system for investigating the effects of the huntingtin mutation, D-aspartate (NMDA) receptor activation. In contrast, mice
since the mutation is expressed in the context of the full-length expressing fewer glutamines (94) CAG71 knock-ins were less
murine huntingtin analog, Hdh. Hence, the system uses the affected than CAG94 knock-ins, showing NMDA responses
endogenous promoter to produce protein at normal murine similar to littermate controls. No cerebral neuronal intra-
expression levels, so any differences between animals may be nuclear inclusions have been detected in either mouse line.
attributed to different polyglutamine repeat lengths. In reality
their utility is confounded to some extent by the fact that they c. Hdh4/Q80 and Hdh6/Q72 Mice. Another knock-in
do not develop overt, quantifiable, neurodegenerative, or beha- Huntington's disease model was generated by Shelbourne
vioral changes over the animals' life spans. However, as dis- and colleagues (1999). They inserted an expanded CAG repeat
cussed below, there is some evidence of cellular dysfunction (72-80) into the murine Hdh by homologous recombination
associated with the CAG expansion in these models which and generated two heterozygous knock-in lines, Hdh4/Q80 and
may be useful as testable parameters for investigating disease Hdh6/Q72. These mice do not develop any neuropathological
mechanisms. abnormalities at the cellular level by 17 months of age, but do

The reason for the lack of neuropathological features of exhibit a 10-15% reduction in brain size, which is evident by 4
Huntington's disease in these models is thought to result months of age. Neuronal intranuclear inclusions have not been
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seen in either line to date, but mice do display an abnormal weeks of age, and alterations in levels of the glutamatergic
behavioral phenotype, in the form of chronically increased mGluRl, mGluR2, mGluR3, and mGluR5 metabotropic
aggressive behavior toward other mice from about 3 months of receptors by 12 weeks of age (Cha et al., 1998). Further, in
age, which is more prevalent in males than in females. There is situ studies revealed that DI and mGluR receptor mRNA is
also evidence of reduced long-termn potentiation in hippocamn- abnormal by as early as 4 weeks of age, preceding the onset of
pal neurons (Usdin el al., 1999), which the authors suggest symptoms in these animals. However, contrary to the picture in
reflects the cognitive impairments seen at an early stage in Huntington's disease brain, GABAergic and NMDA receptor
Huntington's disease, binding levels are not altered in these animals, although AMPA

and kainate receptors show some downregulation (Cha et al.,

3. Transgenic Mice Expressing Human Mutant 1998). Similarly, neurotransmitter changes do not bear close

Huntingtin Fragments resemblance to the pattern seen in Huntington's disease. For
instance, Reynolds et al. (1999) report that striatal GABA

a. N171 HD Mice. N171 transgenic mice express a trun- levels are unaltered in symptomatic 12-week-old mice,
cated portion oftHuntington's disease cDNA, consisting of 171 although a slight decrease was observed in the cerebellum.
amino acids from the N-terminal, with an expanded glutamine Further, levels of serotonin and 5-hydroxyindoleacetic acid (5-
repeat of 44 or 82 (N171-44Q and N171-82Q). Wild-type HIAA) are reduced in all brain regions of R6/2 mice, while
N171-18Q express 18 glutamnines (Schilling et al., 1999). noradrenaline is decreased in the hippocampus. In contrast,
N 171-82Q mice display a phenotype of uncoordination, ataxia, dopamine levels in the striatum are reduced in aged animals,
and weight loss with onset at approximately 3-4 months, and consistent with changes seen in Huntington's disease brain.
die prematurely at about 6 months of age. On pathologic ex- As discussed earlier, metabolic defects prior to disease onset
amnination brains show neuronal intranuclear inclusions when are also typical of Huntington's disease. In the R6/2 mouse
labeled with antibodies to ubiquitin or the N-terminal of line, Tabrizi et al. (2000) reported that complex 11-111 and aco-
huntingtin protein and evidence of neuronal degeneration in nitase activities are impaired in the brains of 12-week-old R6/2
the striatumu. Huntington's disease transgenic mouse brains, but these altera-

tions do not precede the onset of the behavioral phenotype and
b. L63 HD Mice. The L63 mouse line express a FLAG- neuronal intranuclear inclusion deposition (S. E. Browne and

huntingtin cDNA fusion protein consisting of the first 3221 M. F. Beal, unpublished observations). However, at 12 weeks
huntingtin bases from the N-terminal, with 46 or 100 of age R6/2 mice show an increased vulnerability to metabolic
glutamnines (Laforet et al., 1998). Motor defects and approxi- stress, as demonstrated by increased free radical generation
mately 20% loss of striatal neuron occur in most mice with 100 and lesion size in response to a 3-NP toxic insult (Bogdanov
CAGs by 6 months of age. Low levels of neuronal intranuclear et al., 1998). Further, we have recently found that treatment
inclusions are also seen in striatum by 6 months (Laforet et al., of R6/2 mice with creatine, administered in feed from the
1998; Aronin et al., 1999). time of weaning, significantly increases survival and delays

brain atrophy, striatal neuron atrophy, and the formation of
c. R6 HD Mice. The R6 mouse lines were the first nuclear inclusions (Ferrante et al., 2000). In addition, preven-

Huntington's disease transgenic mice developed and are tion of huntingtin cleavage by caspase inhibitors has recently
therefore the best characterized to date. Importantly, it was been shown to delay phenotype onset and animal death in this
the development of this model which led to the identification mouse model (Ona et al., 1999).
of neuronal intranuclear inclusion formation in the disease
paradigm. The R6 mouse lines are transgenic for a fragment of 4. Inducible" Transgenic Mice Transiently
the human HD gene, containing I kb of the HD promoter region Expressing tansgenic Min
and exon I containing the abnormal CAG repeat expansion and Expressing Mutant Huntingtin
262 bp of intron I (Mangiarini el al., 1996). The R6/2 line Perhaps the most exciting development in the past few years
expressing 144 CAGs is the most studied to date, since these is the generation of a reversible Huntington's disease mouse
animals develop a rapidly progressing neurological phenotype model, which incorporates a "tet off" system to modulate
reminiscent of Huntington's disease, before dying prematurely expression of the huntingtin gene mutation (Yamamoto et al.,
at 17-22 weeks of age. The first motor symptoms occur at 2000). The expression promoter is o'-CamKII, which facilitates
about 8 weeks of age, but are preceded by neuronal intra- high levels of expression in the forebrain. Mutant gene expres-
nuclear inclusion deposition throughout the brain by 3.5 sion is under the regulation of a tetracyclin binding sequence,
weeks of age (although it may occur even earlier) (Davies bi-TetO, linked to galactosidase, and then to exon I of mutant
ei al., 1997). The motor disorder includes abnormal gait, a huntingtin containing an expanded CAG repeat. Tetracyclin
resting tremor, abrupt shuddering movements, and stereotypic binding switches huntingtin transcription off. Yamamoto and
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FIG. 49.2 Cerebral glucose use is increased prior to pathological changes in Hdh knock-in mice. These representative images are color coded to show
local rates of cerebral glucose utilization in the forebrain of Hdh knock-in mice at 4 months of age, at the level of the striatum. The color bar illustrates the
coding for glucose use (limol/100 g/min). Glucose use is markedly increased in most forebrain regions of mice expressing 92 glutamines in mutant
huntingtin (Hdch 90/90, top image) compared to levels in wild-type mice expressing 7 glutamines in huntingtin (Hdh 7/7; lower image). These changes in
HDHQ92 mice precede any behavioral changes, and the formation of neuronal intranuclear inclusions, suggesting that the gene mutation may induce
energetic abnormalities at an early stage of the associated disorder (Browne et al., 1999b).

FIG. 63.2 Pseudo-color-enhanced photomicrographs of [125
1]IGF-I binding in hippocampus (H) and layers II/III and V/VI of cortex of 10- (left), 19-

(center), and 30-month-old (right) rats. Red indicates the highest level of binding. Data indicate a decline in type 1 IGF receptors in brain with age.


