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SUBPROJECT 3

Oxidative damage and inflammation in the brains of autistic subjects:
Correlation with severity and phenotypes.

Pl: Abha Chauhan, Ph.D.

INTRODUCTION

Autism is a heterogeneous, behaviorally defined neurodevelopmental disorder. There is
limited knowledge of the causative factors and secondary abnormalities in biochemical pathways
in autism. While the cause of autism remains elusive, autism is considered a multifactorial
disorder that is influenced by genetic and environmental factors. Accumulating evidence
suggests that oxidative stress may provide a link between susceptibility genes and pre- and post-
natal environmental risk agents in the pathophysiology of autism [1-3]. Under normal conditions,
a dynamic equilibrium exists between the production of free radicals, i.e. reactive oxygen species
(ROS) and the anti-oxidant capacity of the cell. These ROS are highly toxic, and if not removed
or neutralized, they react with lipids, proteins and nucleic acids and damage membrane
properties and cellular functions. Glutathione (GSH) is the most important endogenous
antioxidant in human tissues, which neutralizes ROS, and participates in detoxification and
elimination of environmental toxins. Due to the lack of glutathione-producing capacity by
neurons, the brain has a limited capacity to detoxify ROS. Therefore, neurons are the first cells
to be affected by the increase in ROS and shortage of antioxidants and, as a result, they are most
susceptible to oxidative stress. Oxidative stress is known to be associated with premature aging
of cells and can lead to inflammation, damaged cell membranes, autoimmunity and cell death.
The brain is highly vulnerable to oxidative stress due to its limited antioxidant capacity, higher
energy requirement and high amounts of unsaturated lipids and iron [4]. The brain makes up
about 2% of body mass but consumes 20% of metabolic oxygen. The vast majority of energy is
used by the neurons [5].

Extensive evidence suggests the presence of oxidative stress in peripheral tissues in
children with autism [1, 3]. We have reported that levels of malonyldialdehyde, a marker of
lipid peroxidation, are increased in the plasma from children with autism [6]. Other studies on
erythrocytes and urine samples have also indicated increased levels of lipid peroxidation markers
in autism, thus confirming an increased oxidative stress in autism [7, 8]. Brain tissue is highly
heterogeneous with specific functions localized in specific areas of brain. The studies in this
project with postmortem brain tissues have shown elevated levels of markers of oxidative
damage, coupled with reduced antioxidant status in the cerebellum, frontal and temporal cortex
of the brain of individuals with autism as compared to age-matched control subjects [9-12].

Mitochondria are the primary source of free radicals, and are central to many cellular
functions including the generation of ATP (energy). They also trigger apoptosis, i.e. cell death.
Neurons in particular rely on mitochondria because of their high levels of activity and
subsequent need for energy. The free radicals are generated endogenously during oxidative
metabolism and energy production by mitochondria [13]. Electron transport chain (ETC) in
mitochondrion is a prime site for free radicals generation. Mitochondria generate ATP by
generation of protons gradient (membrane potential) with the help of five ETC complexes. The
changes in the mitochondrial ETC have been reported in several neurodegenerative disorders.



Recent evidence also suggests increased prevalence of mitochondrial dysfunction in autism [3,
14]. Our studies in this project have indicated brain region-specific deficit of mitochondrial ETC
complexes in autism [9].

Protein kinases are known to play important roles in cellular signaling pathways and are
involved in brain development. Protein kinase A (PKA) is a cyclic adenosine monophosphate
(cAMP)—dependent protein kinase that is involved in cognitive functions and memory formation.
Protein Kinase C (PKC), a ubiquitous phospholipid-dependent serine/threonine kinase, is another
G-protein-coupled receptor-mediated kinase. PKC is known to be involved in signal transduction
associated with the control of brain functions, such as ion channel regulation, receptor
modulation, neurotransmitters release, synaptic potentiation/depression, and neuronal survival.

It also plays crucial roles in cell proliferation, differentiation and apoptosis. In this project, we
have examined the activities of PKA and PKC in the brain samples from autism and control
subjects [15, 16].

BODY

In our study, the postmortem frozen brain samples from the cerebellum and frontal, temporal,
parietal and occipital cortex from autistic subjects with age range of 4 to 39 yrs from subjects
with autism and age-matched control subjects were obtained from the National Institute of Child
Health and Human Development (NICHD) Brain and Tissue Bank for Developmental Disorders
at the University of Maryland.

Increased oxidative damage in the frontal cortex, temporal cortex and cerebellum in
autism. We observed brain region-specific increased levels of lipid hydroperoxide [9], a product
of fatty acid oxidation; of malonyldialdehyde [10], an end-product of lipid peroxidation; of 8-
hydroxy-2 -deoxyguanosine (8-OH-dG) [11], a marker of oxidative DNA damage; and of protein
carbonyl [12], a marker of protein oxidation in autism. Other groups have also reported elevated
expression of carboxyethyl pyrrole [17], a marker of lipid-derived oxidative protein
modification, and of 3-nitrotyrosine [18], a marker of protein nitration, in postmortem brain
samples from autistic subjects.

Reduced antioxidant capacity in the brain of autistic subjects. In order to study antioxidant
status of brain in autism, we examined the concentrations of glutathione (GSH, reduced form;
and GSSG, oxidized form) and the redox ratio of GSH to GSSG (marker of oxidative stress) in
different regions of brains from autistic subjects and age-matched control subjects [19, Appendix
11]. We have recently reported a decrease in GSH, an increase in its oxidized disulfide form
(GSSG) and a decrease in the redox ratio of GSH/GSSG in the cerebellum and temporal cortex
of individuals with autism, suggesting a glutathione redox imbalance in autism [19, Appendix 1].
These findings indicate that autism is associated with deficits in glutathione antioxidant defense
in selective regions of the brain.

Mitochondrial dysfunction in autism. Since mitochondria play important roles in the
generation of free radicals and ATP formation, we studied the levels of mitochondrial ETC
complexes, i.e., complexes I, I1, 111, IV, and V, in brain tissue samples from the cerebellum and
the frontal, parietal, occipital, and temporal cortices of autism and age-matched control subjects




[9]. We have reported brain region-specific deficit in mitochondrial ETC complexes in autism

[9].

Increased activities of Na'/K*-ATPase and Ca**/Mg**-ATPase. Since increased oxidative
stress in autism can affect the activities of membrane-bound enzymes, such as Na'/K*-ATPase
and Ca®*/Mg?*-ATPase that are known to maintain intracellular gradients of ions essential for
signal transduction, we also studied whether oxidative stress can affect the activities of these
enzymes in different brain regions of autistic subjects. In the cerebellum and frontal cortex of
individuals with autism, we reported increased activities of Na*/K*- ATPase and Ca** /Mg**-
ATPase [20].

Reduced activity of protein kinases in the frontal cortex of subjects with regressive autism:
Relationship with developmental abnormalities. In regressive autism, affected children first
show signs of normal social and language development but eventually lose these skills and
develop autistic behavior. The underlying mechanism for regression in autism is not known.
Protein kinases are essential for G-protein-coupled receptor-mediated signal transduction, and
are involved in neuronal functions, gene expression, memory, and cell differentiation. Recently,
we reported decreased activity of protein kinase A (PKA) in the frontal cortex of subjects with
regressive autism [15, Appendix 2]. In the present study, we analyzed the activity of protein
kinase C (PKC) in the cerebellum and different regions of cerebral cortex from subjects with
regressive autism, autistic subjects without clinical history of regression, and age-matched
control subjects [16, Appendix 3]. In the frontal cortex of subjects with regressive autism, PKC
activity was significantly decreased by 57.1% as compared to age-matched control subjects (p =
0.0085), and by 65.8% as compared to non-regressed autistic subjects (p = 0.0048) (Fig. 1).
PKC activity was unaffected in the temporal, parietal and occipital cortices, and in the
cerebellum in both autism groups, i.e., regressive and non-regressed autism as compared to
control subjects (Fig. 1,2). These results suggest brain region-specific alteration of PKC activity
in the frontal cortex of subjects with regressive autism. Further studies showed a negative
correlation between PKC activity and restrictive, repetitive and stereotyped pattern of behavior
(r=-0.084, p = 0.0363) in autistic individuals, suggesting involvement of PKC in behavioral
abnormalities in autism (Fig. 3). These findings suggest that regression in autism may be
attributed, in part, to alterations in G-protein-coupled receptor-mediated signal transduction
involving PKA and PKC in the frontal cortex.
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Fig. 1. Protein kinase C activity in different regions of cerebral cortex, i.e., frontal, temporal,
occipital and parietal cortex from subjects with regressive autism, non-regressed autism and their
age-matched controls. The mean absorbance (x10%) of samples was divided by the quantity of
total protein (pg) used per assay, and the data is represented as relative PKC activity. **p <
0.01 as compared to control and non-regressed autism groups.
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Fig. 2. Protein kinase C activity in the cerebellum from subjects with regressive autism, non-
regressed autism and their age-matched control subjects. The mean absorbance (x10°) of samples
was divided by the quantity of total protein (ng) used per assay, and the data is represented as
relative PKC activity.
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Fig. 3. Relationship between PKC activity of frontal cortex and Autism Diagnostic Interview
Revised (ADI-R) test scores in subjects with autism. PKC activity was plotted against individual
ADI-R scores for (a) restricted, repetitive and stereotyped patterns of behavior, and (b)
abnormalities of development evident before the age of 36 months. R represents subjects with
regressive autism.



KEY RESEARCH ACCOMPLISHMENTS

1. There is increased oxidative damage as evidenced by increase in lipid peroxidation, protein
oxidation and DNA oxidation in the cerebellum, frontal cortex and temporal cortex of the brain
in autism [9-12]. Oxidative stress is brain region-specific in autism, and was not observed in
occipital and parietal cortex.

2. Glutathione antioxidant capacity is reduced in the cerebellum and temporal cortex in autism
[19, Appendix 1].

3. There is a brain region—specific decrease in the levels of mitochondrial electron transport
chain complexes in the cerebellum and in the frontal and temporal cortices but not in the parietal
and occipital cortices of subjects with autism [9]. These mitochondrial abnormalities are
observed only in young children with autism but not in adults with autism. The abnormalities in
the mitochondrial ETC complex levels resulting in disruption of mitochondrial function may be
one of the factors in the etiology of autism. This will lead to increased free radical generation,
oxidative stress and abnormal energy metabolism in autism.

4. The activities of both Na*/K*-ATPase and Ca**/Mg?*-ATPase (membrane-bound enzymes)
were significantly increased in the cerebellum in the autistic samples compared with their age-
matched controls. The activity of Na*/K*-ATPase but not Ca**/Mg**-ATPase was also
significantly increased in the frontal cortex of the autistic samples as compared to the age-
matched controls [20]. In contrast, in other regions, i.e., the temporal, parietal and occipital
cortices, the activities of these enzymes were similar in autism and control groups.

5. Individuals with regressive autism have decreased activities of PKA and PKC in the frontal
cortex of the brain [15, Appendix 2; 16, Appendix 3]. Such changes were not observed in other
brain regions of individuals with regressive autism, or in the frontal cortex and other brain
regions of individuals with non-regressive autism. These results suggest that alterations in PKA
activity and PKA expression are specific to the frontal lobe in regressive autism.

Our results suggest mitochondrial dysfunction, increased oxidative damage coupled with
reduced antioxidant status in the specific regions of brain i.e., cerebellum, frontal and temporal
cortex of autistic individuals compared with brain samples from age-matched control subjects.
Our results also suggest altered activities of enzymes involved in cellular signaling such as
Na'/K*-ATPase, Ca**/Mg?*-ATPase, PKA and PKC in specific brain regions in autism Frontal
cortex may be the region of the brain involved in regressive autism, where abnormalities such as
decreased activity of PKA and PKC can affect the signal transduction.
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CONCLUSIONS

Brain is a heterogeneous organ where specific functions are attributed to specific regions. Our
results suggest that autism is associated with mitochondrial dysfunction and increased oxidative
stress in the brain, which differentially affects selective regions of the brain, i.e. cerebellum,
frontal cortex and temporal cortex in autism. We have also reported brain region-specific
increased activities of membrane-bound enzymes, such as Na'/K*-ATPase and Ca**/Mg**-
ATPase that are known to maintain intracellular gradients of ions essential for signal
transduction Our results also suggest lower activities of PKA and PKC in the frontal lobe of
subjects with regressive autism, which will lead to abnormal cellular signaling. Increased
oxidative damage may also lead to inflammation because oxidative stress serves as a major
upstream component in the signaling cascade involved in activation of redox-sensitive
transcription factors and pro-inflammatory gene expression resulting in an inflammatory
response.
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Abstract Autism is a heterogeneous, behaviorally
defined neurodevelopmental disorder. Recently, we repor-
ted a brain region—specific increase in lipid peroxidation,
and deficits in mitochondrial electron transport chain
complexes in autism, suggesting the role of oxidative stress
and mitochondrial dysfunction in the pathophysiology of
autism. However, the antioxidant status of the brain is not
known in autism. Glutathione is a major endogenous
antioxidant that plays a crucial role in protecting cells from
exogenous and endogenous toxins, particularly in the
central nervous system. The present study examines the
concentrations of glutathione (GSH, reduced form; and
GSSG, oxidized form) and the redox ratio of GSH to GSSG
(marker of oxidative stress) in different regions of brains
from autistic subjects and age-matched control subjects. In
the cerebellum and temporal cortex from subjects with
autism, GSH levels were significantly decreased by 34.2
and 44.6 %, with a concomitant increase in the levels of
GSSG by 38.2 and 45.5 %, respectively, as compared to
the control group. There was also a significant decrease in
the levels of total GSH (tGSH) by 32.9 % in the cerebel-
lum, and by 43.1 % in the temporal cortex of subjects with
autism. In contrast, there was no significant change in
GSH, GSSG and tGSH levels in the frontal, parietal and
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occipital cortices in autism versus control group. The redox
ratio of GSH to GSSG was also significantly decreased by
52.8 % in the cerebellum and by 60.8 % in the temporal
cortex of subjects with autism, suggesting glutathione
redox imbalance in the brain of individuals with autism.
These findings indicate that autism is associated with def-
icits in glutathione antioxidant defense in selective regions
of the brain. We suggest that disturbances in brain gluta-
thione homeostasis may contribute to oxidative stress,
immune dysfunction and apoptosis, particularly in the
cerebellum and temporal lobe, and may lead to neurode-
velopmental abnormalities in autism.

Keywords Autism - Brain - Glutathione -
Neurodevelopment - Oxidative stress - Redox

Introduction

Autism is a severe neurodevelopmental disorder charac-
terized by deficits in social interaction; impairments in
verbal and nonverbal communication; and restricted,
repetitive and stereotyped patterns of behavior [1]. Autism
belongs to a group of neurodevelopmental disorders known
as autism spectrum disorders (ASDs), which include per-
vasive developmental disorder—not otherwise specified
(PPD-NOS) and Asperger disorder. According to the
Centers for Disease Control and Prevention, 1 in 110
children in the United States is diagnosed with ASDs [2].

Autism is a heterogeneous disorder, both etiologically
and phenotypically. While the cause of autism remains
elusive, autism is considered a multi-factorial disorder that
is influenced by genetic, epigenetic, environmental and
immunological factors [3, 4]. Accumulating evidence
suggests that oxidative stress may be a common feature in
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autism through which environmental factors exert their
deleterious effects, which may be further exacerbated by
the interaction of genetically susceptible alleles [3-6].
Several studies suggest that inflammatory phenomena,
immune dysregulation and certain autoimmune risk factors
may also contribute to the development and pathogenesis
of autism [3, 7-9].

The brain is highly vulnerable to oxidative stress as a
result of its limited antioxidant capacity, high energy
requirement and high amounts of unsaturated lipids and
iron [10]. Antioxidants, particularly glutathione, are
essential for neuronal survival during the early critical
period [11, 12]. Glutathione exists in the thiol-reduced
form (GSH) and disulfide-oxidized form (GSSG). GSH is
the most important endogenous antioxidant for detoxifica-
tion and elimination of environmental toxins and free
radicals, i.e., reactive oxygen species (ROS) that cause
damage to cellular functions by oxidizing lipids, proteins
and DNA. In addition to serving as an antioxidant, GSH
plays an important role in cell differentiation, proliferation
and apoptosis [11, 13—15]. There is also ample evidence on
the role of glutathione in both innate and adaptive immune
functions and on its anti-inflammatory role [13, 16—18].

Some studies provide evidence of the prenatal and
perinatal onset for developmental abnormalities that lead to
autism [19-21]. Children are more vulnerable than adults
to oxidative stress, because of their low GSH levels [22,
23]. The risk from deficits in detoxification capacity in
infants is higher because some environmental factors that
induce oxidative stress accumulate in the placenta, and are
found at higher concentrations in developing infants than in
their mothers.

The biological activity of GSH resides in the sulfhydryl
(thiol) group (SH) of cysteine. It acts as a reducing agent,
and protects the cells from the deleterious effects of ROS
by neutralizing them. In this process, GSH is oxidized to
GSSG by glutathione peroxidase (GPx). GSSG can be
recycled back to GSH by NADPH-dependent glutathione
reductase (GR). In healthy cells and tissues, most of the
total glutathione (tGSH) pool is in the GSH form, and less
than 1 % [24] or 1.2 % [25] exists in the GSSG form. GSH
and GSSG are the primary determinants of redox status in
all human cells. A decrease in GSH-to-GSSG redox ratio is
a marker of oxidative stress.

Extensive evidence from our and other groups suggests
a role of oxidative stress in the development and clinical
manifestation of autism. The levels of oxidative stress
markers for lipid peroxidation, protein oxidation and/or
DNA oxidation are increased in the blood [3, 5, 26-28],
urine [29] and brains [3, 30-34] of autistic subjects as
compared with control subjects. In addition, the activities
of antioxidant enzymes and the levels of antioxidant pro-
teins, namely transferrin (iron-binding protein) and
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ceruloplasmin (copper-binding protein) are decreased in
the blood samples from autistic subjects [26-28, 35].
Several clinical studies have reported lower GSH levels
and GSH/GSSG ratio in the plasma of individuals with
autism [36—40]. However, the status of antioxidant capac-
ity in the brains of individuals with autism has not been
studied previously.

Brain tissue is highly heterogeneous, with specific
functions localized in specific areas of the brain. The
majority of free radicals, i.e., ROS, are produced in the
mitochondria during oxidative metabolism and energy
production, and the electron transport chain (ETC) in
mitochondria is a prime source of ROS generation [41, 42].
We recently reported brain region—specific deficits in
expression levels of mitochondrial ETC complexes in the
cerebellum and the frontal and temporal cortices of chil-
dren with autism [30]. Interestingly, the levels of ETC
complexes were unaffected in the parietal and occipital
cortices in autistic subjects compared to control subjects. In
addition, increased lipid peroxidation was observed in the
cerebellum and temporal cortex of autistic subjects, but not
in other brain regions [30]. In view of the brain region—
specific oxidative damage and mitochondrial ETC defects
in autism, it was of interest to examine glutathione redox
status in different brain regions (cerebellum and frontal,
temporal, occipital and parietal cortices) from autism and
age-matched control subjects.

Materials and Methods
Autism and Control Subjects

Samples of postmortem frozen brain regions, i.e., the cere-
bellum, and the cortices from the frontal, temporal, parietal
and occipital lobes from autistic (N = 7-10 for different
brain regions) and age-matched, typically developed, control
subjects (N = 9-10) were obtained from the National
Institute of Child Health and Human Development (NICHD)
Brain and Tissue Bank for Developmental Disorders at the
University of Maryland, Baltimore, MD. The age
(mean £ SE) for autistic subjects was 12.6 £ 3.2 years, and
for control subjects, 12.4 + 3.3 years. All brain samples
were stored at —70 °C. This study was approved by the
Institutional Review Board of the New York State Institute
for Basic Research in Developmental Disabilities.

The case histories for the autistic and control subjects
are summarized in Table 1. Donors with autism had met
the diagnostic criteria of the Diagnostic and Statistical
Manual-IV (DSM-IV) for autism. The Autism Diagnostic
Interview-Revised (ADI-R) test was performed for donor
UMB #s 4671, 4849, 1174, 797, 1182, 4899 and 1638.
Each donor’s impairments in social interaction, qualitative
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Table 1 Case history of autism and control donors of brain tissue samples

Brain tissue  Diagnosis Autism Age Sex PMI Medications Cause of death
(UMB #) Diagnostic tests (year) (h)
4671 Autism ADIR, VABS, 4.5 F 13 Multiple injuries from fall
BSID-1I
1349 Autism ADOS, VABS, 5.6 M 39 Drowning
BSID-II
4849 Autism ADIR, BSID-II, 7.5 M 20 Drowning
CARS
1174 Autism ADIR, VABS 7.8 F 14 Depakote, Tegretol Multiple-system organ failure
4231 Autism 8.8 M 12 Zyprexia, Reminyl Drowning
797 Autism ADIR 9.3 M 13 Desipramine Drowning
1182 Autism ADIR 10.0 F 24 Smoke inhalation
4899 Autism ADIR 14.3 M 9 Trileptal, Zoloft, Clonidine, Drowning
Melatonin
1638 Autism ADIR 20.8 F 50 Zoloft, Zyprexa, Mellaril, Seizure-related
Depoprovera
5027 Autism WISC-R, 38.0 M 26 Respirdal, Luvox Obstruction of bowel
Bender-Gestalt
4670 Control 4.6 M 17 Commotio Cordis from an
accident
1185 Control 4.7 M 17 Drowning
1500 Control 6.9 M 18 Motor vehicle accident
4898 Control 7.7 M 12 Concerta, Clonidone Drowning
1708 Control 8.1 F 20 Motor vehicle accident
1706 Control 8.6 F 20 Rejection of cardiac allograft
transplantation
1407 Control 9.1 F 20 Albuterol, Zirtec, Alegra, Asthma
Rodact, Flovent, Flonase
4722 Control 14.5 M 16 Motor vehicle accident
1846 Control 20.6 F 9 Motor vehicle accident
4645 Control 39.2 M 12 Arteriosclerotic heart disease

ADI-R Autism Diagnostic Interview Revised, ADOS Autism Diagnostic Observation Scale, VABS Vineland Adaptive Behavioral Scale, BSID-II
Bayley Scales of Infant Development-Second Edition, CARS Childhood Autism Rating Scale, WISC-R Wechsler Intelligence Scale for Children-

Revised

abnormalities in communication, and restricted, repetitive
and stereotyped patterns of behavior were consistent with
the diagnosis of autism, according to the results of the ADI-
R diagnostic algorithm. All donors with autism exceeded
the cut-off score in these parameters. The diagnosis of
autism was assigned to donor UMB # 1349 after extensive
evaluation of behavioral tests, including the Autism
Diagnostic Observation Schedule (ADOS), Vineland
Adaptive Behavioral Scale (VABS), and Bayley Scales for
Infant Development-II (BSID-II). In addition to the ADI-R,
UMB # 4849 was also evaluated by the BSID-II and the
Childhood Autism Rating Scale (CARS), which indicated
moderate to severe autism, and autism in UMB # 4671 was
also verified by the VABS and BSID-II. Regressive autism,
in which early development is normal but it is followed by
loss of previously acquired language and/or social skills,

was suggested in five autism cases (UMBs # 1349, 4849,
1182, 4899, 1638).

Preparation of Homogenates

The coded brain tissue samples (50-60 mg each) from
autistic and control subjects were homogenized using a
Polytron Tissue Trearor homogenizer with a 7.0-mm
diameter stainless steel probe. The extraction solution
consisted of formic acid (0.1 % v/v), potassium chloride
(1.2 % w/v), EDTA (1 mM), bathophenanthroline disul-
fonic acid (2.4 mM) in serine-borate buffer (50 mM Tris—
HCI, 25 mM borate, 25 mM serine and 100 pM diethyl-
ene-triamine pentaacetic acid; pH 7.0). The volume of the
extraction solution was 750 pl (pH 2.8). The homogeni-
zation was performed twice for 30 s per sample at 4 °C,
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followed by centrifugation at 18,000x g for 10 min at 4 °C.
The supernatants were processed for assaying GSH and
GSSG as described below.

Assay of GSH and GSSG

GSH and GSSG in brain tissues were measured using a
modification of a method described by Santori et al. [43].
100 pl of 10 mM iodoacetic acid in 10 mM aqueous
ammonium bicarbonate and 0.5 % ammonia (V/V), pH 9.5
was added to 100 pl of above brain extracts or standards
(GSH, GSSG). An aliquot of 50 ng of the internal standard
(glutathione ethyl ester, i.e. GSHee) was added to each
solution. The mixture was incubated in the dark for 1 h at
20 °C. Acetonitrile (400 pul) was added to stop the reaction
and to precipitate the proteins. The samples were centri-
fuged, and the GSH and GSSG in the supernatants were
separated by high performance liquid chromatography
(HPLC) and measured by mass spectrometry (MS), fol-
lowing the method of Loughlin et al. [44]. The GSH and
GSSG were detected in SRM (selected reaction monitor-
ing) mode with a triple quadruple MS (Sciex API 3000;
Ontario, Canada). The range of quantification for GSH was
150-150,000 nM and that of GSSG was 50.5-50,500 nM.
In each sample, total glutathione (tGSH) level was calcu-
lated as [GSH + 2GSSG], and % GSSG was calculated as
[(GSSG/tGSSG) x 100]. After the study was completed,
the samples were decoded, and the contents of GSH, GSSG
and tGSH, the redox ratio of GSH to GSSG, and % GSSG
of tGSH were compared in the autism and control groups
by unpaired student’s ¢ test.

Results

The levels of GSH and GSSG in the brain tissue samples
from the cerebellum and frontal, temporal, parietal and
occipital cortices from individuals with autism and age-
matched normal subjects are represented in Fig. la, b,
respectively. The levels of GSH (Fig. la) were signifi-
cantly decreased by 34.2 % in the cerebellum (p = 0.001),
and by 44.6 % in the temporal cortex (p = 0.0008) in
autistic subjects compared to control subjects. There was
also a significant increase in the levels of GSSG (Fig. 1b)
by 38.2 % in the cerebellum (p = 0.0021) and by 45.5 %
in the temporal cortex (p = 0.0214) in autistic subjects
compared with the control group. On the other hand, the
levels of GSH and GSSG were similar in other brain
regions, i.e., frontal, parietal and occipital cortices between
the autism and control groups (Fig. 1a, b).

Table 2 represents the data for tGSH levels, GSH/GSSG
redox ratio, and % GSSG of tGSH in the cerebellum and
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Fig. 1 Levels of reduced form of glutathione (GSH) and oxidized
form of glutathione (GSSG) in the cerebellum and different regions of
the cerebral cortex in subjects with autism and age-matched control
subjects. There was a significant decrease in GSH levels (a) and
increase in GSSG levels (b) in the cerebellum and temporal cortex in
autism compared with the control group (*p < 0.05, **p < 0.01 and
**%p < 0.001). No significant change in the levels of GSH and GSSG
was observed in the frontal, parietal and occipital cortices between the
autism and control groups

different regions of cerebral cortex from autism and control
subjects.

The comparison of the tGSH contents showed a signif-
icant decrease of tGSH levels by 32.9 % (p = 0.0013) in
the cerebellum, and by 43.1 % (p = 0.0011) in the tem-
poral cortex of subjects with autism as compared to control
subjects (Table 2). In the control group, percent GSSG of
tGSH was 0.97 and 0.91 in the cerebellum and temporal
cortex respectively (Table 2), which is in agreement with
the literature values of GSSG to be less than 1-1.2 % in the
human tissues under normal conditions [24, 25]. In com-
parison to the control group, GSSG % in the autism group
increased by twofold to 1.98 in the cerebellum
(p < 0.0001), and by 2.4-fold to 2.19-fold in the temporal
cortex (p < 0.0001) (Table 2), suggesting oxidative stress
condition in autism. The redox ratio of GSH/GSSG, an
indicator of oxidative stress was significantly reduced by
52.8 % in the cerebellum (p < 0.0001) and by 60.8 % in
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Table 2 Redox ratio of GSH/ 5 & iccie GSH/GSSG Total glutathione % GSSG

GSSG, levels of total .

. redox ratio (tGSH) of tGSH

glutathione, and percentage of

oxidized glutathigne in the . Cerebellum

cerebellum and different regions .

of cerebral cortex in the autism Autism (A) 48.7 £ 1.7 1,326 £+ 59 1.98 £ 0.07

and control groups Control (C) 103.4 + 5.9 1,976 £ 119 0.97 + 0.05
Change (A vs. C) 1528 % 1329 % 1 2.0-fold
p value <0.0001 0.0013 <0.0001

Temporal cortex

Autism (A) 447 £ 3.1 1,136 £ 120 2.19 £ 0.12
Control (C) 1139 £ 8.2 1,996 £+ 157 0.91 £ 0.07
Change (A vs. C) 1 60.8 % 143.1 % 1 2.4-fold
p value <0.0001 0.0011 <0.0001

GSH reduced glutathione, GSSG Frontal cortex

oxidized glutathione. Total Autism (A) 103.8 £ 4.3 1,453 £ 128 0.96 £ 0.04

glutathione (tGSH) was Control (C) 105.7 £ 4.6 1,574 £+ 140 0.94 £ 0.04

calculated as [GSH + ZGSSG], Change (A vs. C) l 8 % l 77 % None

and % GSSG of tGSH was !

calculated as [(GSSG/ p value ns ns ns

tGSH) x 100]. A significant Parietal cortex

decrease in GSH/GSSG redox Autism (A) 93.0 &+ 3.0 1,022 + 90 1.06 & 0.03

ratio and tGSH levels, and

increase in % GSSG of tGSH Control (C) 103.0 £ 54 1,080 £+ 116 0.98 £ 0.05

was observed in the cerebellum Change (A vs. C) 19.7 % 154 % None

and temporal cortex in the p value ns ns ns

a}:ltism gr(iup as co;tllpared with Occipital cortex

the control group. *there wasno. oo (A) 96.5 + 2.9 1,868 + 195 1.02 + 0.03

significant change in these

parameters in other brain Control (C) 944 + 2.5 2,057 £ 118 1.04 £+ 0.03

regions, i.e. frontal, parietal, and Change (A vs. C) 122 % 192 % None

occ'lpltal cortices between the p value ns ns ns

autism and control groups

the temporal cortex (p < 0.0001) in autistic subjects  Discussion

compared with control subjects (Table 2). However, there
was no significant change in the tGSH levels, GSH/GSSG
redox ratio, and % GSSG of tGSH in other brain regions,
i.e., frontal, parietal and occipital cortices between the
autism and control groups (Table 2). Taken together, a
decrease in GSH levels, increase in GSSG levels and %
GSSG of tGSH, and a decrease in the redox ratio of GSH/
GSSG in the cerebellum and temporal cortex from autism
subjects, but not in other brain regions, suggest brain
region-specific glutathione redox imbalance in autism.

There was no significant difference in postmortem
interval (PMI) between the autistic and control groups.
The mean £ SE of PMI was: 22.0 &+ 4.2 h in the autism
group (n = 10), and 16.1 £ 1.22 h in the control group
(n = 10). Because GSH and GSSG levels were affected
in the cerebellum and temporal cortex but not in the
frontal, parietal and occipital cortices of individuals with
autism, these findings also suggest that PMI was not a
contributing factor to the alterations in GSH and GSSG
levels observed in the cerebellum and temporal cortex of
individuals with autism.

ASDs are considered multi-factorial disorders in which
environmental factors may act as a trigger in genetically
susceptible individuals, and oxidative stress may serve as a
common link between genes and environmental factors.
GSH is a major intracellular antioxidant and plays a crucial
role in the maintenance and regulation of the thiol-redox
status of the cell. In its reduced form, GSH protects the
proteins, lipids and DNA from free radicals-mediated
damage by providing the reduced environment, and during
this process, it gets oxidized to GSSG by GPx. Therefore,
decreased levels of GSH and increased levels of GSSG are
suggestive of the oxidative stress environment in cells and
tissues. The redox ratio of the GSH/GSSG serves as an
important indicator of redox environment in the cell and
plays an important role in cell differentiation, proliferation
and apoptosis [11, 13—15]. Several reports have suggested
that decrease in GSH levels can also be associated with
immune system dysfunction and inflammation [13, 16-18].

This is the first study to compare glutathione redox
status in the brain regions of autistic subjects and
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age-matched control subjects. Our results indicate that
(a) the levels of GSH, tGSH and also the redox ratio of
GSH to GSSG are significantly decreased, and GSSG
content and % GSSG of tGSH are significantly increased in
the cerebellum and temporal cortex of the brains of indi-
viduals with autism compared with age-matched control
subjects, and (b) glutathione redox imbalance and oxidative
stress in autism is brain region—specific because in the
frontal, parietal and occipital cortices, GSH, GSSG, tGSH
and GSH/GSSG were similar in the autism and control
groups. Reduced glutathione-mediated redox status has
also been previously reported in blood samples from
individuals with autism [36—40]. In addition, several
studies have provided evidence for GSH depletion and
disturbances in glutathione homeostasis in other neurobe-
havioral and neurodegenerative disorders, including
schizophrenia [45, 46], bipolar disorder [47], Parkinson’s
disease and Alzheimer’s disease [18, 48].

Extensive evidence from our and other groups has
indicated that oxidative stress and inflammatory markers
are increased in autism [3, 5, 7-9]. Numerous clinical
studies in autism have provided evidence for increased
oxidative stress, as revealed by elevated lipid peroxidation
[5, 26-28] and reduced antioxidant defense [26-28, 35].
Recent postmortem studies have also shown evidence of
increased lipid, protein and DNA oxidation in the cere-
bellum and temporal cortex of individuals with autism
compared with control subjects [3, 30-34]. However, oxi-
dative stress condition may not be the sole mechanism
responsible for the deficit in GSH content in the cerebellum
and temporal cortex from subjects with autism. There are
several pathways by which cells maintain intracellular
GSH homeostasis, including GSH redox cycling, direct
uptake, and de novo synthesis. Further studies are needed
to understand whether synthesis, consumption and/or
regeneration of GSH are affected in the brain of subjects
with autism. GSH serves as an essential cofactor or sub-
strate for GPx, glutathione S transferase, and glyoxalase I,
which are involved in antioxidant defense or detoxification
[49]. Recently, reduced levels of NADPH were reported in
the plasma of children with autism compared to those of
controls [39], which may affect NADPH-dependent GR
activity and thus, recycling of GSSG to GSH.

The free radicals are generated endogenously during
oxidative metabolism and energy production by mito-
chondria, and the ETC in mitochondria is a prime source
for ROS generation [41, 42]. Accumulating clinical,
genetic and biochemical evidence suggests that mito-
chondrial dysfunction in ASDs occurs more commonly
than expected [50, 51]. Recently, we reported brain region—
specific changes in the levels of ETC complexes in the
cerebellum and the frontal and temporal cortices but not in
the parietal and occipital cortices in children with autism
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[30]. Mitochondria contain approximately 10-15 % of
GSH, which is synthesized in the cytosol and transported
into the mitochondria via an energy-dependent transporter
[52]. A decrease in GSH availability in the brains of
individuals with autism suggests that mitochondria may
also be subjected to altered redox status, which will pro-
mote mitochondrial damage via increased ROS and affect
cellular energy production [53]. We have also reported that
the activities of Ca>™—Mg?*-ATPase and Na™—K"-ATPase
are affected in the cerebellum and the frontal cortex of
autistic subjects [54].

Recent studies support a prenatal onset for develop-
mental abnormalities leading to autism [19-21]. Several
studies have reported the adverse effects of endogenous or
xenobiotic-enhanced generation of ROS and the resultant
oxidative stress on embryonic and fetal development [55].
GSH is the major endogenous antioxidant produced by the
cells, which participates directly in the neutralization of
ROS. Through direct conjugation, it detoxifies many
xenobiotics and carcinogens. The depletion of GSH has
been reported to enhance embryopathies [56]. Exposure of
the developing embryo or fetus to radiation and xenobiot-
ics, including drugs and environmental chemicals, can
affect development by increasing ROS levels [56, 57].
Excess of ROS may alter development by oxidatively
damaging cellular lipids, proteins and DNA, and/or by
altering signal transduction via Ras, NFxkB and related
transducers [55].

GSH also plays a central role in cell death, including
apoptotic cell death [13-15]. GSH depletion is a common
feature and an early hallmark in apoptotic cell death in
response to a variety of apoptotic stimuli [14, 15]. GSH
levels have also been reported to affect caspase activity,
transcription factor activation, Bcl-2 expression and func-
tion, thiol-redox signaling and phosphatidylserine external-
ization [13]. Several lines of evidence suggest the
involvement of apoptosis in the cerebellum of autism sub-
jects, including loss and atrophy of Purkinje cells [58—60],
reduced levels of Bcl2 and increased levels of p53 [61]. We
suggest that the alteration in brain glutathione homeostatasis
observed in this study may also play a role in apoptotic cell
death in the brains of individuals with autism.

Our results suggest that PMI cannot account for the
observed brain region-specific glutathione redox imbalance
in autism. Other factors, such as medications (reported for
six autism cases, and two control cases), and regression
(reported for five autism cases) do not seem to be con-
tributing factors to the decrease in GSH levels and GSH/
GSSG redox ratio in the cerebellum and temporal cortex in
autism. However, further studies with a larger autistic
group are needed to explore this issue.

The brain region-specific location of changes in GSH/
GSSG observed in the cerebellum and temporal cortex
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from autistic subjects in this study fits to the brain region
specificity of other manifestations of autism. There is
substantial evidence from neuroimaging and postmortem
neuropathological studies that dysfunctions in the cere-
bellum and the temporal lobe may result in autistic
symptoms. Loss of Purkinje and granule cells throughout
the cerebellar hemispheres in autism has been reported
[58-60]. Other studies suggested neuroimmune activation/
neuroinflammation in the cerebellum [9] as well as the
presence of autoantibodies against cerebellar proteins [62].
The neuropathological and immunological abnormalities
have also been suggested in the temporal lobe of the brain
in autism. The main autistic symptoms were seen most
consistently with a neurological model involving bilateral
dysfunction of the temporal lobes [63]. Positron emission
tomography and voxel-based image analysis also showed
localized dysfunction of the temporal lobes in children with
autism [64]. Recent magnetic resonance imaging (MRI)
studies have shown abnormalities in the superior temporal
gyrus (STG) region of the brain in autism, which is of
particular interest because of its role in language process-
ing and social perception [65—67]. Gene expression profiles
in this region provided evidence of increased transcript
levels of many immune system-related genes and immune
signaling pathways suggesting neuroimmune activation of
the STG in autism [68]. Furthermore, fewer and smaller
neurons in the fusiform gyrus (FG), located in the temporal
lobe, have been reported in autism [69]. The functional
MRI studies also showed hypoactivation of the FG in face
perception tasks in autistic subjects [70, 71]. The changes
observed in the glutathione levels in the cerebellum and
temporal lobes of subjects with autism suggest that oxi-
dative stress may be one of the contributing factors to these
pathological changes in the cerebellum and temporal lobes.

In conclusion, this study implicates disturbance in glu-
tathione homeostasis and deficit in glutathione antioxidant
capacity in specific brain regions, i.e., cerebellum and
temporal cortex, of individuals with autism. Our previous
report on increased lipid peroxidation and deficit in mito-
chondrial ETC complexes in these brain regions of autistic
subjects also suggests increased oxidative damage and
mitochondrial dysfunction in autism. GSH deficit in many
diseases has been linked to immune dysfunction, inflam-
mation and apoptosis. Taken together, these studies indi-
cate oxidative damage coupled with deficit in glutathione
antioxidant status in the brain of autistic subjects that may
be associated with mitochondrial dysfunction, inflamma-
tion and immune abnormalities in ASDs.

Acknowledgments Human brain tissues were obtained from the
NICHD Brain and Tissue Bank for Developmental Disorders at the
University of Maryland, Baltimore, MD. This work was supported by
funds from the Department of Defense Autism Spectrum Disorders

Research Program AS073224P2, the Autism Research Institute and
the NYS Office for People with Developmental Disabilities.

References

1. Lord C, Cook EH, Leventhal BL, Amaral DG (2000) Autism
spectrum disorders. Neuron 28:355-363
2. Rice C (2009) Prevalence of autism spectrum disorders—Autism
and developmental disabilities monitoring network, United
States, 2006. MMWR Surveill Summ 58:1-20
3. Chauhan A, Chauhan V, Brown WT (eds) (2009) Autism: Oxi-
dative stress, inflammation and immune abnormalities. CRC
Press, Taylor and Francis Group, Florida
4. Deth R, Muratore C, Benzecry J, Power-Charnitsky VA, Waly M
(2008) How environmental and genetic factors combine to cause
autism: A redox/methylation hypothesis. Neurotoxicology
29:190-201
5. Chauhan A, Chauhan V (2006) Oxidative stress in autism.
Pathophysiology 13:171-181
6. Kern JK, Jones AM (2006) Evidence of toxicity, oxidative stress,
and neuronal insult in autism. J Toxicol Environ Health B Crit
Rev 9:485-499
7. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah I,
Van de WJ (2011) Elevated plasma cytokines in autism spectrum
disorders provide evidence of immune dysfunction and are
associated with impaired behavioral outcome. Brain Behav Im-
mun 25:40-45
8. Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li XM, Ji L,
Brown T, Malik M (2009) Elevated immune response in the brain
of autistic patients. J Neuroimmunol 207:111-116
9. Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo
CA (2005) Neuroglial activation and neuroinflammation in the
brain of patients with autism. Ann Neurol 57:67-81
10. Juurlink BH, Paterson PG (1998) Review of oxidative stress in
brain and spinal cord injury: suggestions for pharmacological and
nutritional management strategies. J Spinal Cord Med 21:
309-334
11. Dringen R (2000) Metabolism and functions of glutathione in
brain. Prog Neurobiol 62:649-671
12. Perry SW, Norman JP, Litzburg A, Gelbard HA (2004) Antiox-
idants are required during the early critical period, but not later,
for neuronal survival. J Neurosci Res 78:485-492
13. Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K, Hammond
CL (2009) Glutathione dysregulation and the etiology and pro-
gression of human diseases. Biol Chem 390:191-214
14. Circu ML, Aw TY (2008) Glutathione and apoptosis. Free Radic
Res 42:689-706
15. Franco R, Cidlowski JA (2009) Apoptosis and glutathione:
beyond an antioxidant. Cell Death Differ 16:1303-1314
16. Ghezzi P (2011) Role of glutathione in immunity and inflam-
mation in the lung. Int J Gen Med 4:105-113
17. Haddad JJ, Harb HL (2005) L-gamma-Glutamyl-L-cysteinyl-
glycine (glutathione; GSH) and GSH-related enzymes in the
regulation of pro- and anti-inflammatory cytokines: a signaling
transcriptional scenario for redox(y) immunologic sensor(s)? Mol
Immunol 42:987-1014
18. Martin HL, Teismann P (2009) Glutathione—a review on its role
and significance in Parkinson’s disease. FASEB J 23:3263-3272
19. Kolevzon A, Gross R, Reichenberg A (2007) Prenatal and peri-
natal risk factors for autism: a review and integration of findings.
Arch Pediatr Adolesc Med 161:326-333
20. Kinney DK, Munir KM, Crowley DJ, Miller AM (2008) Prenatal
stress and risk for autism. Neurosci Biobehav Rev 32:1519-1532

@ Springer



1688

Neurochem Res (2012) 37:1681-1689

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Miller MT, Stromland K, Ventura L, Johansson M, Bandim JM,
Gillberg C (2005) Autism associated with conditions character-
ized by developmental errors in early embryogenesis: a mini
review. Int J Dev Neurosci 23:201-219

Ono H, Sakamoto A, Sakura N (2001) Plasma total glutathione
concentrations in healthy pediatric and adult subjects. Clin Chim
Acta 312:227-229

Erden-Inal M, Sunal E, Kanbak G (2002) Age-related changes in
the glutathione redox system. Cell Biochem Funct 20:61-66
Akerboom TP, Bilzer M, Sies H (1982) The relationship of bil-
iary glutathione disulfide efflux and intracellular glutathione
disulfide content in perfused rat liver. J Biol Chem 257:
4248-4252

Slivka A, Spina MB, Cohen G (1987) Reduced and oxidized
glutathione in human and monkey brain. Neurosci Lett 74:
112-118

Chauhan A, Chauhan V, Brown WT, Cohen I (2004) Oxidative
stress in autism: increased lipid peroxidation and reduced serum
levels of ceruloplasmin and transferrin—the antioxidant proteins.
Life Sci 75:2539-2549

Zoroglu SS, Armutcu F, Ozen S, Gurel A, Sivasli E, Yetkin O,
Meram I (2004) Increased oxidative stress and altered activities
of erythrocyte free radical scavenging enzymes in autism. Eur
Arch Psychiatry Clin Neurosci 254:143-147

Meguid NA, Dardir AA, Abdel-Raouf ER, Hashish A (2011)
Evaluation of oxidative otress in autism: defective antioxidant
enzymes and increased lipid peroxidation. Biol Trace Elem Res
143:58-65

Ming X, Stein TP, Brimacombe M, Johnson WG, Lambert GH,
Wagner GC (2005) Increased excretion of a lipid peroxidation
biomarker in autism. Prostaglandins Leukot Essent Fatty Acids
73:379-384

Chauhan A, Gu F, Essa MM, Wegiel J, Kaur K, Brown WT,
Chauhan V (2011) Brain region-specific deficit in mitochondrial
electron transport chain complexes in children with autism.
J Neurochem 117:209-220

Chauhan A, Chauhan V (2012) Brain oxidative stress and mito-
chondrial abnormalities in autism. In: Fatemi SH et al. Consensus
paper: pathological role of cerebellum in autism. Cerebellum.
doi:10.007/s12311-012-0355-9

Lopez-Hurtado E, Prieto JJ (2008) A microscopic study of
language-related cortex in autism. Am J Biochem Biotech
4:130-145

Evans TA, Siedlak SL, Lu L, Fu X, Wang Z, McGinnis WR,
Fakhoury E, Castellani RJ, Hazen SL, Walsh WIJ, Lewis AT,
Salomon RG, Smith MA, Perry G, Zhu X (2008) The autistic
phenotype exhibits a remarkably localized modification of brain
protein by products of free radical-induced lipid oxidation. Am J
Biochem Biotech 4:61-72

Sajdel-Sulkowska EM, Xu M, Koibuchi N (2009) Increase in
cerebellar neurotrophin-3 and oxidative stress markers in autism.
Cerebellum 8:366-372

Yorbik O, Sayal A, Akay C, Akbiyik DI, Sohmen T (2002)
Investigation of antioxidant enzymes in children with autistic
disorder. Prostaglandins Leukot Essent Fatty Acids 67:341-343
Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D,
Geis E, Gehn E, Loresto M, Mitchell J, Atwood S, Barnhouse S,
Lee W (2011) Effect of a vitamin/mineral supplement on children
and adults with autism. BMC Pediatr 11:111

Al Gadani Y, El Ansary A, Attas O, Al Ayadhi L (2009) Meta-
bolic biomarkers related to oxidative stress and antioxidant status
in Saudi autistic children. Clin Biochem 42:1032-1040

Geier DA, Kern JK, Garver CR, Adams JB, Audhya T, Geier MR
(2009) A prospective study of transsulfuration biomarkers in
autistic disorders. Neurochem Res 34:386-393

@ Springer

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D,
Geis E, Gehn E, Loresto M, Mitchell J, Atwood S, Barnhouse S,
Lee W (2011) Nutritional and metabolic status of children with
autism vs. neurotypical children, and the association with autism
severity. Nutr Metab (Lond) 8:34

James SJ, Melnyk S, Jernigan S, Cleves MA, Halsted CH, Wong
DH, Cutler P, Bock K, Boris M, Bradstreet JJ, Baker SM, Gaylor
DW (2006) Metabolic endophenotype and related genotypes are
associated with oxidative stress in children with autism. Am J
Med Genet B Neuropsychiatr Genet 141B:947-956

Cadenas E, Davies KJ (2000) Mitochondrial free radical gener-
ation, oxidative stress, and aging. Free Radic Biol Med 29:
222-230

Lenaz G (2001) The mitochondrial production of reactive oxygen
species: mechanisms and implications in human pathology.
TUBMB Life 52:159-164

Santori G, Domenicotti C, Bellocchio A, Pronzato MA, Marinari
UM, Cottalasso D (1997) Different efficacy of iodoacetic acid
and N-ethylmaleimide in high-performance liquid chromato-
graphic measurement of liver glutathione. J Chromatogr B Bio-
med Sci Appl 695:427-433

Loughlin AF, Skiles GL, Alberts DW, Schaefer WH (2001) An
ion exchange liquid chromatography/mass spectrometry method
for the determination of reduced and oxidized glutathione and
glutathione conjugates in hepatocytes. J Pharm Biomed Anal
26:131-142

Gysin R, Kraftsik R, Sandell J, Bovet P, Chappuis C, Conus P,
Deppen P, Preisig M, Ruiz V, Steullet P, Tosic M, Werge T,
Cuenod M, Do KQ (2007) Impaired glutathione synthesis in
schizophrenia: convergent genetic and functional evidence. Proc
Natl Acad Sci USA 104:16621-16626

Yao JK, Leonard S, Reddy R (2006) Altered glutathione redox
state in schizophrenia. Dis Markers 22:83-93

Andreazza AC, Kauer-Sant’Anna M, Frey BN, Bond DJ, Kapc-
zinski F, Young LT, Yatham LN (2008) Oxidative stress markers
in bipolar disorder: a meta-analysis. J Affect Disord 111:135-144
Bermejo P, Martin-Aragon S, Benedi J, Susin C, Felici E, Gil P,
Ribera JM, Villar AM (2008) Peripheral levels of glutathione and
protein oxidation as markers in the development of Alzheimer’s
disease from mild cognitive impairment. Free Radic Res
42:162-170

Aoyama K, Watabe M, Nakaki T (2008) Regulation of neuronal
glutathione synthesis. J Pharmacol Sci 108:227-238

Haas RH (2010) Autism and mitochondrial disease. Dev Disabil
Res Rev 16:144-153

Rossignol DA, Frye RE (2011) Mitochondrial dysfunction in
autism spectrum disorders: a systematic review and meta-analy-
sis. Mol Psychiatry 17:290-314

Mari M, Morales A, Colell A, Garcia-Ruiz C, Fernandez-Checa
JC (2009) Mitochondrial glutathione, a key survival antioxidant.
Antioxid Redox Signal 11:2685-2700

Ayer A, Tan SX, Grant CM, Meyer AJ, Dawes IW, Perrone GG
(2010) The critical role of glutathione in maintenance of the
mitochondrial genome. Free Radic Biol Med 49:1956-1968

Ji L, Chauhan A, Brown WT, Chauhan V (2009) Increased
activities of Na+/K+-ATPase and Ca24-/Mg2+-ATPase in the
frontal cortex and cerebellum of autistic individuals. Life Sci
85:788-793

Wells PG, McCallum GP, Chen CS, Henderson JT, Lee CJ,
Perstin J, Preston TJ, Wiley MJ, Wong AW (2009) Oxidative
stress in developmental origins of disease: teratogenesis, neuro-
developmental deficits, and cancer. Toxicol Sci 108:4-18

Wells PG, Bhuller Y, Chen CS, Jeng W, Kasapinovic S, Kennedy
JC, Kim PM, Laposa RR, McCallum GP, Nicol CJ, Parman T,
Wiley MJ, Wong AW (2005) Molecular and biochemical


http://dx.doi.org/10.007/s12311-012-0355-9

Neurochem Res (2012) 37:1681-1689

1689

57.

58.

59.

60.

61.

62.

63.

64.

mechanisms in teratogenesis involving reactive oxygen species.
Toxicol Appl Pharmacol 207:354-366

Hitchler MJ, Domann FE (2007) An epigenetic perspective on the
free radical theory of development. Free Radic Biol Med 43:
1023-1036

Whitney ER, Kemper TL, Bauman ML, Rosene DL, Blatt GJ
(2008) Cerebellar Purkinje cells are reduced in a subpopulation of
autistic brains: a stereological experiment using calbindin-D28k.
Cerebellum 7:406-416

Casanova MF (2007) The neuropathology of autism. Brain Pathol
17:422-433

Kern JK (2003) Purkinje cell vulnerability and autism: a possible
etiological connection. Brain Dev 25:377-382

Araghi-Niknam M, Fatemi SH (2003) Levels of Bcl-2 and P53
are altered in superior frontal and cerebellar cortices of autistic
subjects. Cell Mol Neurobiol 23:945-952

Goines P, Haapanen L, Boyce R, Duncanson P, Braunschweig D,
Delwiche L, Hansen R, Hertz-Picciotto I, Ashwood P, Van de WJ
(2011) Autoantibodies to cerebellum in children with autism
associate with behavior. Brain Behav Immun 25:514-523
Hetzler BE, Griffin JL (1981) Infantile autism and the temporal
lobe of the brain. J Autism Dev Disord 11:317-330

Zilbovicius M, Boddaert N, Belin P, Poline JB, Remy P, Mangin
JF, Thivard L, Barthelemy C, Samson Y (2000) Temporal lobe
dysfunction in childhood autism: a PET study. Positron emission
tomography. Am J Psychiatry 157:1988-1993

65.

66.

67.

68.

69.

70.

71.

Bigler ED, Mortensen S, Neeley ES, Ozonoff S, Krasny L,
Johnson M, Lu J, Provencal SL, McMahon W, Lainhart JE (2007)
Superior temporal gyrus, language function, and autism. Dev
Neuropsychol 31:217-238

Gage NM, Juranek J, Filipek PA, Osann K, Flodman P, Isenberg
AL, Spence MA (2009) Rightward hemispheric asymmetries in
auditory language cortex in children with autistic disorder: an
MRI investigation. J Neurodev Disord 1:205-214

Jou RJ, Minshew NJ, Keshavan MS, Vitale MP, Hardan AY
(2010) Enlarged right superior temporal gyrus in children and
adolescents with autism. Brain Res 1360:205-212

Garbett K, Ebert PJ, Mitchell A, Lintas C, Manzi B, Mirnics K,
Persico AM (2008) Immune transcriptome alterations in the
temporal cortex of subjects with autism. Neurobiol Dis 30:
303-311

van Kooten IA, Palmen SJ, von Cappeln P, Steinbusch HW, Korr
H, Heinsen H, Hof PR, van Engeland H, Schmitz C (2008)
Neurons in the fusiform gyrus are fewer and smaller in autism.
Brain 131:987-999

Bolte S, Hubl D, Feineis-Matthews S, Prvulovic D, Dierks T,
Poustka F (2006) Facial affect recognition training in autism: can
we animate the fusiform gyrus? Behav Neurosci 120:211-216
Pierce K, Haist F, Sedaghat F, Courchesne E (2004) The brain
response to personally familiar faces in autism: findings of fusi-
form activity and beyond. Brain 127:2703-2716

@ Springer



© pLos one

OPEN 8 ACCESS Freely available online

Brain Region-Specific Decrease in the Activity and
Expression of Protein Kinase A in the Frontal Cortex of
Regressive Autism

Lina Ji"? Ved Chauhan’, Michael J. Flory', Abha Chauhan'*

1 NYS Institute for Basic Research in Developmental Disabilities, Staten Island, New York, United States of America, 2 The State Key Lab of Pharmaceutical Biotechnology,
College of Life Sciences, Nanjing University, Nanjing, People’s Republic of China

Abstract

Autism is a severe neurodevelopmental disorder that is characterized by impaired language, communication, and social
skills. In regressive autism, affected children first show signs of normal social and language development but eventually lose
these skills and develop autistic behavior. Protein kinases are essential in G-protein-coupled, receptor-mediated signal
transduction and are involved in neuronal functions, gene expression, memory, and cell differentiation. We studied the
activity and expression of protein kinase A (PKA), a cyclic AMP-dependent protein kinase, in postmortem brain tissue
samples from the frontal, temporal, parietal, and occipital cortices, and the cerebellum of individuals with regressive autism;
autistic subjects without a clinical history of regression; and age-matched developmentally normal control subjects. The
activity of PKA and the expression of PKA (C-a), a catalytic subunit of PKA, were significantly decreased in the frontal cortex
of individuals with regressive autism compared to control subjects and individuals with non-regressive autism. Such
changes were not observed in the cerebellum, or the cortices from the temporal, parietal, and occipital regions of the brain
in subjects with regressive autism. In addition, there was no significant difference in PKA activity or expression of PKA (C-o)
between non-regressive autism and control groups. These results suggest that regression in autism may be associated, in
part, with decreased PKA-mediated phosphorylation of proteins and abnormalities in cellular signaling.
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Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental
disorders characterized by impairment in social interactions and
verbal/non-verbal communication skills, and restricted, repetitive
and stereotyped patterns of behavior [1]. According to a recent
report from the Centers for Disease Control and Prevention, the
prevalence of ASDs i1s 1 in 110 for children 8 years of age [2].
The symptoms of ASDs are typically present before the age of 3
years, and are often accompanied by abnormalities in cognitive
functioning, learning, attention, and sensory processing. While
the causes of ASDs remain elusive, ASDs are considered to be
heterogeneous and multifactorial disorders that are influenced by
both genetic and environmental factors. The onset of autism is
gradual in many children. However, in regressive autism,
children first show signs of normal social and language
development but lose these developmental skills at 15-24 months
and develop autistic behavior [3]. The reported incidence of
regressive autism varies in different studies from 15% to 62% of
cases [4-7]. In a few cases, regression may significantly affect
language, with lesser impact in other domains such as social
interaction or imaginative play [4,8]. On the other hand, some
children may regress especially in social functions and not in

language [9].

@ PLoS ONE | www.plosone.org

Protein kinases are known to play important roles in cellular
signaling pathways and are involved in brain development [10-
13]. Protein kinase A (PKA) is a cyclic adenosine monophosphate
(cAMP)-dependent protein kinase that is involved in cognitive
functions and memory formation [14-18]. PKA consists of
regulatory (R) and catalytic (C) subunits. Three genes encode for
catalytic units (Co,, CB, and Cy), and four other genes encode for
regulatory units (RIo, RIf, RITo, and RIIP) of PKA. PKA remains
catalytically inactive when the levels of cAMP are low. The
concentration of cAMP rises upon activation of adenylate cyclase
by G protein-coupled receptors, and/or inhibition of cyclic
nucleotide phosphodiesterase (PDE) enzyme. Under these condi-
tions, cAMP binds to two binding sites on the regulatory subunits
of PKA, which results in the release of the catalytic subunits. These
free catalytic units of PKA can then phosphorylate proteins by
transferring a phosphate group from ATP. Several studies have
mmplicated the role of PKA in neuropsychiatric disorders such as
schizophrenia, bipolar affective disorder, obsessive compulsive
disorder, and panic disorders [19-22]. To date, no studies of PKA
have been done in autism.

The intracellular levels of cAMP are controlled by PDE, which
degrades the phosphodiester bond in cAMP. PDE regulates the
localization, duration, and amplitude of cAMP signaling within
subcellular domains. Multiple forms of PDEs have been identified
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on the basis of substrate specificity. PDE4, 7, and 8 act on cAMP;
PDES, 6, and 9 act on cyclic guanosine monophosphate (cGMP);
whereas PDE1, 2, 3, 10, and 11 act on both cAMP and cGMP.
Recent evidence has suggested altered levels of PDE4 in the brains
of individuals with autism [23].

Because the levels of PDE4 are altered in autism, and PKA is
involved in neuropsychiatric disorders, it was of interest to
compare the activity and protein levels of PKA in different brain
regions in autism (regressive and non-regressive) and age-matched
control subjects. Our study suggests that PKA activity and
expression are decreased in the frontal cortex of individuals with
regressive autism as compared with control subjects. Such changes
were not observed in individuals with non-regressive autism.

Materials and Methods

Autism and Control Subjects

Samples of postmortem frozen brain regions, i.e., the cerebel-
lum, and the cortices from the frontal, temporal, parietal, and
occipital lobes from autistic (N =7-10 for different brain regions)
and age-matched, typically developed, control subjects (N =9-10)
were obtained from the National Institute of Child Health and
Human Development (NICHD) Brain and Tissue Bank for
Developmental Disorders at the University of Maryland, Balti-
more, MD. The age (mean = S.E.) for autistic subjects was
12.6%3.2 years, and for control subjects, 12.4%3.3 years. All brain
samples were stored at —70°C.

The case history and clinical characteristics for the autism and
control subjects are summarized in Table 1. Donors with autism
had met the diagnostic criteria of the Diagnostic and Statistical
Manual-1V for autism. The Autism Diagnostic Interview-Revised
(ADI-R) test was performed for the donors UMB #s 4671, 4849,
1174, 797, 1182, 4899, and 1638 (Table 2). Each donor’s
Impairments in social interaction, qualitative abnormalities in
communication, and restricted, repetitive and stereotyped patterns
of behavior are consistent with the diagnosis of autism, according
to the results of the ADI-R diagnostic algorithm. All donors with
autism exceeded the cut-off score in these parameters. The
diagnosis of autism was assigned to donor UMB # 1349 after
extensive evaluation of behavioral tests, including the Autism
Diagnostic Observation Schedule (ADOS), Vineland Adaptive
Behavioral Scale (VABS), and Bayley Scales for Infant Develop-
ment-II (BSID-II). In addition to the ADI-R, UMB # 4849 was
also evaluated by the BSID-II and Childhood Autism Rating Scale
(CARS), which indicated moderate to severe autism, and autism in
UMB # 4671 was also verified by the VABS and BSID-II. Table 3
shows scores for the VABS test, which assesses adaptive behavior
in four domains: communication, daily living skills, socialization,
and motor skills.

In this study, the subjects with autism were divided into two
subgroups: regressive autism and non-regressive autism, depend-
ing on the pattern of onset of symptoms for autism. Regressive
autism is a type of autism in which early development is normal,
followed by a loss of previously acquired skills. Language is the
most common area that regresses; this regression can be
accompanied by more global regression involving loss of social
skills and social interest. On the other hand, in non-regressive
autism, the child never gains normal language and social skills, and
initial symptoms are delayed speech development, and/or delay in
development of social skills and in nonverbal communication.
These children do not demonstrate regression in terms of loss of
language or social skills.

Ethics statement. This study was approved by the
Institutional Review Board (IRB) of the New York State
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Institute for Basic Research in Developmental Disabilities. The
IRB reviewed this study in accordance with New York State
Regulations and the HHS Office for Human Research
Protections, including the “Human Subject Decision Chart 1,”
and found that the research does not involve human subjects because “‘the
research does not involve intervention or interaction with the
individuals”, nor “is the information individually identifiable”.
The subjects cannot be identified, directly or through identifiers
linked to the system, and the consent is not required.

Preparation of Brain Homogenates

The tissue samples were homogenized (10% w/v) in cold buffer
containing 50 mM Tris-HCl (pH 7.4), 8.5% sucrose, 2 mM
EDTA, 10 mM B-mercaptoethanol, and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO) at 4°C. For extraction
of protein kinases, the homogenates were mixed with an equal
volume of extraction buffer containing 40 mM Tris-HCI (pH 7.4),
300 mM NaCl, 2 mM EDTA, 2 mM EGTA, 2% Triton, 5 mM
sodium pyrophosphate, 2 mM B-glycerophosphate, 2 mM
NazVO,, 100 mM NalF, and 2 pg/ml leupeptin. The samples
were allowed to stand on ice for 10 min, and then centrifuged at
135,000 g for 20 min at 4°C. The supernatants were collected,
and the concentrations of total proteins in the supernatants were
measured by the biocinchoninic acid protein assay kit (Thermo
Scientific, Rockford, IL).

Assay for PKA Activity

PKA activity was measured using the solid phase enzyme-linked
immunosorbent assay (ELISA) kit from Enzo Life Sciences
International, Inc. (Plymouth Meeting, PA). In this assay, the
substrate of PKA was pre-coated on the wells of a microplate. The
microplate wells were soaked with 50 pl of kinase assay dilution
buffer for 10 min. The buffer was then carefully aspirated from
each well, and the brain samples were added to the appropriate
wells. The kinase reaction was initiated by adding 10 ul ATP, and
was carried out for 90 min at 30°C. It was terminated by emptying
the contents of each well. A phosphosubstrate—specific antibody
was added to the wells except in blank, and incubated for 60 min
at room temperature, followed by washing 4 times with wash
buffer. The peroxidase-conjugated secondary antibody was then
added except in blank, and incubation was done for 60 min at
room temperature. The wells were again washed 4 times with
wash buffer. The color was developed with tetramethylbenzidine
substrate, and it was proportional to the phosphotransferase
activity of PKA. The reaction was stopped with acid-stop solution,
and the absorbance was measured at 450 nm in a microplate
reader. The absorbance was divided by the concentration of total
protein (ug) in each sample, and the data are represented as
relative PKA activity.

Western Blot Analysis

Total protein (15 pg) from brain homogenates of subjects with
regressive- and non-regressive autism or control subjects was
separated using a 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and then transferred to a nitrocellulose mem-
brane. The membrane was blocked with Tris-buffered saline
containing 5% fat-free dried milk for 2 h at room temperature,
and further incubated overnight at 4°C with polyclonal antibody
against C-subunit (isoform o) of PKA (Cell Signaling Technology
Inc., Danvers, MA). The membrane was then washed 3 times with
TBS-0.05% Tween 20, and incubated with horseradish peroxi-
dase-conjugated secondary antibody for 2 h at room temperature.
The membrane was washed again, and the immunoreactive
protein was visualized using enhanced chemiluminescent reagent.

August 2011 | Volume 6 | Issue 8 | e23751



Protein Kinase A in Regressive Autism

L00¥ L§£€200 duod [euInol/LZ€L'0L:10p

‘PISIASY-UIP[IYD 10} 3]edS 3DUIBI||DIU| IDSYIDM H-DSIM
"9]eds Buney wsnny pooypiiyd :SYvD

‘uonip3 puodas-1uswdojars 1ueyu| Jo sajeds As|keq :|-dIsg
"3]eds [elolneyag dAdepy pueRuIA [SEVA

*3]e2S uolIeAISSqQ dNsoubelq wsiny :SOay

‘PasIARY MaIAIRIU| diisoubelg wisniny Y-1ay

95e3SIP 1eay D11043[2S0UBUY zL W f433 |01u0d Syor
JuSpIdde 3DIYSA J0JI0N 6 4 90T |oiuocd o8l
JUIPIDIR JPIYIA JOJOW 9l W Sl |olu0d [44A4
95eUO|4 QUSAO|4 ‘1DepOY

ewyisy ‘e1B3)y ‘29MI7Z ‘|oIIng|y sa1619)e ewylsy 0C 4 1'6 |ol3u0> L0vL

uonejuejdsuesy jueidsuel) ueay yum
1yeibojje dejpied Jo uondafey 9seasip 1eay |enuabuod 114 E| 98 |oluod 90/L
JuspIdde 32IY3A 010N 0z E| 1'8 |013u0D 80/L
Buiumoig auopIuUO|D ‘BLPdU0D) JapJosip aAndeIadAH 4! W Yo |0iu0d 868
JUSPIDdE JDIYSA JOIOW 8l W 69 |o3u0) 00s1L
bulumoiq Ll W L'y |013u0D G8lLL

1uspde

ue woJj SIpJoD oloWWoD) L1 W 24 |o1uo) 049t
|oMmoq Jo uondnIIsqo xoANT ‘|lepaidsay ON 9T W 08¢ 1[e1s9D-I9puag ‘Y-DSIM wsiny £20S

esanoidodag Japaosip AuanoeradAy
pa1e|21-2inzIas ‘luej|d ‘exa1dAz ‘yojoz 1D1J9p UORUBNY ‘SAINZIDS SOA 0S 4 80T diav wsnny 8€91

uluolelpN

bulumoiq ‘auipiuo|D'yoloz ‘[eadaju $aInzias S9A 6 W €yl Hiavy wisiny 6681
uolejeyul aows S9A 14 4 ool diav wshny Ll

aydepeay auielbiw
Bulumoiq sujweidisaq “J9PJOSIP UDYIP UoNUINY oN €l W €6 diav wsnny L6L
Buiumoiq JAulway ‘eixaidAz AyanoesadAy OoN zL W 8'8 wsnny LETY
ain|iey uebio walsAs-ajdinpy |012469] ‘S10%edaq $2InzI9g OoN pl 4 8/ SAVA ‘Hiav wsniny vLLL
Buiumoiq buiuosiod pea S9A 0T W S’ SHVD ‘II-AIsg ‘Hiay wsiny 6787
bulumoiqg SOA 6€ W 99 1-QIS9 ‘SavVA ‘soav wsihny 6velL
J1e} wouy saunful adijnyy ON €l E| 4 11-QIS9 ‘SaVA ‘HIdV wsiny LL9Y
Yyieap jo asned suonedIpan 1} pUod |edIpaw J12Yi0 wsnne (YY) Ind Xxas (K) sby s1s9) dnsoubeiq wsnny sisoubeiq (# ann)
aAIssa163y anssn uleig

‘sa|dwes anssi) uleiq JO SIOUOP [0JJUOD PUB WISIINE JO SIIISLdIdRIRYD [edlul)d pue AIolsly ase) | djgel

@ PLoS ONE | www.plosone.org

August 2011 | Volume 6 | Issue 8 | e23751



Protein Kinase A in Regressive Autism

Table 2. Autism Diagnostic Interview-Revised test scores in donors of brain tissue samples.

Autism Diagnostic Interview-Revised (ADI-R)?

Cutoff score for

at or before 36 months

Diagnostic Algorithm autism UMB 4671 UMB 4849 UMB 1174 UMB 797 UMB 4899 UMB 1638
Impairments in reciprocal social 10 26 22 22 24 22 21
interaction (Scores:0-30)

Abnormalities in communication:

Verbal (Scores:0-26) 8 - 18 - 20 - -
Non-verbal (Scores: 0-14) 7 13 N/A 11 13 14 11
Restricted, repeated and stereotyped 3 3 8 6 6 8 7

behavior (Scores: 0-12)

Abnormalities of development evident 1 5 3 5 - 4 5

a: Higher score represents greater impairment.

doi:10.1371/journal.pone.0023751.t002

Because PKA (C-0)) and B-actin have similar molecular weights
(42 KDa), polyclonal antibody against PKA (C-o) was stripped
from nitrocellulose membrane, and the membrane was re-probed
with monoclonal antibody against B-actin (loading control). The
densities of all protein bands were measured by NIH Image J
software, and the density of PKA (C-ar) band was normalized with
the density of B-actin for each sample.

Statistical Analysis

Initially, autistic and control cases were collected as age-
matched pairs. As data for both members of a pair were not
available in all cases, and data were approximately normally
distributed, unpaired two-tailed t-tests were employed to make
comparisons of PKA activity in various brain regions, and of
overall PKA density between autistic vs. control cases. Compar-
isons among controls and autistic cases showing or not showing
clinical signs of regression in function were made using one-way
analysis of variance (ANOVA). To guard against type I error, a
Bonferroni adjustment for multiple comparisons was made to the
t-tests of multiple brain regions, and for the pairwise post-foc t-tests
comparing each pair of the three groups that were compared in
the overall ANOVA. For purposes of this adjustment, tests of

UMB 1182: ADI-R was conducted but the scores are not available. The donor met the criteria for a diagnosis of autism.

different hypotheses, i.c., of activity levels and of protein contents
of PKA, were not considered to be multiple comparisons.

Results

PKA Activity in Different Brain Regions of Individuals with
Autism and Age-Matched Control Subjects: Relationship
with Regression in Autism

The activity of PKA was measured in the brain homogenates
from the frontal, temporal, occipital, and parietal cortices, and
the cerebellum in autistic and control subjects (Fig. 1). When all
autism cases (regressive and non-regressive) were compared with
the age-matched control group, no significant difference was
found in PKA activity in any of these brain regions, although
PKA activity in the frontal cortex was found to be reduced by
34.7% in the autism vs. control group. When the autism group
was divided into two sub-groups (regressive and non-regressive),
depending on whether there was a clinical history of regression
or not, unadjusted two-tailed t-test showed a significant decrease
in PKA activity in the frontal cortex of individuals with
regressive autism as compared to the developmentally normal
control group (p=0.0278) and the non-regressive autism group

Table 3. Vineland Adaptive Behavioral Scales diagnostic test for autism in donors of brain tissue samples.

Vineland Adaptive Behavioral Scales (VABS)?

UMB 1349 UMB 4671 UMB 1174
At age: 25 months At age: 33 months At age: 39 months At age: 6.4y
Standard Age equivalent Standard Age equivalent Standard Age equivalent Standard
Domain (Scores:20-160) Score performance Score performance Score performance score
Communication 57 9 months 69 18 months 52 10 months 41
Daily living skills 65 16 months 62 16 months 54 14 months 22
Socialization 60 9 months 71 17 months 51 4 months 52
Motor skills - - - - 65 24 months -
Composite - - - - 51 13 months 35

a: Higher score represents better function.

information is not available.
doi:10.1371/journal.pone.0023751.t003

@ PLoS ONE | www.plosone.org

According to the medical histories for UMB-4231 and UMB-5027, the donors had psychological evaluation, and met the criteria for a diagnosis of autism. Detailed
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Figure 1. PKA activity in different brain regions from regressive autism, non-regressive autism, and age-matched control subjects.
The autism group comprises combined regressive and non-regressive autism sub-groups. Brain homogenates were prepared, and activity of PKA was
measured as described in Materials and Methods. Data represent mean = S.E.

doi:10.1371/journal.pone.0023751.g001

(p=0.0318), but these differences did not remain significant
after application of the adjustment for multiple comparisons.
The mean = S.E. of PKA activity in the frontal cortex was:
2.48%0.57 in autism (regressive+non-regressive), 1.60%=0.31 in
regressive autism, 3.94*0.99 in non-regressive autism, and
3.80%0.65 in control groups. The alteration in PKA activity was
specific to the frontal cortex in regressive autism because it was
not observed in other regions of the brain, i.e., the cerebellum
and the temporal, parietal, and occipital cortices, suggesting
that the changes observed in PKA activity were brain region—
specific in regressive autism. PKA activity was also similar in all
of the brain regions between non-regressive autism and control
groups.

There was no significant difference in postmortem interval
(PMI) between the autistic and control groups, or between the
regressive autism and non-regressive autism groups. The mean *

@ PLoS ONE | www.plosone.org

S.E. of PMI was: 22.0%4.2 in the autism groups (regressive+non-
regressive, n=10), 16.1+x1.22 in the control group (n=10),
28.4%7.2 in regressive autism (n=1J5), and 15.6*2.6 in the non-
regressive autism group (n =5). We also studied whether there was
an inverse correlation between PMI and PKA activity. Correlation
analysis between PMI and PKA activity for all autistic and control
subjects did not reveal any such association (data not shown).
Furthermore, the cerebellum and the temporal, parietal, and
occipital cortices were not affected in subjects with regressive
autism in comparison with control subjects, while the frontal
cortex was affected in these individuals. These results suggest that
PMI was not a contributing factor to the observed alteration in
PKA activity in the frontal cortex of individuals with regressive
autism. There was also no significant difference in age (mean *
S.E.) between the regressive autism (11.6%£2.7 years, n=25) and
non-regressive autism groups (13.7£6.1 years, n=1>5).

August 2011 | Volume 6 | Issue 8 | e23751



Protein Levels of Catalytic C-a Subunit of PKA in the
Frontal Cortex of Individuals with Autism (Regressive and
Non-Regressive) and Control Subjects

Because a decrease in PKA activity was observed in the frontal
cortex of subjects with regressive autism as compared to control
subjects and subjects with non-regressive autism, we analyzed
whether the decreased activity of PKA is related to the reduced
protein contents of PKA. The protein contents of the catalytic Cou
unit of PKA were analyzed in the frontal cortex of individuals with
autism (regressive and non-regressive) and age-matched controls by
Western blotting (Fig. 2 A). The relative densities of the protein
contents of PKA (C-o) normalized with B-actin are shown in Fig. 2
B. A one-way ANOVA comparing regressive and non-regressive
autism cases and controls showed a significant difference in the
protein contents among these three groups (F [4r=2,15)=9.770,
p=0.002). Post-hoc pairwise comparisons among the groups
revealed a significant decrease in the protein contents of PKA (C-
o) in individuals with regressive autism (mean = S.E=0.34%0.09)
as compared to control (mean * S.E.=0.64%0.05, p=0.019,
Bonferroni-adjusted) and individuals with non-regressive autism
(mean * S.E.=0.83%0.09, p=0.002, Bonferroni-adjusted), sug-
gesting that the protein contents of PKA are affected in regressive
autism. PKA contents were similar between non-regressive autism
and control groups, and when the entire autism group (regressive
and non-regressive) was compared with the control group.

Discussion

ASDs are complex neurodevelopmental disorders. The com-
plexity of ASDs is further increased because some affected

Autism Control

Non-regressive Regressive

- e e oo o e e e e e ® [Bactin

(A)

Protein Kinase A in Regressive Autism

individuals fall in the sub-group of regressive autism [7].
Behavioral changes in regressive autism fall into two broad
domains: (a) loss of vocalization and (b) loss of social skills. The rate
of regressive autism varies from 15% to 62% of cases in different
studies [4-7]. While Lord ez al. reported that 29% of the children
they studied who were diagnosed with autism had lost language
skills for meaningful words, and another 9% lost non-word
vocalizations [5], Goldberg et al. reported regression in 62% of
children [4]. Loss of spoken words generally associates with loss of
social behavior [6], but some affected children show only loss of
social skills [4]. We report here that individuals with regressive
autism have decreased PKA activity in the frontal cortex of the
brain. This decreased PKA activity in autistic regression may be
attributed to the decreased protein contents of PKA because the
protein content of PKA (C-o subunit) was also decreased in the
frontal cortex of individuals with regressive autism. Interestingly,
such changes were not observed in other brain regions of
individuals with regressive autism, or in the frontal cortex and
other brain regions of individuals with non-regressive autism.
These results suggest that alterations in PKA activity and PKA
expression are specific to the frontal lobe in regressive autism.
Our results suggest that PMI and age cannot account for the
observed alteration in PKA in regressive autism. Other factors,
such as comorbidity with seizure disorder, reported for three of 10
autism cases (of which two had regressive autism, and one had
non-regressive autism), and medications, reported for two
regressive autism cases, four non-regressive autism cases, and
two control cases, do not seem to be contributing factors to the
altered activity or expression of PKA in regressive autism.
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Figure 2. Relative protein levels of PKA (C-¢) in the frontal cortex of regressive autism, non-regressive autism, and age-matched
control subjects. Western blot analyses of C-a subunit of PKA in the frontal cortex of individuals with regressive and non-regressive autism, and
age-matched control subjects are represented in Fig. 2A. The relative density of PKA (C-o) normalized with the density of B-actin (loading control) is

shown in Fig. 2B. Data represent mean * S.E.
doi:10.1371/journal.pone.0023751.g002
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However, further studies with a larger autistic group should be
done to explore this issue.

cAMP is one of the key factors for neuronal outgrowth, plasticity,
and regeneration. Members of the cAMP-dependent second-
messenger pathways participate in the regulation of cellular growth
and differentiation and are also implicated in a variety of embryonic
stages including brain development [24]. The PKA pathway is also
recognized as an essential component in memory formation.
Several studies in Drosophila have demonstrated the role of PKA
in memory formation [25-29]. Mutations in the rutabaga gene,
which encodes adenylate cyclase, caused significant defects in short-
term memory [25]. Reduced expression or activity of DCO (the gene
encoding the catalytic subunit of PKA) caused deficits in learning,
short-term memory, and middle-term memory [26-28]. Studies
have also shown that pharmacological agents such as cAMP analogs
and rolipram (an inhibitor of PDE), which are known to increase
PKA activity, could improve memory [30,31].

G-protein—coupled adenylate cyclase converts ATP to cAMP,
which in turn binds to regulatory subunits of PKA. Following this
event, catalytic subunits of PKA are released, which are the
activated forms of PKA. PKA then phosphorylates and alters the
activity of enzymes and many target proteins such as ion channels,
chromosomal proteins, and transcription factors. cAMP response-
binding protein (CREB) is one of the targets of PKA-mediated
phosphorylation. CREB, upon activation by PKA, binds to certain
DNA sequences (cAMP response elements), thereby stimulating
the transcription of downstream genes and the synthesis of
proteins. The CREB transcription factor is also required for long-
term memory formation [32-34]. It is possible that a decrease in
the activity of PKA in regressive autism may result in reduced
phosphorylation of CREB, and thus reduced transcription and
altered synthesis of some proteins.

Given that PKA is activated by cAMP, and PDE regulates the
levels of cAMP, a discussion on PDE becomes imperative. Altered
levels of PDE4 in the cerebella of autism subjects were reported by
Fatemi and group [23]. Other studies have suggested a role of
PDE4 in learning and memory in behavioral models of mice, rats,
and monkeys [35,36]. PDE4 is also reported to be involved in
behavior sensitivity to antidepressant drugs in animals [37]. PDE
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Abstract

Autism is a neurodevelopmental disorder with unknown etiology. In some cases, typically
developing children regress into clinical symptoms of autism, a condition known as regressive
autism. Protein kinases are essential for G-protein-coupled receptor-mediated signal trans-
duction, and are involved in neuronal functions, gene expression, memory, and cell differen-
tiation. Recently, we reported decreased activity of protein kinase A (PKA) in the frontal
cortex of subjects with regressive autism. In the present study, we analyzed the activity of
protein kinase C (PKC) in the cerebellum and different regions of cerebral cortex from
subjects with regressive autism, autistic subjects without clinical history of regression, and
age-matched control subjects. In the frontal cortex of subjects with regressive autism, PKC
activity was significantly decreased by 57.1% as compared to age-matched control subjects (p
= 0.0085), and by 65.8% as compared to non-regressed autistic subjects (p = 0.0048). PKC
activity was unaffected in the temporal, parietal and occipital cortices, and in the cerebellum in
both autism groups, i.e., regressive and non-regressed autism as compared to control sub-
jects. These results suggest brain region-specific alteration of PKC activity in the frontal
cortex of subjects with regressive autism. Further studies showed a negative correlation
between PKC activity and restrictive, repetitive and stereotyped pattern of behavior (r=
—0.084, p = 0.0363) in autistic individuals, suggesting involvement of PKC in behavioral ab-
normalities in autism. These findings suggest that regression in autism may be attributed, in
part, to alterations in G-protein-coupled receptor-mediated signal transduction involving PKA
and PKC in the frontal cortex.

Key words: Autism; behavior; protein kinase C; protein kinases; regression; signal transduction.

INTRODUCTION

Autism spectrum disorders (ASDs) are neuro-
developmental disorders characterized by impair-
ment in social interactions, verbal and non-verbal
communication skills, and restricted, repetitive and
stereotyped patterns of behavior [1]. Recently, Centers
for Disease Control and Prevention reported the

prevalence of ASDs to be 1 in 88 children in the
United States [2]. The symptoms of ASDs usually start
before the age of 3 years, and are often accompanied
by abnormalities in cognitive functioning, learning,
attention, and sensory processing. The cause of ASDs
is not known. However, ASDs are considered as het-
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erogeneous and multifactorial disorders that are in-
fluenced by genetic and environmental factors [3-5].
Several lines of evidence from our and other groups
have suggested increased oxidative stress [3; 6-14],
mitochondrial dysfunctions [8; 10; 15; 16], immune
dysfunction and inflammation [10; 17-21] in autism.

The onset of autism is gradual in many children.
However, in regressive autism, children first show
sign of normal social and language development but
lose these developmental skills at 15-24 months and
develop autistic behavior [22]. The reported incidence
of regressive autism varies from 15% to 62% of cases
in different studies [23-26]. In few cases, regression
may significantly affect language with lesser impact
on other domains such as social interaction or imagi-
native play [23; 27]. On the other hand, some children
may regress particularly in social functions and not in
language [28].

The cause of regression in autism is not under-
stood. Protein kinases are known to play important
roles in cellular signaling pathways, and are involved
in neurodevelopment [29-31]. The brain synapses are
the building blocks of memory formation, and synap-
tic strength contributes to learning and memory [32].
The changes in neurotransmitters release, receptor
sensitivity, and gene expression are involved in syn-
aptic strength, structure and function. Because protein
kinases-mediated phosphorylation modifies the func-
tions of proteins, altered activities of protein kinases
affect the synaptic efficacy.

Recently, we reported that the activity of
cAMP-dependent protein kinase A (PKA) is de-
creased in the frontal cortex of subjects with regres-
sive autism as compared to age-matched control sub-
jects and autistic subjects without clinical history of
regression [33]. Protein Kinase C (PKC), a ubiquitous
phospholipid-dependent serine/threonine kinase, is
another G-protein-coupled receptor-mediated kinase.
PKC is known to be involved in signal transduction
associated with the control of brain functions, such as
ion channel regulation, receptor modulation, neuro-
transmitters release, synaptic potentia-
tion/depression, and neuronal survival [34]. It also
plays crucial roles in cell proliferation, differentiation
and apoptosis. Neuronal tissues have high activity of
PKC.

Genetic studies have suggested an involvement
of PKC in autism [35; 36]. The analysis of ge-
nome-wide linkage and candidate gene association
showed PKCp gene (PRKCB1) linkage to a region on
chromosome 16p in the neocotex of subjects with au-
tism [35;36]. High-resolution single-nucleotide poly-
morphism genotyping and analysis of this region
showed strong association of haplotypes in the PKCp

gene with autism. The present study was undertaken
to compare the activity of PKC in the cerebellum and
different regions of cerebral cortex from subjects with
regressive and non-regressive autism and their
age-matched control subjects. The relationship be-
tween PKC activity and behavioral abnormalities was
also studied in autism.

MATERIALS AND METHODS

Autism and control subjects. Samples of post-
mortem frozen brain regions, i.e., the cerebellum, and
cortices from the frontal, temporal, parietal and oc-
cipital lobes from autistic (N= 7-10 for different brain
regions) and age-matched typically developed, con-
trol subjects (N= 9-10) were obtained from the Na-
tional Institute of Child Health and Human Devel-
opment (NICHD) Brain and Tissue Bank for Devel-
opmental Disorders at the University of Maryland,
Baltimore, MD. The age (mean + S.E.) for autistic
subjects was 12.6 + 3.2 years, and for control subjects,
12.4 + 3.3 years. All brain samples were stored at
—70°C. This study was approved by the Institutional
Review Board (IRB) of the New York State Institute
for Basic Research in Developmental Disabilities.

Diagnostic classification. The case history and
clinical characteristics for the autism and control sub-
jects is summarized in Table 1. Donors with autism
had met the diagnostic criteria of the Diagnostic and
Statistical Manual-IV for autism. Autism Diagnostic
Interview-Revised (ADI-R) test was performed for
UMB # 4671, 4849, 1174, 797, 1182, 4899 and 1638
(Table 2). According to the results of ADI-R diagnostic
algorithm, the donor’s impairments in social interac-
tion, qualitative abnormalities in communication and
restricted, repetitive and stereotyped patterns of be-
havior are consistent with diagnosis of autism. All
exceeded cut off score in each of these parameters.
Diagnosis of autism was assigned to UMB # 1349 after
extensive evaluation of behavioral tests, including
Autism Diagnostic Observation Schedule (ADOS),
Vineland Adaptive Behavioral Scale (VABS), and
Bayley Scales for Infant Development-1I, (BSID-II). In
addition to ADIR, UMB # 4849 was also evaluated by
BSID-II and Childhood Autism Rating Scale (CARS),
which indicated moderate to severe autism, and au-
tism in UMB # 4671 was also verified by VABS. Table
3 shows VABS test which assesses adaptive behavior
in four domains: communication, daily living skills,
socialization, and motor skills.

In this study, the subjects with autism were di-
vided into two subgroups: regressive autism and
non-regressive autism, depending on the pattern of
onset of symptoms for autism. Regressive autism re-
fers to a child where parents report an early history of
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normal development, which is followed by a loss of
previously acquired skills. Language regression is the
most common form of regression but it can also be
accompanied by more global regression involving
loss of social skills and interest. On the other hand, in
non-regressive autism, the child never gains normal

language and social skills, and initial symptoms are
delayed speech development, and/or delay in de-
velopment of social skills and nonverbal communica-
tion. These children do not demonstrate regression in
terms of loss of language or social skills.

Table 1. Case history and clinical characteristics of autism and control donors of brain tissue samples.

Brain Diagnosis Autism Diag- Age Sex PMI Regressive Other medical condi-  Medications Cause of death
tissue nostic tests y) (h) autism tions
(UMB #)
4671 Autism  ADIR, VABS, 45 F 13  No Multiple injuries
BSID-II from fall
1349 Autism  ADOS,VABS, 56 M 39 Yes Drowning
BSID-II
4849 Autism  ADIR,BSID-II, 7.5 M 20  Yes Lead poisoning Drowning
CARS
1174 Autism  ADIR, VABS 78 F 14 No Seizures Depakote, Tegretol Multiple-system
organ failure
4231 Autism 88 M 12 No Hyperactivity Zyprexia, Reminyl Drowning
797 Autism  ADIR 93 M 13 No Attention deficit disor- Desipramine Drowning
der, migraine headache
1182 Autism  ADIR 100 F 24 Yes Smoke inhalation
4899 Autism  ADIR 143 M 9 Yes Seizures Trileptal, Zoloft,Clonidine, Drowning
Melatonin
1638 Autism  ADIR 208 F 50 Yes Seizures, Attention Zoloft, Zyprexa, Mellaril, = Seizure-related
deficit hyperactivity Depoprovera
disorder
5027 Autism  WISC-R, 380 M 26 No Respirdal, Luvox Obstruction of
Bender-Gestalt bowel
4670 Control 46 M 17 Commotio Cordis
from an accident
1185 Control 47 ™M 17 Drowning
1500 Control 69 M 18 Motor vehicle
accident
4898 Control 77 M 12 Hyperactive disorder ~ Concerta, Clonidone Drowning
1708 Control 81 F 20 Motor vehicle
accident
1706 Control 86 F 20 Congenital heart dis- Rejection of cardi-
ease with heart trans- ac allograft trans-
plant plantation
1407 Control 91 F 20 Asthma allergies Albuterol, Zirtec, Alegra, Asthma
Rodact, Flovent, Flonase
4722 Control 145 M 16 Motor vehicle
accident
1846 Control 20.6 F 9 Motor vehicle
accident
4645 Control 392 M 12 Arteriosclerotic

heart disease

ADI-R: Autism Diagnostic Interview Revised.

ADOS: Autism Diagnostic Observation Scale.

VABS: Vineland Adaptive Behavioral Scale.

BSID-II: Bayley Scales of Infant Development-Second Edition.
CARS: Childhood Autism Rating Scale.

WISC-R: Wechsler Intelligence Scale for Children-Revised.

According to the medical histories for UMB-4231 and UMB-5027, the donors had psychological evaluation, and met the criteria for a diagnosis of autism. De-

tailed information is not available.
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Table 2. Autism Diagnostic Interview-Revised test scores in donors of brain tissue samples.

Autism Diagnostic Interview-Revised (ADI-R)2

Diagnostic Algorithm Cutoff score  UMB4671 UMB 4849 UMB 1174 UMB 797 UMB 4899 UMB 1638
for autism
Abnormalities in reciprocal social interaction 10 26 22 22 24 22 21
(Scores:0-30)
Abnormalities in communication:
Verbal (Scores:0-26) 8 - 18 - 20 - -
Non-verbal (Scores: 0-14) 7 13 N/A 11 13 14 11
Restricted, repetitive and stereotyped patterns of 3 3 8 6 6 8 7
behavior (Scores: 0-12)
Abnormalities of development evident at or before 1 5 3 5 - 4 5
36 months
a: Higher score represents greater impairment.
UMB 1182: ADI-R was conducted but the scores are not available. The donor met the criteria for a diagnosis of autism.
Table 3. Vineland Adaptive Behavioral Scales diagnostic test for autism in donors of brain tissue samples.
Vineland Adaptive Behavioral Scales (VABS)2
UMB 1349 UMB 4671 UMB 1174
At age: 25 months At age: 33 months At age: 39 months Atage: 6.4y

Domain Standard Age equivalent per-  Standard Age equivalent Standard Age equivalent per-  Standard score
(Scores:20-160) Score formance Score performance Score formance

Communication 57 9 months 69 18 months 52 10 months 41

Daily living skills 65 16 months 62 16 months 54 14 months 22
Socialization 60 9 months 71 17 months 51 4 months 52

Motor skills - - - - 65 24 months -

Composite - - - - 51 13 months 35

a: Higher score represents better function.

Preparation of brain homogenates. The post-
mortem brain tissue samples from regressive autism,
non-regressive autism, and control subjects were
homogenized (10% w/v) in cold buffer containing 50
mM Tris-HCI (pH 7.4), 8.5% sucrose, 2 mM EDTA, 10
mM B-mercaptoethanol and protease inhibitor cock-
tail at 4°C. For extraction of protein kinases, the ho-
mogenates were mixed with an equal volume of ex-
traction buffer containing 40 mM Tris-HCl (pH 7.4),
300 mM NaCl, 2 mM EDTA, 2 mM EGTA, 2% Triton,
5 mM sodium  pyrophosphate, 2 mM
[B-glycerophosphate, 2 mM Na3VO,, 100 mM NaF, and
2 pg/ml leupeptin. The samples were allowed to
stand on ice for 10 minutes, and then centrifuged at
135,000 g for 20 minutes at 4°C. The supernatants
were collected, and stored at —70°C. The concentra-
tions of total proteins in the supernatants were meas-
ured by the biocinchoninic acid protein assay kit
(Thermo Scientific, Rockford, IL).

Assay of PKC activity. The activity of PKC in
the brain supernatants was measured by solid phase

enzyme-linked immuno-absorbent assay (ELISA) kit
from Enzo Life Sciences International, Inc. The assay
is designed for the analysis of PKC activity in the so-
lution phase. In this assay, microplates pre-coated
with PKC substrate were used. The microplate wells
were soaked with dilution buffer and were emptied
after 10 minutes. An equal volume of the brain su-
pernatants was added to the wells, followed by the
addition of ATP to initiate the reaction. After incuba-
tion for 90 minutes at 30°C, the kinase reaction was
terminated by emptying the contents of each well. The
phosphopeptide substrate thus obtained was immu-
nodetected by using phospho-substrate specific pri-
mary antibody and peroxidase-conjugated secondary
antibody as per manufacturer’s instructions. The
mean absorbance (x10%) of samples was divided by
the quantity of total protein (pg) used per assay, and
the data is represented as relative PKC activity.
Statistical analysis. Initially, autistic and control
cases were collected as age-matched pairs. As data for
both members of a pair were not available in all cases,
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and data were approximately normally distributed,
unpaired two-tailed t-tests were employed to make
comparisons of PKC activity in various brain regions
between autistic vs. control cases. The data was con-
sidered significant if ‘p’ was < 0.05. Comparisons
among controls and autistic cases showing or not
showing clinical signs of regression in function were
made using one-way analysis of variance (ANOVA).
To guard against Type I error, a Bonferroni adjust-
ment for multiple comparisons was made to the t-tests
of multiple brain regions, and for the pair wise
post-hoc t- tests comparing each pair of the three
groups that were compared in the overall ANOVA.
Data is presented as Mean + S.E.

Pearson’s correlation coefficient (r) was used to
evaluate if there was relationship between PKC activ-
ity in autism and behavioral abnormalities (ADI-R
score).

RESULTS

PKC activity in the cerebellum and different
cerebral regions of brain from subjects with regressive
autism, non-regressed autism and their age-matched
controls.

PKC activity was assayed in the frontal, tem-
poral, occipital and parietal cortices (Fig. 1), and cer-
ebellum (Fig. 2) from subjects with autism (regressive
and non-regressive) and their age-matched control
subjects. As shown in Fig. 1, PKC activity was signif-
icantly decreased by 65.8% (p = 0.0048) in the frontal
cortex of subjects with regressive autism (Mean + S.E.;
2.05 + 0.41) as compared to non-regressive autistic
subjects (Mean + S.E.; 6.00 £ 0.97), and by 57.1% (p =
0.0085) as compared to age-matched control subjects
(Mean £ S.E.; 4.78 £ 0.63). On the other hand, PKC
activity was similar between non-regressive autism
and age-matched control groups. We also analyzed
the data with one-way ANOVA test using Bonferroni
adjustment for multiple comparison, and observed
that data was significant (p = 0.0057). Alteration of
PKC activity in the frontal cortex of subjects with re-
gressive autism was brain regions-specific. PKC ac-
tivity was not affected in other brain regions i.e., cer-
ebellum, and in the temporal, occipital and parietal
cortices from autism subjects (regressive and
non-regressive autism) as compared to age-matched
controls (Figs. 1 and 2).
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Fig. 1. Protein kinase C activity in different regions of cerebral

cortex, i.e., frontal, temporal, occipital and parietal cortex from
subjects with regressive autism, non-regressed autism and their
age-matched controls. The mean absorbance (x103) of samples
was divided by the quantity of total protein (Ug) used per assay,
and the data is represented as relative PKC activity. **p < 0.0l as
compared to control and non-regressed autism groups.
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Fig. 2. Protein kinase C activity in the cerebellum from subjects
with regressive autism, non-regressed autism and their
age-matched control subjects. The mean absorbance (x103) of
samples was divided by the quantity of total protein (ug) used per
assay, and the data is represented as relative PKC activity.

Postmortem interval (PMI) and age of the
subjects. There was no significant difference in age
(mean + S.E.) of the subjects among the regressive
autism (11.6 + 2.7 years), non-regressive autism (13.7 =
6.1 years) and control groups (12.4 = 3.3 years). Our
results also suggest that PMI was not a contributing
factor to the observed alteration in PKC activity in the
frontal cortex of individuals with regressive autism
because PKC activity in the cerebellum and the tem-
poral, parietal, and occipital cortices was not affected
in subjects with regressive autism in comparison with
control subjects, while it was affected only in the
frontal cortex from these individuals with regressive
autism.

Correlation of PKC activity with behavioral
abnormalities in autism. In order to evaluate whether
there is any correlation between reduced PKC activity
and behavioral abnormalities in subjects with autism,
we analyzed the data of PKC activities in the frontal
cortex as a function of ADI-R scores for different be-
havioral parameters (Fig. 3). In this study, we had
ADI-R scores of only six subjects with autism, which
included three regressive autism subjects (UMB #
4849, 4899, 1638) and three non-regressive autism
subjects (UMB # 4671, 1174, 797). Fig. 3a shows the
correlation between PKC activity in the frontal cortex
and ADI-R score for restrictive, repetitive and stereo-
typed behavior in regressive and non-regressive au-
tistic subjects. It was observed that ADI-R test score
for restrictive, repetitive and stereotyped pattern of
behavior was higher in regressive autism as compared
to non-regressive autistic subjects. Interestingly, linear
regression analysis showed a negative significant
correlation between PKC activity in the frontal cortex
and restrictive, repetitive and stereotyped behavior (r

= —0.84, p =0.0363). A comparison of PKC activity in
combined regressive and non-regressive autism
group with ADI-R scores for abnormalities of devel-
opment before the age of 36 months did not show a
correlation between these two parameters (data not
shown). However, a negative correlation (r = —0.988)
in subjects with regressive autism was observed be-
tween PKC activity and abnormalities of development
before the age of 36 months, though it did not reach
significance (p =0.09, n=3) (Fig. 3b). On the other
hand, there was no correlation between reduced PKC
activity and impairments in reciprocal social interac-
tion in regressive or non-regressive autistic subjects
(data not shown). Abnormalities in communication
had two types of scores: verbal and non-verbal. Only
two scores were available in verbal category, which
were not sufficient for analysis. Therefore, we ana-
lyzed the PKC data in the frontal cortex with respect
to non-verbal score, and did not find any significant
correlation between these parameters in regressive or
non-regressive autism (data not shown).
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Fig. 3. Relationship between PKC activity of frontal cortex and
Autism Diagnostic Interview Revised (ADI-R) test scores in sub-
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terns of behavior, and (b) abnormalities of development evident
before the age of 36 months. R represents subjects with regressive
autism.
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DISCUSSION

Autism is a multifactorial disorder with varia-
bility in many domains. The variability of domains
includes high or low functioning autism, regressive or
non regressive autism, and comorbidities such as ep-
ilepsy. No single factor can explain variability ob-
served with different domains of autism. Our results
are suggestive of reduced PKC activity in the frontal
cortex as one of the factors contributing to regression
in autism. Recently, we reported that PKA is also af-
fected in the frontal cortex of subjects with regressive
autism [33]. Collectively, our present results and pre-
vious report suggest that regression in autism may be
the result of alterations in protein kinases-mediated
signal transduction. It is possible that both of these
kinases (PKC and PKA) are affected by a common
pathway because both protein kinases are activated
by G-protein-coupled receptors. PKA gets activated
by G-protein-coupled adenyl cyclase that converts
ATP to c-AMP, an activator of PKA. On the other
hand, activation of PKC is associated with
G-protein-coupled phospholipase C-mediated cleav-
age of phosphoinositides into two intracellular mes-
sengers, i.e., diacylglycerol (DG) (activator of PKC)
and inositol trisphosphate (IP3) (a Ca?* mobilizer).

In the brain, the signals that control cognition
vary depending on type of G-protein-coupled signal
input. Several receptors such as glutamatergic recep-
tors [37], cholinergic receptors [38], serotonergic re-
ceptors [39] and dopaminergic receptors [40] regulate
the functions of PKC. PKC is a key regulator of neu-
ronal signal transduction pathways that are crucial to
learning and memory consolidation [41-45]. Neuronal
plasticity and synaptic connections are important for
information processing in the brain. Activation of
PKC facilitates synaptic plasticity that includes re-
sponses such as Ca?* influx, neurotransmitters release,
and a decrease in Ca?*-activated K current in the
brain, leading to the enhancement of neuronal excita-
bility and potentiation of synaptic response [46; 47]. Li
et al. [48] also reported effect of chronic treatment
with staurosporine (PKC-inhibitor) on acquisition and
expression of contextual fear conditioning in rats.
Considering the importance of PKC in neuronal func-
tions, decreased PKC activity in subjects with regres-
sive autism may result in decreased neuronal plastic-
ity, thus affecting neuronal excitability and synaptic
response.

The formation of functional neuronal synapse
requires various molecular players in presynaptic and
postsynaptic growth. Dysfunction of proteins such as
neuroligins, neurexin and SHANK that are required
for synaptic development have been reported in ASDs

[49; 50]. Neural disconnection leading to abnormali-
ties in cortical networks has been suggested in autism.
Different isozymes of PKC are known to have im-
portant roles at various stages of brain development.
Purkayastha et al. [51] reported that serotonin 1A re-
ceptor-mediated signaling during neonatal hippo-
campal development initially requires PKCe to boost
neuronal proliferation, and then uses PKCa to pro-
mote synaptogenesis.

Our results also suggest a relationship of re-
duced PKC activity in the frontal cortex with some
behavioral abnormalities in autism. According to
ADI-R diagnostic algorithm criteria, higher score re-
flects greater behavioral impairment. A negative sig-
nificant relationship was observed between PKC ac-
tivity in the frontal cortex and restrictive, repetitive
and stereotyped behavioral score in autistic subjects
(r= —0.84). A negative correlation was also observed
between PKC activity in the frontal cortex and ab-
normalities of development before the age of 36
months in regressive autistic subjects (r= -0.988).
However, later correlation did not reach significance,
which may be due to small sample size in this study.
The correlation between reduced PKC activity in the
frontal cortex and behavioral abnormalities in autism
needs further validation with larger sample size.

The prefrontal cortex has been implicated in au-
tism to explain deficits in brain functions related to
cognition, language, sociability and emotion [52]. Our
findings of decreased activities of PKC and PKA in
the frontal cortex of subjects with regressive autism
suggest defective phosphorylation/
dephosphorylation of proteins. Both PKC and PKA
are involved in neuronal signal transduction. Chronic
treatment with carbamazepine (a mood-stabilizer
drug) has been reported to increase phosphorylation
of myristoylated alanine-rich C kinase substrate
(MARKS) in the rat cerebral cortex, suggesting in-
volvement of PKC -mediated phosphorylation of
MARKS in behavioral changes [53]. A recent study
showed that PKA inhibitor could induce behavioral
and neurological antidepressant-like effects in rats
[54]. Since both PKC and PKA are activated by
G-proteins-coupled receptors and are extensively in-
volved in brain functions, we suggest that inhibition
of these kinases in the cerebral cortex may have sig-
nificant role in regressive autism.

Autism belongs to a group of neuropsychiatric
disorders. The roles of PKC and PKA have also been
suggested in other neuropsychiatric disorders. De-
creased protein expression of PKCp1, PKCE and PKA
regulatory Ia subunit and PKA catalytic subunits (a
and ) has been reported in the postmortem brain
samples from major depressive subjects as compared
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to controls [55]. Alterations in PKC activity were re-
ported in manic depression, and antimanic agents
(lithium carbonate and sodium valproate) inhibited
PKC-associated signaling in brain tissue [56]. In other
studies, prenatal and postnatal exposures to valproic
acid (antiepileptic drug) have been used for animal
model of autism to induce behavioral and neuropa-
thological abnormalities similar to those observed in
individuals with autism [57-61]. In pediatric bipolar
disorder, decreased expression of specific PKC iso-
zymes and decreased PKC activity in the platelets
were reported [62]. PKC has also been suggested as a
molecular target in pathogenic and therapeutic
mechanisms of mood disorders in which electrocon-
vulsive seizure (ECS) is effective [63]. This group re-
ported phosphorylation of PKC substrates, including
GAP-43, myristoylated alanine-rich C-kinase sub-
strate, and neurogranin in the brain of rats after ECS.
Another study showed significant decrease in the
activities of phospholipase C and PKC in the mem-
brane and cytosolic fractions of platelets from patients
with bipolar disorder, suggesting that PKC may be
involved in the pathophysiology of bipolar disorder
[64].

The involvement of PKC has also been reported
in other conditions such as inflammation [65], im-
mune disorders [66], and oxidative stress [67]. These
studies have suggested inhibitors of PKC theta as an-
ti-inflammatory therapeutic agents [65], and PKC
isozymes as potential therapeutic targets in immune
disorders [66]. Abnormalities in inflammation, im-
mune system and oxidative stress have been observed
in autism [7]. Several lines of evidence from our and
other groups have shown increased oxidative stress
damage coupled with reduced antioxidant defense in
blood [3; 6; 11; 14], brains [8-10; 13] and urine [12] of
subjects with autism. We and others have also re-
ported increased inflammatory markers in autism
[17-21]. Therefore, PKC may also have a role in in-
flammation, immune defects and oxidative stress ob-
served in autistic individuals.

Our results suggest that PMI and age cannot
account for the observed alteration in PKC activity in
subjects with regressive autism. Other factors, such as
comorbidity with seizure disorder, reported for three
of 10 autism cases (of which two had regressive au-
tism, and one had non-regressive autism), and medi-
cations, reported for two regressive autism cases, four
non-regressive autism cases, and two control cases, do
not seem to be contributing factors to the altered ac-
tivity of PKC in regressive autism. Furthermore, PKC
activity was affected only in the frontal cortex but not
in other brain regions of subjects with regressive au-

tism. However, further studies with a larger autistic
group should be done to explore this issue.

Considering the central role played by PKC in
cellular signaling, the present findings on reduced
PKC activity in subjects with regressive autism may
result in disruption of neuronal signal transduction
pathways in the frontal cortex, which may, in part, be
responsible for regression in autism. It will be inter-
esting to conduct a detailed study on the relationship
between PKC activity and behavioral abnormalities
with larger number of samples from subjects with
autism. In conclusion, our study suggests that brain
region-specific reduced PKC activity in the frontal
cortex of individuals may be associated with regres-
sive autism.
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