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Mitochondrial Mechanisms of Neurotoxicity
DAMD17-98-1-8627

Ian J. Reynolds, Ph.D., Principal Investigator
Teresa G. Hastings, Ph.D., Co-P.1.

Introduction

This project is designed to investigate intracellular signaling mechanisms associated with
neuronal cell injury. In the acute form, this injury accounts for neural injury following stroke
and head trauma, while in the chronic phenotype, it may account for degenerative diseases such
as Parkinson’s disease. Our preliminary studies have suggested that mitochondria play a pivotal
role in the signaling processes that result in neuronal death. Accordingly, we have designed a
series of experiments that are intended to elucidate the mechanisms by which mitochondria
contribute to neuronal death, with the ultimate goal of identifying strategies for neuroprotection
that can be applied to both acute and chronic disease states. These studies are performed on
cultured neurons and on tissue derived from mature rodents.

Progress Report.

The progress reported here relates to the revised statement of work dated 7/20/98. This SOW is
now focused on the first two technical objectives of the original proposal, based on the
recommendations provided by the review process. The project was recently awarded a
supplement to develop the techniques necessary to translate some of the observations made in
dissociated cell culture into an organotypic slice model of Parkinson’s Disease (PD), and some
preliminary data is provided that addresses the topic of the supplement.

Objective 1. Glutamate Injury Model. The first technical objective is concerned with the
mechanisms underlying the injurious effects of glutamate in neuronal cultures. We have made a
number of important advances in meeting the proposed technical objectives.

Intramitochondrial Ca’* determination. As reported last year, we have made substantial progress
in developing a novel technique to assess intramitochondrial calcium accumulation. The paper
describing this work has now been published in the Journal of Physiology (Brocard et al, 2001)
and is included with this report. This report establishes that mitochondria accumulate millimolar
amounts of calcium during exposure to excitotoxins. Surprisingly, however, our attempts to
modify calcium release from mitochondria did not result in enhancement of glutamate mediated
injury. These findings are now published in Cell Calcium (Scanlon et al, 2000). This reflects
our ignorance of the basic mitochondrial calcium transport pathways in neurons, as well as the
poor understanding of the pharmacology of these pathways in intact cells. We have started to
characterize calcium transport in isolated mitochondria to provide a basis for further studies of
these processes in intact cells. Preliminary findings from this study were published in abstract
form (Votyakova et al, 2001), and we expect to complete this study for publication in the near
future.

Characterization of MitoTracker dyes. Mitotrackers have been proposed to be potential-sensitive
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fixable mitochondrial markers that are gaining in popularity. Our detailed study on the
properties of these dyes has now been published in the Journal of Neuroscience Methods
(Buckman et al, 2000) and is included in the appendix.

Measurements of Am. Prior progress reports mentioned our original finding of spontaneous
changes in the signal of Ay -sensitive dyes in neurons. We have now published the first report
of this phenomenon in the Journal of Neuroscience (Buckman et al, 2001). Our follow up
studies have taken similar experimental approaches in astrocytes. Interestingly, we have been
able to observe two kinds of spontaneous events in astrocytes. The first is a small transient
increase in dye signal which appears to be a similar phenomenon to that observed in neurons,
while the second is manifested as a substantial but transient decrease in dye signal. These
phenomena are illustrated in Figure 1. We have had some difficulty in the quantitative analysis
of these phenomena because the fluorescent objects move substantially and also change shape in
addition to changing in intensity. Additional examples of these phenomena are shown in figure
2. We are very interested in determining the mechanistic basis for these phenomena, and are
currently developing new methods to facilitate the study of the spontaneous events. Note,
however, that this series of experiments extends beyond the original set of technical objectives
proposed in this project.

Mechanisms of ROS generation. We have now completed our first study of the mechanisms of
ROS generation by brain mitochondria, and these findings were recently published in the Journal
of Neurochemistry (Votyakova and Reynolds, 2001). The issue of the mechanism by which ROS
generation is stimulated by conditions associated with injury is still open. However, we have
been able to define one set of circumstances under which ROS production by brain mitochondria
is actually inhibited by calcium. This occurs when mitochondria respiring on succinate are
challenged with calcium, and the inhibition of ROS generation is presumably the result of the
decrease in Ay, associated with calcium transport (Figure 3). Interestingly, however, we have
found that calcium very effectively stimulates ROS generation when mitochondria are respiring
on glutamate and malate and complex 1 is subjected to a low level (~40%) of inhibition by
rotenone (Figure 4). This exciting finding raises the possibility that a calcium stimulated,
complex I mediated mechanism might underlie excessive ROS production in PD, where complex
I impairment is a frequent pathological finding. We expect to submit our first communication
describing this finding in the near future.

Objective 2. Mechanism of “Death Factor” Release. We continued experiments this year
directed at understanding the characteristics of the release of factors that cause neuronal injury.
We previously reported findings related to the characterization of PTP in brain mitochondria and
to the impact of tamoxifen on glutamate induced mitochondrial depolarization, and these
findings were documented in the progress report last year.

Cytochrome c release. We previously reported an immunocytochemical approach for
investigating cytochrome c release. We have continued these experiments using Western
blotting to provide a quantitative assessment of cytochrome c release (Figure 5). Interestingly,
agents such as methamphetamine and dopamine in the presence of tyrosinase promote
cytochrome c release from brain mitochondria. This clearly establishes the principle that
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dopaminergic neurotoxins, or circumstances that may prevail within dopaminergic neurons, may
result in circumstances under which apoptogenic factors are liberated by mitochondria. We feel
that such findings emphasize the need to study these mechanisms in a relevant population of
neurons, and it is for this reason that we are enthusiastic about developing the organotypic slice
culture model.

New objective supported by the supplement. Development of organotypic slice cultures and
methods of investigation in these cultures. Our objective in this one year supplement is to
establish the organotypic slice model in which slices of substantia nigra, striatum and pre-frontal
cortex are grown together in vitro, to establish effective toxicity paradigms so that we can
selectively kill dopaminergic neurons, and to develop fluorescence imaging techniques to make
live recordings from the slice. We have been able to generate the cultures reliably, and have
embarked on the toxicity studies at this point. In our estimation, 6-hydroxydopamine (6-OHDA)
may be the most straightforward toxin to use, and our initial experiments have used this agent.
Figures 6 and 7 show tyrosine hydroxylase staining (of dopaminergic neurons in fixed tissue),
while figures 8 and 9 show 5,7-dihydroxytryptamine (5,7-DHT) staining (of dopaminergic
neurons in live slices) and propidium iodide (PI) staining, also in live slices, which is a simple
marker of cells that have lost their plasma membrane integrity. 6-OHDA was applied at a
relatively high concentration (SmM) for a short exposure time (15min) and the injury assessed
24hr later. Compared to controls (figure 6), 6-OHDA treatment produces a clear, relatively acute
injury manifested as a disruption of the fine network of processes and the appearance of blebs in
the processes (Figure 7). Figure 8 demonstrates that we are able to identify the dopaminergic
neurons with 5,7-DHT, and that buffer exchange produces little PI staining. Interestingly, 6-
OHDA treatment results in a large increase in PI staining (Figure 9), even though the PI does not
co-localize with the 5,6-DHT. This suggests that this treatment protocol is not selective for
dopaminergic neurons, so we are continuing to develop the toxin exposure protocol to gain
selectivity. It seems likely that we will use lower concentrations but for longer periods of time to
gain selectivity.
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* Figure 1. Spontaneous events in astrocytes. The top panel illustrates a transient increase in
fluorescence signal in TMRM-loaded astrocyte mitochodria. The object labeled 1 shows a
spontaneous transient increas in signal, while the adjacent objects do not change. Note the change
in shape of object 3 over the course of this 30s series of images. The lower panel shows a
mitochondrion that illustrates a sharp drop in fluorescence signal that also recovers. Note the
difference in scale on the two fluorescence traces to the right of the figures.




Figure 2. Spontaneous increases in signal in astrocyte mitochondria loaded with TMRM. In this
25s sequence the long mitochondrion on the left of the astrocyte transiently increases first, while
the mitochondrion on the right increases some 15 sec later. In both cases the increase is transient,
and is quite distinct from the profound loss of signal shown in figure 1.
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Figure 3. Inhibition of succinate-driven ROS generation by calcium.. ROS generation was
detected with scopoletin (red), while parallel measurements of membrane potential (blue) and
extramitochondrial calcium (green) were made with safranine O and calcium green SN
respectively. Note that the calcium load completely prevents scopoletin oxidation.
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Figure 4. Calcium stimulates ROS generation when glutamate and malate are the substrates. In
theleft panel, the numbers refer to the rotenone concentration in nM. The Amplex red signal was
measured in the absence (dashed) or presence (solid) of 50nMoles of calcium. A parallel
experiment showing calcium transport and membrane potential is shown in the right panel,
indicating that calcium transport effectively occurs with this modest level or rotenone inhibtion.
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Figure 5. Brain mitochondria were isolated according to the procedure of Rosenthal
(1987). Only mitochondria displaying coupled state 3:state 4 ratios above 6 were used for
subsequent experiments. To examine cytochrome ¢ release following various treatment

. conditions, mitochondria (360 pg protein) were incubated in standard respiration buffer
containing substrates glutamate and malate (control) plus either methamphetamine (10
mM) or dopamine quinone (100 uM DA/1 U tyrosinase) for 15 min at 25°C. Following
the incubation, the mitochondria were pelleted by centrifugation and separated from
released cytochrome c in the supernatant. Equivalent volumes of the supernatant fraction
and equivalent protein amounts of the mitochondrial fractions were run on 15% SDS-
PAGE, transferred to nitrocellulose, and analyzed for cytochrome ¢ levels by Western
blot. Results showed that both methamphetamine and dopamine quinone treatment
caused a release of cytochrome c into the supernatant that was several fold higher than
controls.
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Figure 6. TH staining in control slice cultures. The top panels were taken with a low-power
objective that reveals essentially all of the dopaminergic cell bodies. The lower panel was taken
using a 60x lens to illustrate processes more effectively.
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Figure 7. TH staining in slice cultures 24hr after a brief exposure to SmM 6-OHDA. The top
panels were taken with a low-power objective that reveals essentially all of the dopaminergic cell
bodies. The lower panel was taken using a 60x lens to illustrate processes more effectively.




Figure 8. This panel illustrates 5,7-DHT staining (A1, B1) and PI staining (A2, B2) in a culture
exposed to buffer changes alone. There is a small increase in PI staining as the result of the
manipulation.
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Figure 9. This panel illustrates 5,7-DHT staining (A1, B1) and PI staining (A2, B2). Note that
the P.I.-defined injury does not coincide with the 5,7-DHT staining, suggesting that the injury is
not selective.
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Key Research Accomplishments.

¢ Published the first study of spontaneous mitochondrial depolarization in neurons

¢ Discovered calcium-sensitive mechanisms of ROS generation by brain mitochondria.
¢ Established organotypic slice cultures of nigrostriatal dopaminergic pathway.
Reportable Outcomes.

The papers indicated by * are included in the appendix.
The following papers have been published:

Berman, S.B., Watkins, S.C. and Hastings, T.G. Quantitative biochemical and ultrastructural
comparison of mitochondrial permeability transition in isolated brain and liver mitochondria:
evidence for reduced sensitivity of brain mitochondria. Exp. Neurol. 164:415-425 (2000).

Hoyt, K.R., McLaughlin, B.A., Higgins, D.S. and Reynolds, L.J. Inhibition of glutamate-induced
mitochondrial depolarization by tamoxifen in cultured neurons. J. Pharmacol. Exp.Ther. 293
480-486 (2000).

*Reynolds, I.J and Hastings, T.G. The role of the permeability transition in glutamate-mediated
neuronal injury. In: Mitochondria and pathogenesis, Lemasters, J.J. and Nieminen, A.-L. (Eds),
Plenum Press, New York. (2001).

*Brocard, J.B., Tassetto, M. and Reynolds, I.J. Quantitative evaluation of mitochondrial calcium
content following an NMDA receptor stimulation in rat cortical neurones. J. Physiol. 531:793-
805 (2001).

*Scanlon, J.M., Brocard, J.B., Stout, A.K. and Reynolds, L.J. Pharmacological investigation of
mitochondrial Ca** transport in central neurons: studies with CGP-37157, an inhibitor of the
mitochondrial Na*/Ca** exchanger. Cell Calcium. 28:317-327 (2000).

*Buckman, J.F. and Reynolds, LJ. Spontaneous changes in mitochondrial membrane potential in
cultured neurons. J. Neurosci. 21: 5054-5065 (2001).

*Votyakova, T.V. and Reynolds, LJ. A¥, - Dependent and independent production of reactive
oxygen species by rat brain mitochondria. J. Neurochem. 79:266-277 (2001).
The following abstracts have been published.

Brocard, J.B., Tassetto, M. and Reynolds, L.J. Quantitative evaluation of mitochondrial calcium
content following NMDA receptor stimulation. Society for Neuroscience, 26: 1013, (2000).
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Buckman, J.F., Han, Y. and Reynolds, I.J. Spontaneous mitochondrial depolarizations and
motility in neurons. Society for Neuroscience, 26: 1016, (2000).

Votyakova, T.V. and Reynolds, 1.J. A{rm-dependent and -independent ROS production by rat
brain mitochondria. Society for Neuroscience, 26: 1016, (2000).

Kress, G.K., Dineley, K.E. and Reynolds, L. Intracellular Fe** fluorescence measurements and
intracellular Fe** induced neurotoxicity. Society for Neuroscience, 26: 930, 2071(2000).

*Votyakova, T.V., Brocard, J.B., Santos, M.S. and Reynolds, I.J. An investigation of the
properties of calcium uniporter inhibitors in neuronal mitochondria. Experimental Biology
(2001).

*Buckman, J.F. and Reynolds, I.J. Spontaneous mitochondrial activities in astrocytes. Society
for Neuroscience (2001).

*Vergun, O.V., Fuhr, J. and Reynolds, I.J. Hypoxia and hypoglycemia produce a stable increase
in susceptibility to glutamate in cultured rat cortical neurons. Society for Neuroscience (2001).

*Brocard, J.B., Santos, M.S., Votyakova, T.V. and Reynolds, 1.J. Effects of mitochondrial
depolarization on calcium release from neuronal mitochondria. Society for Neuroscience (2001).

Page -17-



Conclusions.

In the three years originally supported by this project we have made good progress towards
achieving the stated technical objectives. Our studies on calcium transport and ROS production
have helped to characterize processes that are critical for the expression of neuronal injury
following glutamate receptor activation, and may have illuminated the long-sought mechanism
of calcium-stimulated ROS production. As a result of the work in this project we have identified
a novel phenomenon of spontaneous changes in mitochondrial function that is exhibited by many
different types of cell, including neurons and astrocytes. We have not yet been able to establish
the precise significance of the phenomenon, but the indications are that this may be a sensitive
marker of mitochondrial function in intact cells that might ultimately prove valuable for
detecting early injury-induced events. Studies in this project have also illuminated important
differences between brain mitochondria and mitochondria from other tissues with respect to the
properties of permeability transition. Along with other workers in this field, we have found the
study of the mechanisms of cytochrome c release to be challenging, and this has proven to be the
most difficult of the technical objectives to accomplish.

We feel that the important next step in the study of mitochondrial function in relation to neuronal
injury is to investigate some of these issues in specific populations of neurons that are known to
be selectively vulnerable to injury, so that we can begin to understand which of the mitochondrial
parameters are most closely associated with the injury to neurons. To approach this goal we have
started to characterize an organotypic cell culture preparation that will allow the identification of
vulnerable neurons prior to the execution of imaging studies. Because these neurons are the
target of selective degeneration in Parkinson’s disease, and because this disorder appears to be
closely tied to alterations in mitochondrial function, we are optimistic that the model will provide
a fascinating opportunity to specifically link critical changes in mitochondrial function to
neuronal death, and to start to devise specific neuroprotective strategies that target mitochondrial
function.
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Chapter 15

Role of the Permeability Transition in
Glutamate-Mediated Neuronal Injury

Ian J. Reynolds and Teresa G. Hastings

1. INTRODUCTION

Glutamate is the principal excitatory neurotransmitter in the brain. In addition to its
critical role in fast excitatory neurotransmission, however, glutamate has a more sinister
role as a potent and effective neurotoxin, a process termed excitotoxicity (Rothman and
Olney, 1987). Glutamate is acutely toxic to central neurons in primary culture, and it is
widely believed that similar mechanisms contribute to the neuron loss encountered in both
acute and chronic neurodegenerative disease. In the former category, there is good
evidence that neuronal injury encountered in stroke, cerebral ischemia, traumatic brain
injury, and some forms of status epilepticus is mediated by excessive glutamate receptor
activation. The links to chronic neurodegeneration are perhaps more tenuous. Glutamate
may, however, mediate some part of the neurodegenerative process in amyotrophic lateral
sclerosis, Huntington’s disease, Parkinson’s disease, dementia associated with acquired
immunodeficiency syndrome, and possibly Alzheimer’s disease (reviewed in Olney, 1990).

The wide range of diseases associated with aberrant activation of glutamate
receptors suggests that drugs which interrupt excitotoxicity could be of great therapeutic
significance. Glutamate receptor antagonists have been intensively investigated in this
regard, and show some promising results in acute disease models (Doble, 1999;
Koroshetz and Moskowitz, 1996). This approach has been associated with significant
behavioral side effects, however, reflecting glutamate’s important role in normal brain

Ian J. Reynolds Department of Pharmacology, University of Pittsburgh, Pittsburgh Pennsylvania
15261. Teresa G. Hastings Department of Neurology and Neuroscience, University of Pittsburgh,
Pittsburgh, Pennsylvania 15261.

Mitochondria in Pathogenesis, edited by Lemasters and Nieminen.
Kluwer Academic/Plenum Publishers, New York, 2001.
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function (Tricklebank et al, 1987). An alternative approach to preventing excitotoxic
injury could involve blocking some of the downstream processes activated by glutamate,
and this would ideally focus on a target activated exclusively during injury so that drugs
directed toward this target should have much greater functional selectivity than glutamate
receptor antagonists.

Recent studies on the mechanisms underlying excitotoxicity have identified a central
role for mitochondria in the injury process. Moreover, it has been suggested that the
permeability transition pore (PTP) is activated in neuronal mitochondria specifically
during pathophysiological states, and that its activation contributes to neurons demise. If
this is true, then the pore should be considered a primary target for drug development in
neurodegenerative disease. This review seeks to evaluate the validity of the conclusion that
the PTP has a central role in neurodegeneration.

2. ROLE OF MITOCHONDRIA IN GLUTAMATE TOXICITY

There is considerable evidence of a role for glutamate in acute brain injury. Glutamate
is stored at high concentrations inside both neurons and astrocytes and is released into the
extracellular space as a result of injury (Benveniste et al., 1984; Rothman, 1984; Strijbos
et al., 1996). Selective glutamate receptor antagonists can ameliorate ischemic and
traumatic injury in vivo (Boast et al., 1988; Gill et al., 1987). Glutamate is also effective
enough as a neurotoxin to kill neurons in vitro without the need for any other injurious
agent (Choi et al., 1987; Rothman, 1984). Thus studying glutamate’s mechanism of action
should provide insights into some aspects of the neuronal injury process, even though this
approach undoubtedly takes an oversimplified view of the processes that causes in vivo
neurons death. Glutamate-induced injury can take several forms depending on the type of
receptor activated (Koh ef al., 1990; Mayer and Westbrook, 1987). The studies described
here focus on the most acute form of glutamate-triggered neuronal injury, namely injury
induced by the activation of N-methyl-D-aspartate (NMDA) receptors. Excessive activation
of the other ionotropic glutamate receptors, the AMPA and kainate receptors, is also a
highly effective way to kill neurons, but the cellular mechanisms responsible for injury are
less well established.

2.1. Mitochondria in Neuronal Ca?* Homeostasis

Some of the earliest in vitro studies on glutamate toxicity showed that extracellular
Ca?t is required for expression of NMDA-receptor-mediated injury (Choi, 1987), an
observation consistent with the Ca?* permeability of the NMDA-receptor-associated ion
channel (MacDermott ef al., 1986). Moreover, the observation that extracellular Ca’t
decreases considerably during ischemia suggests that a robust Ca’* entry into neurons
occurs in vivo as well (Erecinska and Silver, 1996; Kristian et al., 1994). The relationship
between Ca®t entry and neuronal death is still not entirely clear. Only recently was it
established that toxic stimulation of NMDA receptors actually results in larger intracellular
free Ca®t changes than does benign activation of other, nontoxic Ca’*-elevating
mechanisms (Hyrc et al., 1997; Stout and Reynolds, 1999). It has also been suggested
that the route of Ca?t entry is at least as important as the magnitude of influx, so the
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precise location of a substantial Ca?* influx may be the key to triggering injury (Sattler
et al., 1998; Tymianski et al., 1993).

Studies of Ca?* homeostasis mechanisms in neurons reveal an important role for
mitochondrial Ca®* transport following glutamate receptor activation (Khodorov et al.,
1996; Wang and Thayer, 1996; White and Reynolds, 1995). We demonstrated that both
mitochondria and the plasma membrane Nat/Ca?* exchange (NCEp) clear the cytoplasm
of Ca?* following glutamate stimulus, and that mitochondria account for a progressively
larger proportion of the buffering ability as glutamate stimulus intensity approaches
toxicity (White and Reynolds, 1995, 1997). A second method of iltustrating mitochondrial
Ca?* accumulation was via the use of the mitochondrial NCE (NCEm) inhibitor CGP-
37157 (Cox and Matlib, 1993). The NCEm is the predominant efflux pathway in
functional neuronal mitochondria, so blocking it and monitoring the change in the
recovery characteristics of cytoplasmic Ca?* concentrations allows inference of a
mitochondrial Ca?* load (Baron and Thayer, 1997; White and Reynolds, 1996, 1997).
Several studies report the use of Ca?* indicator Rhod-2 to illustrate mitochondrial Ca2*
loading in real time (Minta ef al., 1989; Peng and Greenamyre, 1998; Peng ef al., 1998),
and these real-time methods complement other approaches that have found glutamate- or
injury-induced mitochondrial Ca?* loading in isolated mitochondria (Sciamanna et al.,
1992) or in brain slices using electron probe microanalysis (Taylor et al., 1999).

Without inferring a mechanism by which Ca?* alters mitochondrial function, the
importance of mitochondrial Ca?* accumulation to neuronal injury has been illustrated by
two studies that blocked Ca®* uptake during glutamate exposure and thereby prevented
injury. Budd and Nicholls (1996a, 1996b) accomplished this in cerebellar granule cells
using rotenone and oligomycin to depolarize mitochondria while maintaining intracellular
ATP concentrations. We later accomplished the same neuroprotection in forebrain neurons
using the protonophore FCCP; its reversibility provided a better window of opportunity for
observing the neuroprotection (Stout ef al., 1998). These studies helped to establish that
mitochondrial Ca®* uptake is essential for excitotoxicity expression, although the precise
target of Ca?* within mitochondria is still unknown.

2.2. Reactive Oxygen Species and Glutamate Toxicity

Markers of oxidative stress are increased in association with ischemia and trauma,
and in particular during the reperfusion phase following ischemia (Hall and Braughler,
1989; Phillis, 1994). There is also abundant evidence that chronic neurodegenerative states
are associated with an increased oxidant burden (Gétz ef al., 1994). In most of these cases,
however, there are many potential sources of ROS (Halliwell, 1992), and the mechanisms
responsible for glutamate-specific alteration of the oxidant/antioxidant balance remain
poorly defined.

A series of reports have detailed processes that could link glutamate receptor
activation to ROS generation by mitochondria. Lafon-Cazal and colleagues (1993)
found that glutamate-stimulated cerebellar granule cells generated ROS that could be
detected by electron spin resonance. Dykens showed in 1994 that isolated brain
mitochondria increased superoxide generation when presented with Ca®t and Na™*, the
circumstance presented to mitochondria in neurons activated by glutamate. Subsequently,
we (Reynolds and Hastings, 1995) and others (Bindokas et al., 1996; Dugan et al., 1995)
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showed that glutamate-stimulated neurons in primary culture triggered ROS generation
detectable with a range of oxidation-sensitive fluorescent dyes. Various arguments have
been made to support a mitochondrial source for these effects. For example, one can infer
from the location of the dye signal that oxidation occurs in the vicinity of mitochondria.
This is not necessarily a compelling argument, given the limited resolution with which
these measurements must be made, and given also the tendency of some of these dyes to
distribute in cells to organelles that have no relation to their oxidation site. Interrupting the
ROS-generating mechanism provides more persuasive insights into the source of ROS. We
reported that glutamate-stimulated effects on dichlorofluorescin oxidation were Ca*t
dependent, and that FCCP prevented glutamate-induced ROS generation (Reynolds and
Hastings, 1995). Although FCCP has numerous effects on neurons (Tretter ef al., 1998),
the most straightforward basis for this inhibitory effect is the prevention of Ca’* loading
into mitochondria. Rotenone also blocks ROS generation by dihydroethidium (Bindokas
et al., 1996), presumably the result of inhibiting electron transport in Ca’*-stimulated
mitochondria. Together with the observation that oxygen-deprived neurons are resistant to
glutamate-induced injury (Dubinsky ef al., 1995), these findings suggest that mitochond-
rially generated ROS may play a central role in excitotoxicity.

In addition to glutamate’s ability to directly induce ROS generation, there may be an
interaction between oxidative stress and glutamate toxicity in that an extrinsic oxidative
stress may potentiate the toxicity of glutamate. Thus in neurons subjected to an oxidant
burden, the threshold for glutamate toxicity may be decreased (e.g., Hoyt et al., 1997a),
and following oxidant inhibition of the glutamate transporter, glutamate’s potency may be
increased (Berman and Hastings, 1997; Piani ef al., 1993; Volterra et al., 1994), perhaps
resulting in the increased vulnerability of selected neuron populations. Moreover, a
possible critical ROS target is in fact the mitochondrion. Essentially, all complexes in
the electron transport chain are vulnerable to inhibition by oxidants (Berman and Hastings,
1999; Dykens, 1994; Zhang et al., 1990), and the activities of several enzymes in the
tricarboxylic acid cycle are impaired by oxidation (Chinopoulos ef al., 1999). By further
enhancing ROS generation, or by limiting ATP generation under circumstances that would
normally place a great demand on ATP supply (Chinopoulos et al., 1999), the impact of an
oxidant burden together with glutamate exposure is potentially devastating.

One important example of this is the degeneration of dopaminergic neurons in the
substantia nigra in Parkinson’s disease. These neurons contain a high concentration of
dopamine. Dopamine generates an oxidant burden either by its metabolism by monoamine
oxidase (MAO), which generates hydrogen peroxide, or by the formation of highly reactive
dopamine quinones (Graham, 1978; Hastings, 1995; Maker ef al., 1981). It is toxic to
neurons in culture (Hoyt et al., 1997b; Rosenberg, 1988), and it is also toxic when injected
directly into the brain (Hastings et al., 1996). Though dopamine’s toxicity mechanism is
not fully understood, a mitochondrial target is one important potential mechanism being
evaluated. Thus we have demonstrated that MAO-catalyzed dopamine oxidation inhibits
state 3 respiration in brain mitochondria (Berman and Hastings, 1999). Interestingly,
dopamine quinone increased state 4 respiration, consistent with an uncoupling effect
perhaps attributable to increased membrane permeability associated with PTP activation
(Berman and Hastings, 1999). The oxidative burden associated with a high dopamine
content and the concomitant bioenergetic impairment may render substantia nigra neurons
especially vulnerable to excitotoxic stimuli (Greene and Greenamyre, 1996).
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3. THE PERMEABILITY TRANSITION IN NEURONAL MITOCHONDRIA

Identification of mitochondria as a critical target for Ca?* in neuronal injury
~moved the field one step closer to identifying the complete sequence of events

necessary to execute the process of cell death. It seems likely that there are multiple
mechanisms by which neurons may die following NMDA receptor activation (Ankar-
crona et al., 1995), not all of which are associated with gross Ca®* overload. Even
when considering the acute, high Ca®* load-associated injury, the precise target within
mitochondria and the cellular consequences of altering this target have not been
established. A simple view is that neuronal death is merely a consequence of ATP
loss, failure of ion homeostasis, and cell lysis as a result of uncontrolled solute
accumulation. Given that Ca®* and ROS do not shut down respiration or metabolism
—indeed, Ca?" stimulates ATP synthesis (McCormack et al., 1990)—what mechanisms
are available to impair ATP synthesis under the circumstances generated by intense
stimulation of NMDA receptors?

An attractive conceptual mechanism is provided by the PTP. As a mitochondrial
target activated by Ca?*, oxidation, and mitochondrial membrane depolarization, this
target appears the ideal point at which neuronal injury’s principal effectors can
converge. We have already discussed the importance of mitochondrial Ca2+ accumula-
tion and ROS generation. The third component, alteration of mitochondrial membrane
potential, is then provided by the cycling of Ca?* through mitochondria, which occurs
at the expense of the proton gradient (Gunter and Pfeiffer, 1990; Nicholls and
Akerman, 1982). Thus the key pore activators should be present during glutamate
exposure.

What evidence exists to support pore activation in the injury cascade triggered by
glutamate? The key consequences of pore activation should be loss of membrane potential,
alteration of mitochondrial shape, increased mitochondrial permeability to small mole-
cules, and presumably, neuronal death. Observations consistent with these events have now
been reported by several laboratories. Using fluorescent dyes that report mitochondrial
membrane potential, several studies found that mitochondria in intact neurons are
depolarized during glutamate exposure (Nieminen et al., 1996; Schinder et al., 1996;
White and Reynolds, 1996). The partial sensitivity of these changes in membrane
permeability to cyclosporin A is consistent with a contribution of the PTP. Shape changes
in mitochondria are difficult to resolve at the light microscopic level. Nevertheless, Ca?*-
stimulated, cyclosporin-sensitive changes in mitochondrial morphology were reported,
such that the predominant change was from rod-shaped to round in both neurons and
astrocytes (Dubinsky and Levi, 1998; Kristal and Dubinsky, 1997). Recently, Friberg and
colleagues (1998) established that swelling of neuronal mitochondria in hypoglycemic
brain injury can be prevented by cyclosporin A, thereby suggesting a link to the pore. No
neuron studies have shown explicit alteration in the mitochondrial permeability of small
molecules in intact neurons. Several studies have found, however, that neuronal death can
be prevented by cyclosporin A, again consistent with an essential role for the pore in the
death pathway (Dawson ef al., 1993; Schinder et al., 1996; White and Reynolds, 1996).
Though we discuss below a number of potential limitations in these conclusions, there is
plenty of evidence for a hypothesis that places transition as a final common pathway in
neuron death.
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4. LIMITATIONS OF THE PERMEABILITY TRANSITION HYPOTHESIS

Many of the pore’s features are conceptually ideal in building a model of the
glutamate-induced injury cascade. Indeed, it could be claimed that excitotoxicity is the
clearest example of PTP involvement in a cellular or intact-tissue injury paradigm.
Nevertheless, it is still necessary to apply the same critical standards to evaluating this
hypothesis as to evaluating any other, because there are still major issues that need to be
more fully considered.

4.1. Transition Measurement in Intact Cells

The first major difficulty in evaluating the PTP’s contribution to injury is measuring
transition in intact cells. Transition has been studied mainly in isolated mitochondria, and
the most common approach for assaying transition is measurement of mitochondrial
swelling using light scattering. Other approaches have been used, including measuring the
release of low-molecular-weight solutes such as glutathione and also the influx of
radioisotopes normally excluded from mitochondria with restricted permeability, but the
limited ability to measure these parameters in cultured cells (because of the relative
insensitivity of the methods) has prevented their application in models of excitotoxicity.

As noted above, recent studies have explicitly investigated mitochondrial morphology
in brains exposed to injury and have reportedly prevented the appearance of swollen
mitochondria in response to hypoglycemia by cyclosporin A (Friberg ef al., 1998). This is
an exciting development, but the approach does not lend itself well to mechanistic studies
because it is hard to do quantitative electron microscopic studies under circumstances
where mitochondrial parameters can effectively be manipulated. Additional morphological
approaches have been taken in permeabilized neurons and astrocytes. This is an interesting
intermediate approach that falls between isolated mitochondria and intact cells. Dubinsky
and colleagues were able to demonstrate Ca?t-mediated alterations in mitochondrial
morphology, assayed in mitochondria loaded with fluorescent dyes, that could be partially
prevented by concomitant application of CsA (Dubinsky and Levi, 1998; Kristal and
Dubinsky, 1997). These studies are also consistent with activation of the PTP in neural
cells, although it is hard to be sure of the extent to which the mitochondrial environment in
permeabilized or to which ionophore-treated cells reflects the glutamate exposure condi-
tions. Indeed, in astrocytes lacking the efficient Ca?* accumulation pathways of neurons,
the pathophysiological relevance of a Ca?* overload-induced alteration in mitochondrial
function remains to be established.

Applying morphological approaches to the study of mitochondrial shape in intact
cells may also be limited by the dyes. Many mitochondrion-specific dyes accumulate in the
organelle based on membrane potential, and so the change in potential that accompanizs
increased permeability should grossly alter the dye-staining properties (White and
Reynolds, 1996), potentially an important confound when applying purely morphometric
approaches. Other dyes, such as the series of Mito Tracker dyes provided by Molecular
Probes, may accumulate in mitochondria based on membrane potential but then become
irreversibly bound as a result of the dye’s chloromethyl moiety interacting with free
sulfhydryls in (presumably) the mitochondrial matrix (Poot et al., 1996). Though this
provides the advantage of having a fluorescent marker that can be fixed, it has the
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disadvantage of altering an important parameter controlling PTP activation: the balance of
reduced and oxidized sulthydryls (Chernyak and Bernardi, 1996). The observation that
Mito Tracker orange can inhibit complex I with considerable potency and can also activate
transition in isolated hepatic mitochondria (Scorrano et al., 1999) further underscores the
difficulty of this approach.

Most other claims of pore activation in neurons have been made based on
cyclosporin-sensitive alterations in mitochondrial membrane potential (Nieminen ef al.,
1996; Schinder ez al., 1996; White and Reynolds, 1996). These studies have typically
reported an NMDA-receptor-stimulated, Ca?*-dependent depolarization of mitochondrial
membrane potential using a range of potential-sensitive indicators. These depolarizations
are generally observed during the time required to commit neurons to die as a result of the
glutamate exposure, but they occur well before loss of viability can be detected, suggesting
that the phenomenon is upstream in the injury cascade. At least some of the time,
depolarization is also reversible upon glutamate removal (White and Reynolds, 1996),
although this is variable. It is tempting to suggest that the loss of potential reflects
transition, but is this reasonable? Based on pharmacological evidence discussed below,
where several putative transition inhibitors are effective it appears so. It is difficult,
however, to exclude other possible mechanisms with confidence, We know that Ca2* is
clearly essential in this process, but mitochondrial Ca?* cycling occurs at the expense of
the proton gradient (Nicholls and Akerman, 1982). Thus a large amount of Ca?+ passing
through mitochondrial uptake and release presumably results in depolarization. It would
also be difficult to distinguish between cycling-induced depolarization and a PTP-triggered
change, because blocking Ca?t uptake would block both phenomena concomitantly.
Although Ca’* cycling-induced mitochondrial depolarization has been observed in
synaptosomes (Nicholls and Akerman, 1982), it has never been explicitly demonstrated
in intact neurons. Nevertheless, its potential contribution is consistent with the observation
of hyperpolarization of mitochondrial membrane potential induced by the Ca** efflux
inhibitor CGP37157 (White and Reynolds, 1996). It is important to recognize that
depolarization of mitochondrial membrane potential is also a normal response to increased
ATP demand. Given that NMDA receptor activation results in a substantial change in
intracellular Na* as well as Ca** (Kiedrowski ef al., 1994), and that the Na+/K+ ATPase
is a major consumer of ATP in neurons, the greatly increased Na* burden should require
an increase in ATP synthesis accompanied by a depolarization of mitochondrial membrane
potential. Thus, several major mechanisms could produce an alteration in membrane
potential that would be completely independent of the PTP, and in fact represent the
function of normal, healthy mitochondria.

The intricate intertwining of PTP-inducing stimuli and non-PTP-related changes is
further illustrated by the impact of oxidants in this system. In isolated mitochondria,
oxidants promote pore activation by oxidizing vicinal sulfhydryls or by increasing the pool
of the oxidized form of glutathione (Chernyak and Bernardi, 1996). Oxidants can inhibit
electron transport, however, and they may also limit the tricarboxylic acid (TCA) cycle,
which could alter the ability of mitochondria to pump protons and maintain a potential
(Chinopoulos et al., 1999; Zhang et al., 1990). There is the additional confound of
peroxide-induced changes in the properties of JC-1, which appear unrelated to membrane
potential (Chinopoulos et al., 1999; Scanlon and Reynolds, 1998), and which can look like
depolarization but which probably are not.
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The approaches used in intact neurons have not proved effective in unequivocally
establishing the phenomenon of pore activation. One potentially interesting approach not
yet applied to neurons is the cobalt-induced calcein quenching reported by Petronilli and
colleagues (1999), although it may prove difficult to apply the method to glutamate
excitotoxicity models due to cobalt/Ca’" interaction in this system. Approaches that
combine morphology with membrane-potential measurements so that swelling can be
observed in conjunction with loss of membrane potential, together with a careful
functional assessment to preclude ATP synthesis and Ca®* cycling as a cause of
membrane-potential changes, may be necessary to definitively establish the expression
of PTP activation in neurons.

4.2. Limitations of Pharmacological Approaches

The difficulty in identifying the PTP solely by functional criteria in intact cells
emphasizes the value of pharmacological intervention. Additionally, the putative
contribution of the PTP to glutamate-induced neuronal death might be mitigated by
transition antagonists, so there is considerable interest in pore-specific drugs. Unfortu-
nately, such agents are difficult to come by.

The classic pore inhibitor is cyclosporin A (CsA). This agent binds to cylophilin
D in the matrix and prevents the association of cylophilin with the pore complex, thus
preventing the facilitative effect on pore activation (Connern and Halestrap, 1994). The
CsA binds to cyclophilin with high affinity and with a specificity distinct from that
associated with immunophilins (Bernardi e al., 1994; Connern and Halestrap, 1994).
Thus, potent immunosuppressent agents such as FK506 do not alter transition in
isolated brain mitochondria (Friberg et al., 1998). Conversely, analogs of CsA such as
N-methylvaline cyclosporin show pore inhibition with less immunosuppressant activity
(Griffiths and Halestrap, 1991), but they are not commercially available, unfortunately
CsA is a less-than-ideal agent in intact neurons. The cyclic peptide structure may limit
cell penetration, and intact-cells studies generally require higher concentrations than
isolated-mitochondria studies. Some of the immunophilin-mediated effects, such as
inhibition of the Ca**-dependent phosphatase calcineurin, occur at concentrations too
low to inhibit the PTP (Dawson et al., 1993). Indeed, it has been proposed that
calcineurin inhibition is neuroprotective independently of the PTP, a suggestion
supported by the neuroprotective effects of FK506 in some studies (Dawson et al.,
1993; Lu et al., 1996), but not others (Friberg et al., 1998). The binding of CsA is
also modulated by Ca?* and Mg?*, with the effect that PTP-inducing conditions may
decrease the effectiveness of CsA binding (Novgorodov et al, 1994). This may
explain the loss of effectiveness sometimes observed when CsA is used as an inhibitor
of transition-associated events (Scanlon and Reynolds, 1998). There is no question
that CsA is the most potent and probably the most useful pore inhibitor currently
available. Other actions of CsA are, clearly important for neuronal viability, however,
independent of cyclophilin D and the PTP; also, CsA may not be effective even if
pore-mediated effects are under investigation, which, along with the difficulty in
controlling intracellular CsA concentrations, shows a definite need for more effective
inhibitors.
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In fact, a wide variety of agents have been used to modulate PTP activity, both
inhibitors and activators (see Zoratti and Szabd, 1995), including atractyloside and
bongkrekic acid, which bind to the ATP/ADP translocase. The suggestion that the PTP
reflects a different functional state of the translocase is reflected in the ability of these
agents to inhibit or promote pore activation, respectively (Halestrap and Davidson, 1990).
Unfortunately, atractyloside is cell impermeant. The recent commercial availability of
bongkrekic acid should soon allow its evaluation in neurons, although promoting pore
activation will not effectively test the hypothesis that glutamate kills neurons following
transition.

Other agents that alter transition in isolated mitochondria have been evaluated for
their ability to block glutamate-mediated mitochondrial depolarization. Some of the more
potent ones reviewed by Zoratti and Szabo (1995) include trifluoperazine and dibucaine.
The former phenothiazine has a number of cellular effects, the most prominent of which
may be the inhibition of calmodulin and phospholipase activity. Dibucaine is more widely
known as a local anesthetic, an effect accomplished by inhibition of voltage-dependent
Na* currents. These agents both delay mitochondrial depolarization induced by glutamate,
but could not entirely prevent it (Hoyt et al, 1997c). In addition, both appear to
hyperpolarize mitochondria, and trifluoperazine may also inhibit mitochondrial Na*/Ca®**
exchange (Hoyt ef al., 1997c). We have previously observed a hyperpolarizing response to
the NCEm inhibitor CGP37157 (White and Reynolds, 1996), but it is not clear whether
this represents ongoing NCEm activity; the other possibility is tonic activity, or perhaps a
low-conductance state, of the pore (Ichas and Mazat, 1998). Given the limitations of using
membrane potential to unequivocally identify transition it is difficult to make the
distinction between these possibilities. These drugs, however, have multiple effects on
mitochondria, besides their nonmitochondrial effects, that can be expected to alter the
function of excitable cells, which illustrates the potential pharmacological limitations of
these agents.

Other drugs have recently been proposed as PTP antagonists. The anti-estrogenic
drug tamoxifen has been used as a pro-apoptotic agent in neural mitochondria at high
concentrations (Ellerby et al., 1997). Much lower concentrations prevented transition in
hepatocytes, however (Custodio ef al., 1998). We evaluated tamoxifen actions in neurons
and found a biphasic effect on membrane-potential changes induced by glutamate, with
maximum depolarization protection at 0.3 pM, much lower than concentrations required to
injure the neurons, but the maximally effective concentration of tamoxifen did not protect
against excitotoxic injury (Hoyt, et al., 2000). Fontaine and colleagues recently reported
(1998) the effects of a series of ubiquinone analogues on mitochondrial function in
permeabilized skeletal-muscle mitochondria. Several agents increased mitochondria’s
ability to accumulate Ca?* in a manner consistent with transition inhibition. We evaluated
these compounds in neurons, with rather different results (Scanlon and Reynolds,
unpublished). Thus, the most effective agent in muscle, Ub0, appeared to promote
mitochondrial depolarization in neurons and was quite toxic, likely a result of ROS
generation. The greatest inhibition of depolarization was produced by UBS, but it did not
protect against injury at all. It would be immensely valuable to have selective, potent, cell-
permeable PTP inhibitors in such studies, but no currently known drugs possess these
propetties.



310 Ian J. Reynolds and Teresa G. Hastings

4.3. Limitations of Cell Culture Methodology

For understanding intracellular events associated with neuronal injury, cultured
neurons have a great benefit: They are readily amenable to single-cell study and to the
kinds of manipulation often necessary to grasp the basic mechanisms. The value of the
model system only holds, however, in conjunction with its fidelity to the situation in vivo.
The excitotoxicity model’s value has been clearly established by its predictive ability in
identifying the neuroprotective actions of glutamate-receptor antagonists, which was
subsequently verified in vivo, but this model may have limitations not yet fully explored.
For example, cells in culture may show a greater dependence on glycolysis than on
oxidative phosphorylation as a source of ATP, which could oha»susly have a profound
impact on studies designed to link bioenergetic phenomena with glutamate stimulation.
Neurons in situ have a close and important interaction with astrocytes, which may be
critical in the passage of nutrients from cerebral circulation to neurons (Tsacopoulos and
Magistretti, 1996). Because the details of this interaction are poorly understood, it is hard
to create such an arrangement in vitro. Many imaging studies are performed at room
temperature, and this may also impact the neuronal bioenergetic state.

There are additional considerations. Many chronic neurodegenerative states are
associated with chronic, relatively modest inhibition of one or more electron transport
chain complexes. Indeed, one can model Parkinson and Huntington diseases using specific
inhibitors of complex I and complex II, respectively (see below). Acute disorders such as
stroke are associated with complete or partial restriction of oxygen and glucose, but
studies investigating mitochondrial function after glutamate exposure have usually done so
in an environment where oxygen and glucose are not limiting and where electron transport
is in good working order. Given that ROS generation, for instance, may increase under
both hypoxic (Vanden Hoek ef al., 1997) and hyperoxic conditions, studying states that
more closely resemble actual diseases may be very important. There are many potential
influences on mitochondrial function, Ca?* transport, and ATP generation that must be
elucidated to make these model systems more valuable.

4.4. Acutely Isolated Mitochondria Preparations

Much of what is known about the properties of mitochondria in the brain comes from
studies of acutely isolated mitochondria, either in the from of purified organelles or in the
context of synaptosomes, where mitochondria’s immediate environment is better
preserved, but revisiting these findings is beyond the scope of this review. Purified
brain-derived mitochondria do exhibit a phenomenon similar to transition, in that
mitochondria can be loaded with Ca?* and exposed to oxidants to induce swelling
(Andreyev et al., 1998; Berman et al., 2000; Friberg et al., 1999). There are some
important differences, however, between the characteristics of PTP activation in brain as
compared with liver. For example, exposure to levels of oxidants, Ca**, or both that would
normally trigger swelling in liver mitochondria produces only small amplitude changes in
brain mitochondria, and the swelling is not accompanied by glutathione release as would
be anticipated with PTP activation (Berman er al., 2000). This is not due to an inability of
brain mitochondria to swell, because higher-amplitude swelling can be accomplished with
mastoparan (Berman et al., 2000) or by removing adenine nucleotides and Mgt
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(Andreyev et al., 1998; Friberg et al., 1999), but the CsA-sensitivity swelling is consistent
with a key role for the pore in the swelling process. Interpreting these differences is a
challenge, because an adenine-nucleotide-free condition is normally found in neurons, and
Mg?* concentrations are near millimolar in these cells (Brocard et al., 1993). It has also
been suggested that the polymerization state of creatine kinase in brain could be a key
difference from liver (O’Gorman et al., 1997). Nevertheless, the key point here is this: It
should not be assumed that the PTP properties in brain are the same as those in the more
completely characterized liver and heart preparations.

4.5. Mitochondrial Heterogeneity

The concept of transition is based largely, though not entirely, on observations made
in liver mitochondria and many assumptions concerning the PTP’ contribution to
glutamate-induced neuronal injury are based on the notion that the processes governing
PTP activation are the same in neural as in liver mitochondria. Though little explicit
information points to functional differences in mitochondria that would account for the
different pore properties, it is not far-fetched to suggest that they may exist. We know, for
example, that there are differences in the Ca?* efflux pathway between liver mitochondria
and mitochondria from excitable cells (Gunter and Pfeiffer, 1990). Also, the fundamental
properties of Ca’t and oxidant-induced swelling are distinct, as noted above (Berman
et al., 2000). We have also seen that oxidants such as terz-butylhydroperoxide—highly
effective pore-inducers in liver—have little effect on mitochondrial membrane potential in
cultured neurons or in isolated brain mitochondria (Berman et al., 2000; Scanlon and
Reynolds, 1998), hence the need for a cautious approach to expectations about neuronal
PTP properties.

One intriguing possibility is an additional level of heterogeneity for neurons and non-
neuronal cells in the brain, between different populations of neurons, or perhaps even
between mitochondria in different regions of the same cell. Recent findings (Beal ef al.,
1993) have demonstrated, for instance, that systemic administration of complex II
inhibitors produces selective degeneration of striatal neurons in rats, which has proved a
useful model for Huntington disease. Remarkably, a similar approach using rotenone
targets instead the striatal dopamine terminals followed by cell bodies in substantia nigra,
producing a Parkinsonlike syndrome in rats (MacKenzie and Greenamyre, 1998). This
raises the possibility that mitochondria from different types of neurons in the same brain
region have distinct properties, leaving them vulnerable to different toxins. Another
interpretation is that the mitochondria are in fact the same, but their environment is
different. For example, chronic exposure to high dopamine concentrations could make
nigral neurons vulnerable to complex I inhibition, rather than this being a fundamental
functional difference in the mitochondria. An argument in favor of this was recently
provided by Friberg and colleagues (1998), who demonstrated differences in PTP
properties between mitochondria from cortex, hippocampus, and cerebellum. These
differences, however, were apparently attributable to different concentrations of adenine
nucleotides in the preparations rather than to a fundamental difference in the mitochondria,
because nucleotide removal resulted in the mitochondria exhibiting similar swelling
characteristics.
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The relevance of these findings to glutamate-induced neuronal injury has yet to be
fully established. Many chronic disease states that can be modeled using electron transport
inhibitors may also have an excitotoxic component, and the interaction between bioener-
getics and vulnerability to excitotoxic injury is well established (Greene and Greenamyre,
1996). The extent to which this interaction depends on PTP activation, however, remains
unknown.

5. CONCLUSIONS

Glutamate can injure neurons in a way that is likely relevant to a number of acute
neurodegenerative states, including stroke and head trauma. It is also likely that
glutamate contributes to neurons degeneration in chronic diseases as well. Many studies
have established a relationship between the bioenergetic state of neurons and their
vulnerability to injury, and more-recent investigations have placed mitochondria at the
center of the event cascade linking glutamate receptor activation to neuronal death. The
key question posed at the start of this review concerned the role of the PTP in this
process, however, and this is much less clear. There are significant concerns in
interpretating studies which suggest that transition occurs in intact neurons, because
of the difficulty in attributing alterations in membrane potential to pore activation, so
these studies remain suggestive but not conclusive. Morphological approaches also imply
pore involvement but contain similar methodological concerns. It is evident that CsA is
neuroprotective under certain circumstances, but there are multiple mechanisms by
which this might be so, and FK506 sometimes has neuroprotective actions as well. No
other drugs that alter membrane potential have shown neuroprotective effects. Thus, the
body of evidence linking the PTP to excitotoxicity, though suggestive and intriguing,
remains to be firmly established.
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Pharmacological investigation of
mitochondrial Ca?* transport in
central neurons: studies with
CGP-37157, an inhibitor of the
mitochondrial Na+-Ca2+ exchanger

J. M. Scanlon, J. B. Brocard, A. K. Stout, 1. J. Reynolds

University of Pittsburgh, School of Medicine, Department of Pharmacology, Pittsburgh, USA

Summary Mitochondria buffer large changes in [Ca?+}; following an excitotoxic glutamate stimulus. Mitochondrial
‘sequestration of [Ca2+]; can beneficially stimulate oxidative metabolism and ATP production. However, Ca?* overload
may have deleterious effects on mitochondrial function and cell survival, particularly Ca?*—dependent production of
reactive oxygen species (ROS) by the mitochondria. We recently demonstrated that the mitochondrial Na+-Cag2+
exchanger in neurons is selectively inhibited by CGP-371 57, a benzothiazepine analogue of diltiazem. In the present
series of experiments we investigated the effects of CGP-37157 on mitochondrial functions regulated by Ca2+. Qur
data showed that 25 uM CGP-37157 quenches DCE fluorescence similar to 100 M glutamate and this effect was
enhanced when the two stimuli were applied together. CGP-37157 did not increase ROS generation and did not alter
glutamate or 3mM hydrogen-peroxide-induced increases in ROS as measured by DHE fluorescence. CGP-37157
induces a slight decrease in intracellular pH, much less than that of glutamate. In addition, CGP-37157 does not
enhance intracellular acidification induced by glutamate. Although it is possible that CGP-37157 can enhance mito-
chondrial respiration both by blocking Ca2+ cycling and by elevating intramitochondrial Ca?*, we did not observe any
changes in ATP levels or toxicity either in the presence or absence of glutamate. Finally, mitochondrial Ca2+ uptake
during an excitotoxic glutamate stimulus was only slightly enhanced by inhibition of mitochondrial Ca2+ efflux. Thus,
although CGP-37157 alters mitochondrial Ca?* efflux in neurons, the inhibition of Na+—Ca2+ exchange does not pro-
foundly alter glutamate-mediated changes in mitochondrial function or mitochondrial Ca2+ content. ® 2000 Harcourt
Publishers Ltd

INTRODUCTION glutamate injury probably reflects a collection of neuro-
toxic mechanisms depending on the duration and inten-
sity of the glutamate exposure and the type of receptors
activated. This is most readily appreciated, and well stud-
ied, in primary cell culture. In cortical neuromns, for
example, a brief exposure (approximately 5min) to a
high concentration of glutamate results in activation of
the N-methyl-D-aspartate (NMDA) subtype of glutamate
receptor, allows massive Ca2+ entry and results in pre-
dominantly necrotic cell injury [3,4]. Lower concentra-

Of the many ways in which neurons can die perhaps the
most extensively studied are the processes collectively
referred to as ‘excitotoxicity’ [1,2]. This phenomenon is
associated with the release of glutamate from neuronal
and non-neuronal stores and subsequently the excessive
activation of ionotropic glutamate receptors. Excitotoxic

Received 27 September 2000

Accepted 10 October 2000 tions of glutamate can also be toxic via the activation of
NMDA receptors, but it has been suggested that this

Correspondence to: Dr lan J. Reynolds, Department of Pharmacology, X ... N

W1351 Biomedical Science Tower, University of Pittsburgh. School of results in apoptotic injury [5]. If non-NMDA glutamate

Medicine, Pittsburgh, PA 15261, USA. Tel.: + 1412 648 2134: receptors are activated a form of injury is triggered that

fax: +1412 624 0794; e-mail: iannmda@pitt.edu depends less on extracellular calcium, and requires

317




318 JM Scanlon, JB Brocard, AK Stout, IJ Reynolds

several hours of stimulation to commit neurons to die,
but is expressed as necrotic cell death [6]. Evidence for
all of these forms of injury have been found in vivo
(2,7,8]. Thus, excitotoxicity should not be considered as
a single homogenous phenomenon.

In this laboratory we have focused on the acute,
necrotic injury that results from NMDA receptor activa-
tion and depends on Ca®* entry [4]. This form of injury
is likely to be a consequence of the particular effective-
ness with which NMDA receptors permit neuronal Ca?+
accumulation, because they form a Ca2*-permeable
channel that only partially inactivates during prolonged
exposure to agonists (unlike, for example, voltage-gated
Ca?* channels). Thus, excitotoxic NMDA receptor acti-
vation results in very high cytoplasmic free Ca2* con-
centrations [9,10] in addition to potentially allowing
Ca®* entry into specific sites in neurons poised to cause
injury [11]. As has been reported in several types of
excitable cells [12-14], neuronal mitochondria buffer
these glutamate-induced large Ca2+* loads particularly
well [15-24]. However, it appears that the consequence
of this mitochondrial Ca?* buffering is lethal. Thus, if
mitochondrial Ca?* accumulation is prevented by elimi-
nating the mitochondrial membrane potential (and thus
abrogating the driving force for mitochondrial Ca2+
uptake) neurons are protected from NMDA receptor-
mediated injury [25,26].

It remains unclear what links mitochondrial Ca?*
accumulation to injury. Studies in isolated mitochondria
and intact neurons have suggested that glutamate-stim-
ulated mitochondrial Ca?* accumulation results in the
production of reactive oxygen species (ROS) that may
originate from mitochondria [27-31]. The activation of
the permeability transition pore has also been suggested
[32-34], although evidence supporting this mechanism
is incomplete.

The finding that excitotoxicity requires mitochondrial
Ca?* accumulation is an exciting development because
it suggests novel targets at which to aim neuroprotective
drug strategies. However, at this stage the pharmacology
of mitochondrial transport is rather poorly developed.
The major Ca?* uptake pathway is likely to be the Ca%*
uniporter [12], which may be complemented by a rapid
uptake mode of the kind described in liver mitochondria
[35,36]. There are several inhibitors of the Ca?* uni-
porter, including ruthenium red and the related Ru360
[37], as well as some cobaltammine agents [38]. However,
most of these agents penetrate cells very poorly, as
exemplified by the 10000-fold decrease in potency of
Ru360 in intact cardiac myocytes compared to cardiac
mitochondria [37]. Indeed, even applying relatively high
concentrations of Ru360 (~10pM) for several tens of
minutes to intact neurons has very little effect on gluta-
mate-induced cytosolic Ca?* transients (JBB and IR,
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unpublished observations). It was also recently sug-
gested that mitochondrial Ca?* accumulation can occur
if the mitochondrial Na*—Ca?* exchanger reverses [39],
although it is not known if this occurs in neurons.

An alternative approach to modifying mitochondrial
Ca?* loading is to manipulate the primary efflux path-
ways. In excitable cells mitochondrial Ca?* efflux may be
mediated by several different pathways. Under normal
circumstances the mitochondrial Na*-Ca?* exchanger
may be the primary mechanism for efflux [40]. In princi-
ple, it is also possible that the uniporter could reverse if
the mitochondrial membrane potential is lost [41], and
activation of permeability transition should also result in
massive Ca®* release [42]. Both of these latter situations
would be associated with catastrophic alterations in
mitochondrial membrane potential that might occur in
relation to pathophysiological states, and we have seen
little evidence for either process in intact neurons even
following prolonged exposure to glutamate. However,
using pharmacological approaches we have been able
to demonstrate the presence of the mitochondrial
Na*-Ca?* exchanger and the impact of mitochondrial
Ca’* release on cytosolic Ca?* concentrations [43,44].
For example, when mitochondria are loaded with Ca?*
following the exposure of neurons to a relatively high
glutamate concentration the resulting recovery of
[Ca?*]; to baseline levels is rather slow. This slow recov-
ery is evidently due to the persistent efflux of mitochon-
drial Ca®* stores through the Na*-Ca?* exchanger,
because inhibiting this process with the diltiazem ana-
logue CGP-37157 rapidly restores [Ca2+]; to basal values,
while removing the inhibitor is associated with a
resumption of mitochondrial Ca2+ release. Similar effects
are also observed in peripheral neurons that show a
particularly prominent mitochondrial Ca2+ release com-
ponent following the activation of voltage-gated Ca?*
channels [45]. Although CGP-37157 does have other
pharmacological effects, such as the inhibition of volt-
age-gated Ca?* channels [45], it rapidly and reversibly
inhibits mitochondrial Ca?* efflux in intact neurons and,
as such, appears to be one of the more useful agents
currently available to manipulate mitochondrial Ca2+
signalling.

In the experiments reported here we investigated the
notion that by blocking what may be the major mito-
chondral Ca?* efflux pathway we could potentiate
glutamate-stimulated, Ca®*-mediated alterations in mito-
chondrial function. We examined the effects of CGP-
37157 on several different aspects of mitochondrial

physiology, including ROS generation, intracellular acidi-

fication, and excitotoxic neuronal injury, anticipating
that CGP-37157 would increase mitochondrial Ca2*
accumulation and thereby potentiate glutamate-induced
neuronal death.

© 2000 Harcourt Publishers Ltd
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MATERIALS AND METHODS
Cell culture

Primary neuronal cultures were obtained from the fore-
brains of embryonic day 17 Sprague-Dawley rats and dis-
sociated as previously described [46]. Animals were
handled in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Ani-
mals and with the Institutional Animal Care and Use
Committee of the University of Pittsburgh. Briefly, the
cortical lobes were incubated in 0.005-0.01% trypsin in
Ca®*-free, Mg?*-free media (in mM: 116 NaCl, 5.4 KCJ,
26.2 NaHCO;, 11.7 NaH,PO,, 5 glucose, 0.001% Phenol
Red, and minimum essential media amino acids; pH
adjusted to 7.4 with NaOH) for 30 min at 37°C. Viability
determinations were made with the trypan blue (0.08%)
exclusion method. The plating suspension was diluted to
300000cells/ml using plating medium (v/v solution of
90% Dulbecco’s modified Eagle's medium, 10% heat-
inactivated fetal bovine serum, 24 U/ml penicillin, 24 pg/
ml streptomycin; final glutamine concentration 3.1 mM).
Cells were plated onto poly-L-lysine-coated (40 pg/ml)
31mm glass coverslips that were inverted 1 day later in
a maintenance medium (horse serum substituted for
fetal calf serum, all other constituents identical). Inver-
sion of the coverslips prevents glial proliferation. Cells
were maintained under 95% air, 5% CO, until use 2
weeks later. Only those coverslips containing healthy
neurons (rounded-oval, smooth, and bright cell bodies
when viewed using phase-contrast optics) were used. On
the day of experimentation, culture medium was
removed and replaced with HEPES-buffered salt solution
(HIBSS) of the following composition (mM): 137 NaCl, 5
KCl, 0.9 MgSO,, 1.4 CaCly, 3 NaHCO;, 0.6 Na,HPO,, 0.4
KH,POy, 5.6 glucose, and 20 HEPES; adjusted to pH 7.4
with NaOH.

Intraceilular ROS production

ROS production was measured by fluorescence
microscopy using the oxidation sensitive dyes, 2,7-
dichlorodihydrofluorescein (DCFH,) or dihydroethidium
(DHE) [29,31] as previously described [47]. Fluorescence
was recorded using a Meridian ACAS 570c laser scan-
ning confocal imaging system. A 488nm excitation line
from an argon laser was used in conjunction with a
510nm dichroic mirror and focused through a 225m
pinhole and a 40 x phase-contrast objective to yield an
optical slice of about 25m through the middle of the
neurons (0.20 m in diameter).

Forebrain neurons that were 2 weeks in culture were
loaded with 10M DCFH, or 2M DHE for 15 min at 37°C
in HBSS supplemented with 5mg/ml bovine serum
albumin; 4mM stocks of DCFH, or DHE were made in

© 2000 Harcourt Publishers Ltd

methanol or anhydrous DMSO respectively. DCFH, was
removed just prior to imaging whereas DHE was main-
tained in solution throughout the experiment. Fluores-
cence was recorded at room temperature from a single
field of cells (180 x 180 wm) per coverslip typically con-
taining 5-15 neurons. Cells were imaged over a period
of 15min at 1 scan per min. After obtaining 2min of
basal fluorescence, cells were exposed to various treat-
ments for a period of 10-15 min Fluorescence was nor-
malized to the intensity measured in the first scan to
account for problems in equal dye loading. Data were
presented for each test condition as the change in nor-
malized fluorescence (mean+SEM) over time (min). All
experiments were performed on at least two coverslips
from no less than two different culture dates. Cells dis-
playing localized increases in DCF fluorescence were
determined visually by an observer blinded to the
treatment.

Measurement of intracellular pH

Fluorescence imaging, as previously described [26], was
performed on a Nikon Diaphot 300 microscope fitted
with a 40 x quartz objective, a Dage-MTI cooled-CCD
camera with 640 x 480-pixel resolution in combination
with a Dage-MTI Gen I Sys image intensifier and a 75
watt Xenon lamp-based monochromator light source.
Attenuation of incident light was achieved with a 0.1%
neutral density filter and passed through a 515nm
dichroic mirror. Emitted fluorescence was measured
with a 5354+ 12.5nm band-pass filter after alternate exci-
tation at 498nm and 450nm. Data acquisition analysis
was controlled using Simple PCI software (Compix,
Cranberry, PA). Forebrain neurons (2 weeks in culture)
were incubated for 15min at 37°C with 2’,7'-bis-(2-car-
boxyethyl)-5(and 6)-carboxyfluorescein (BCECF) (5 M)
in HBSS supplemented with 5 mg/ml BSA. After loading,
coverslips were rinsed with HBSS, mounted in a recording
chamber and perfused with HBSS at a rate of 20 ml/min.
Cells were exposed to various treatments for a period of
5min. After approximately 10 min of recovery in normal
HBSS, cells were exposed to 25 mM NH,CI for 1 min as
a positive control. Fluorescence was recorded at room
temperature and background fluorescence values (deter-
mined from cellfree regions of each coverslip) were
subtracted from all signals.

Toxicity assay

Forebrain neurons (2 weeks in culture) were rinsed twice
with HBSS, and coverslips were inverted to orient the
cultured neurons face-up. Neurons were exposed to vari-
ous treatments for a period of 5min and then rinsed
with HBSS. Cells were placed in Minimum Essential
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Medium containing penicillin (24 U/ml) and strepto-
mycin (24 pg/ml) and allowed to incubate for 20-24 h at
37°C. Neuronal viability was then assessed with a trypan
blue (0.4%) exclusion method as previously described
[26]. Data are presented as the mean number of live cells
from three experiments in which three fields, from each
of three coverslips, were counted by an observer blinded
to the treatment condition.

Determination of intracelluiar ATP

Forebrain neurons (2 weeks in culture) were rinsed twice
with HBSS and coverslips were inverted to orient the cul-
tured neurons face-up. Neurons were exposed to various
treatments for a period of 10 min and then rinsed with
ice-cold PBS. Cellular ATP was extracted from three cov-
erslips per condition in 400 pL of 0.5% TCA/125M EDTA
using a disposable cell scraper. Extracts were centrifuged
at 13800 g for 5min at 37°C. For each condition, 300 pL
of supernatant was added to 120puL of 0.1M Tris and
kept on ice throughout the experiment. ATP content was
measured using a Luciferin-Luciferase Assay (Molecular
Probes, Eugene, Oregon) with a scintillation counter
(Beckman LS 1801) to detect luminescence. Sample [ATP]
was determined using nonlinear regression analysis of
the ATP Standard Curve. Data are presented as the
percent of controls (mean+SEM) from three separate
experiments using two different cell culture dates.

Measurement of [Ca?*];

The acetoxy methyl ester form of MagFura-2 (Molecular
Probes, Oregon, USA) was diluted to 1 mM in anhydrous
DMSO. Coverslips were incubated in HBSS containing
5uM of MagFura-2, 0.5% of DMSO and 5mg/ml of
bovine serum albumin for 20min at 37°C. Cells were
then rinsed with HBSS, mounted on a record chamber
and perfused with HBSS at a rate of 20ml/min. All
recordings were made at room temperature.

The imaging system consisted of a Nikon Diaphot 300
inverted microscope fitted with a 40 x objective, a digital
Orca camera (Hamamatsu Corporation, New Jersey) and
a 75 Watt Xenon lamp-based monochromator light
source as previously described [10]. Cells were alter-
nately illuminated with 335 and 375 nm beams. Incident
light was attenuated with neutral density filters (typi-
cally by about 90%; Omega Optical, Vermont) and emit-
ted fluorescence passed through a 515nm dichroic
mirror and a 535+12.5nm band-pass filter (Omega
Optical, Vermont). Background fluorescence, determined
from three cell-free regions of the coverslips, was sub-
tracted from all the signals prior to calculating the ratios
as described.

Cell Calcium (2000) 28(5/6), 317-327

Materials

CGP-37157  (7-chloro-3,5-dihydro-5-phenyl-1H-4, 1-ben-
zothiazepine-2-on) was a generous gift from Ciba-Geigy
Pharmaceuticals (Basel, Switzerland) and was also pur-
chased from Tocris Cookson Inc. (Missouri). Stock solu-
tions of CGP-37157 were prepared using anhydrous
dimethyl sulfoxide and further diluted in HBSS. All fluo-
rescent indicators were purchased from Molecular
Probes (Eugene, Oregon).

Statistical analysis

Statistical significance between groups of three or more
experimental conditions was determined by one-way
analysis of variance (ANOVA) followed with a Bonferroni
post-hoc analysis using Prism v3.0 (GraphPad Software,
San Diego, CA). Statistical significance between two
groups was determined using a two-tailed, unpaired stu-
dent’s ttest.

RESULTS
Effects of CGP-37157 on production of ROS

Several studies have demonstrated a Ca?*-dependent
production of ROS via the mitochondria following a glu-
tamate stimulus [29-31]. If one can speculate that block-
ing Ca®* entry into the mitochondria may potentially
inhibit glutamate-induced ROS production, then along
the same line of reasoning blocking Ca* efflux may
enhance mitochondrial ROS generation. Thus, we stud-
ied the impact of the Na*-Ca?+ exchange inhibitor on
the fluorescence of two oxidation sensitive indicators in
the presence or absence of glutamate or an exogenous
oxidant.

In this model system glutamate induced a three-fold
increase in DHE fluorescence (Fig. 14). Interestingly,
hydrogen peroxide produced a somewhat smaller oxida-
tion of DHE compared to glutamate (Fig. 1B). DHE fluo-
rescence after exposure to CGP-37157 was similar to
controls (Figs 1A & B). In addition, CGP-37157 did not
alter glutamate or hydrogen-peroxide-induced increases
in DHE fluorescence (Figs 1A & B).

Both CGP-37157 and glutamate decreased DCF fluo-
rescence to a similar extent (Fig. 1C). This effect was
enhanced when the two stimuli were applied together
(Fig. 1C). Glutamate but not CGP-37157 produces local-
ized increases in intracellular DCF fluorescence (Fig. 2).
We used a cell counting method to assess DCF oxidation
responses, as we have previously described [29]. The
number of cells displaying glutamate-induced increases
in localized fluorescence was reduced by 73% when
CGP-37157 is applied with glutamate (£=5.23; P<0.0008;
Fig. 2). In these experiments we used hydrogen peroxide
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Fig. 1 CGP-37157 does not stimulate intracellular ROS generation. Neurons were loaded with 2 .M DHE (A, B) or 10 uM DCF (C, D) for
15min at 37°C. After obtaining 2 min of basal flucrescence, neurons were exposed to various treatments for a period of 10~15min (A, C).
Data shows the effects of HBSS, 25 LM CGP-37157, 100 1M glutamate with 1 wM glycine, or both. (B, D) Data shows the effects of HBSS,
25uM CGP-37157, 3mM hydrogen peroxide, or both. Points represent the mean + SEM from 20 to 100 neurons obtained from 2-6

coverslips from no less than 2 culture dates.

(3mM) as a positive control, and this stimulus induced a
2-2.5-fold increase in DCF fluorescence which was not
affected by the addition of CGP-37157 (Fig. 1D).

CGP-37157 produces decreases in intracellular pH

Glutamate will quench DCF fluorescence due to intracel-
lular acidification [29]. Thus, we wanted to determine if
CGP-37157 decreases DCF fluorescence due to a similar
mechanism using the pH-sensitive indicator BCECF,
which is not sensitive to ROS. CGP-37157 produces a
slight and reversible decrease in intracellular pH (Fig. 3).
The intracellular acidification induced by glutamate is
much greater than the effect of CGP-37157. However,
the intracellular acidification produced by glutamate is
not altered by the addition of CGP-37157 (Fig. 3).

© 2000 Harcourt Publishers Ltd

Blocking mitochondrial Na*—Ca?* exchange does not
affect cellular ATP content

Ca®* may act as a second messenger to stimulate ATP
production. Mitochondrial Ca2* can stimulate several
key enzymes involved in cellular respiration [48]. Previ-
ous studies have shown that CGP-37157 will increase
the Py, possibly as a result of enhanced mitochondrial
activity {32]. Mitochondrial Ca?* cycling following gluta-
mate exposure uncouples oxidative respiration from ATP
production. Thus, inhibition of mitochondrial Ca?*
cycling and enhancement of the mitochondrial Ca?*
load with CGP-37157 may enhance ATP production or
inhibit decreases due to glutamate. A 5-min exposure to
100 pM glutamate and 1 pM glycine did not significantly
decrease the ATP levels compared to controls (Fig. 4)

Cell Calcium (2000) 28(5/6), 317-327
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Fig.2 CGP-37157 inhibits localized ROS production by glutamate. Representative images display the effects of 25 UM CGP-37157,

100 M glutamate with 1 pM glycine, or both on intracellular DCF fluorescence. For each condition neurons are shown at the start of the
experiment (3 min prior to exposure), 6 min (3 min after expasure), or 12 min (9 min after exposure). The colour scale represents arbitrary
fluorescent units. Experiments were repeated on five different coverslips from four different culture dates typically vielding 50-100 cells
(n=5). Glutamate produced localized increases in DCF fluorescence in 70.8% of the cells, whereas CGP-37157 plus glutamate only
displayed localized increases in fluorescence in 18.8% of the cells. Examples of cells that would be scored as positive by the counting
approach are identified by white arrows in the panels on the right. These effects were significantly different (t=5.23; P<0.0008, two-tailed,

unpaired Student’s t-test).

similar to a 5min exposure to 750nM FCCP (Fig. 4).
CGP-37157 in the presence or absence of glutamate did
not alter cellular ATP content (Fig, 4).

Effects of CGP-37157 on glutamate-induced neuronal
viability

Excessive mitochondrial Ca®* cycling following gluta-
mate exposure can lead to mitochondrial depolarization
and bioenergetic failure and may contribute to neuronal
death. As a result of inhibiting Ca?* cycling CGP-37157
may be neuroprotective following an excitotoxic gluta-
mate stimulus. However, recent studies have demon-
strated that inhibition of mitochondrial Ca?* uptake is
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neuroprotective against glutamate excitotoxicity [25,26].
Also, mitochondrial Ca?* can stimulate opening of the
PTP. It is possible that enhancing mitochondrial Ca?*
loads with CGP-37157 could increase toxicity following a
glutamate stimulus. Thus, we examined the effects of the
Na®-Ca®" exchange inhibitor on glutamate-induced
neurotoxicity. Our results show that a 5-min exposure to
100 uM glutamate/1 uM glycine typically produces a 40%
loss in viable neurons as compared to cells exposed to
buffer changes alone (Fig. 5). CGP-37157 does not alter
neuronal viability. Glutamate and the combination of
glutamate and CGP-37157 significantly decrease cell via-
bility compared to controls (P<0.01). Howcver, these two
conditions are not significantly different from each other.
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Fig.3 Effects of CGP-37157 and glutamate on intracellular pH.
Neurons were stimulated with 25 1M CGP-37157, 100 pM
glutamate with 10 uM glycine, or both for 5min (indicated by the
bar). After approximately 10 min of recovery in normal HBSS,
neurons were exposed to 25 mM NH,CI for 1 min as a positive
control to display the dynamic range of dye response. A decrease in
the BCECF ratio indicates a decrease in intraceliular pH. Traces
represent the mean data from separate coverslips containing 17-25
neurons. Similar results were obtained in cells from two additional
culture dates.
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Fig. 4 Effects of CGP-37157 and glutamate on cellular ATP levels.
Neuronal ATP levels are presented as the percent ATP of control
values. Neurons were exposed to either HBSS, 750 nM FCCP,

25 M CGP-37157, 100 1M glutamate with 1 .M glycine, or both
CGP-37157 and glutamate for 10 min prior to extraction of cell
lysate. Cell extracts were harvested from three coverslips per
condition. ATP levels were determined by a luciferase assay
system. Data are presented as the percent of control {mean+-SEM)
of three separate experiments from two different culture dates.
None of the conditions were significantly different from control as
determined by ANOVA followed by a Bonferroni post-hoc analysis.

Effects of CGP-37157 on glutamate-induced
changes in [Ca?*}; and mitochondrial Ca2*

The relative lack of effect of CGP-37157 on mito-
chondrial function and glutamate-induced changes in
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Fig.5 CGP-37157 does not alter neuronal death. Bars represent
the mean results from three experiments in which three fields from
each of three coverslips were counted for each treatment condition
in a blinded manner. On each experimental day coverslips were
exposed (in triplicate) for 5 min to the following conditions: HBSS,
25uM CGP-37157, 100 uM glutamate plus 1 wM giycine, or
glutamate and CGP-37157. Cells excluding trypan blue were
counted. Statistical significance was determined using a one-way
ANOVA test followed by Bonferroni post-hoc analysis. *Significantly
different (P<0.01) compared to control.

mitochondrial function led us to examine the effects of
Na*-Ca®*-exchange inhibition on glutamate-induced
changes in [Ca®*); and mitochondrial Ca?* loads. We
have recently demonstrated the feasibility of estimating
matrix Ca®* by using FCCP to release mitochondrial
Ca’* and MagFura-2 to measure the [Ca?*}; after this
procedure (Fig. 64, [49]).

A 5-min exposure to 100pM glutamate and 1pM
glycine increases [Ca®*}]; as measured with MagFura-2
(Fig. 6D grey bar; glutamate). However, this may not
indicate the full extent of Ca?*+ influx following gluta-
mate-receptor activation as the mitochondria are simul-
taneously buffering [Ca?*]; (Fig. 6A). Thus, we used
750uM FCCP to release accumulated mitochondrial
Ca?* following glutamate stimulation (Fig. 6D grey bar;
FCCP). FCCP is applied in Ca?*-free HBSS to ensure that
Ca?* entry is not occurring via voltage-sensitive Ca®*
channels as a result of FCCP-induced depolarization of
the plasma membrane. The application of CGP-37157
during the 5-min glutamate stimulus had no significant
effect on measurable [Ca?*]; levels (Fig. 6D black bar;
glutamate). Surprisingly, inhibition of the Na*-Ca%*
exchanger only produced a slight enhancement of accu-
mulated mitochondrial Ca?* (Fig. 6D black bar; FCCP).
Although the use of the low-affinity Ca?* indicator Mag-
Fura-2 in these experiments makes it unlikely that dye
saturation occurred during these experiments, this is a
possible explanation for the failure of CGP-37157 to
enhance glutamate-induced mitochondrial Ca2* accu-
mulation. To exclude this possibility we also monitored
the effects of CGP-37157 using the same paradigm but
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Fig. 6 Effects of CGP-37157 on glutamate-induced mitochondrial Ca2+ loading. (A) A representative trace is included to display the

experimental paradigm. After 4 min of baseline monitoring of MagFura

5min. Cells were then rinsed with HBSS for 5min and perfused with

preceding the introduction of glutamate in the buffer. The solid line re

-2-loaded cells, glutamate (30 M) and glycine (1 1M), were applied for
FCCP (750 nM) for a further 5 min. The baseline was taken as the ratio
presents the mean of 15 neurons from a single cover slip, while the

broken line shows the SEM for these cells. (B~-D) Mean data obtained using this paradigm while varying the concentration of glutamate

between three and 100 pM as indicated. Note that the experiments de
experiment in D used 25 uM. Data represent the integrated area unde

picted in B and C were performed with 10 xM CGP-37157 while the
r the curve of baseline-subtracted values obtained during exposure to

glutamate or to FCCP. Bars represent the mean results from 5-7 coverslips over two or more culture dates. CGP-37157 significantly
decreased the glutamate-induced cytosolic and mitochondrial Ca2+ changes determined using ANOVA (*indicates significantly different from

control, P<0.05).

with lower glutamate concentrations which result in
reduced cytoplasmic and mitochondrial Ca?+ accumula-
tion (Figs 6B & C). However, although an increase in
mitochondrial Ca?* might be expected in the presence
of CGP-37157 we actually observed a decrease in cytoso-
lic and mitochondrial Ca%* under these conditions.

DISCUSSION

In this study we have explored the effect of the mito-
chondrial Na*-Ca?*-exchange inhibitor CGP-37157 on
glutamate-stimulated, NMDA receptor-mediated changes
in mitochondrial function in central neurons. Our antici-
pation in approaching these experiments was that
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CGP-37157 would increase matrix Ca?* concentrations
and thereby potentiate the glutamate stimulated changes
in function. What is quite obvious from the present
experiments is that this is not at all the case.

The oxidation sensitive dyes DCF and DHE are able to
report several phenomena associated with glutamate
receptor activation. DHE is preferentially oxidized by
superoxide [31], but may also report alterations in mito-
chondrial membrane potential (AV¥,) [50]. However,
CGP-37157 did not potentiate the DHE signal. That it
did not alter the effects of peroxide on DHE fluorescence
argues that the apparent lack of effect is not due to some
non-specific effect on the dye or that it has antioxidant
properties (Fig. 1B). DCF is sensitive to the formation of
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ROS and is also quenched by intracellular acidification
[29]. The CGP-37157-induced decrease in DCF may be
con-sistent with intracellular acidification, as is the
potentiation of the effects of glutamate (although see
below). Detecting an increase in oxidation of DCF can be
somewhat problematic with the marked decrease in sig-
nal that occurs with acidification. However, counting the
cells that show the characteristic localized increases in
fluorescence circumvents this problem [29]. Once again,
these results are not consistent with enhancement of the
accumulation of matrix calcium.

Increases in matrix Ca?* stimulates Ca?*-gensitive,
rate-limiting dehydrogenases involved in metabolism,
and thus couples increased energy demand signalled by
an elevation in [Ca®*}; to the aerobic production of ATP
[48]. This should have several consequences for the
neurons stimulated by glutamate. Enhanced metabolic
activation has been proposed to account for the well-
documented intracellular acidification associated with
NMDA receptor activation and Ca?* influx [5 1-53], and
this would be consistent with the increased quenching of
DCF shown in Figure 1B. However, an authentic pH indi-
cator, BCECF, showed relatively little effect either of CGP-
37157 alone or in combination with glutamate {Fig. 3). In
addition, mitochondrial Na*+-Ca2+ exchange occurs at
the expense of ATP generation [40,53), so that inhibition
of this process should at least prevent ATP loss. However,
increases in the AW, can also result from ATP hydrolysis
in an effort to maintain or restore AV, [19,54] and may
alternatively explain the hyperpolarization induced by
CGP-37157 over neuronal cultures. Surprisingly, CGP-
37157 had no effect on cellular ATP levels, compared to
controls, in the presence or absence of glutamate (Fig. 4).
One could speculate that the lack of change in cellular
ATP levels in our culture system is because of a greater
dependence on glycolytic ATP production than on oxida-
tive phosphorylation as seen in cultured cerebellar gran-
ule cells [19,25], but again it is difficult to relate these
observations simply to enhanced matrix Ca?+ accumula-
tion. The ultimate question with respect to glutamate-
induced alterations in mitochondrial function is the
impact of CGP-37157 on neuronal viability, and CGP-
37157 evidently has no beneficial or detrimental effect
on the viability of neurons in the absence or presence of
glutamate (Fig. 5). Thus, although mitochondrial uptake
of Ca?* during excitotoxicity is clearly detrimental to
cell viability [25,26], CGP-37157 clearly does not have a
substantial impact on this process.

This raises the question of whether CGP-37157 has
any effect on matrix Ca2+ content at all. This has been a
difficult question to address experimentally for a variety
of reasons. In the kinds of experimental approach used
here, several laboratories have used the Ca2* indicator
thod-2 to estimate matrix Ca?+ changes [55-60}. This is
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clearly an effective approach provided that the dye can
be localized to the mitochondrial matrix rather than any
other cellular compartment, and also provided that the
matrix Ca?* concentrations do not exceed the dynamic
range of the dye. Indeed, some of the other reports in
this volume elegantly demonstrate the use of this
approach. However, under conditions of excitotoxicity it
is likely that matrix Ca?* greatly exceeds the limit of
sensitivity of this dye (~5uM, based on an affinity of
about 500 nM). Thus, although it is possible to load the
dye into mitochondria in neurons and to monitor
changes in matrix Ca’* [59-6 1] it is not clear that the
dye faithfully reports the full extent of the Ca?* change.

We recently developed an alternative approach to
determining mitochondrial Ca?+ content following gluta-
mate exposure [49]. This approach takes advantage of the
reversibility of the Ca?* uniporter [13]. Thus, following
exposure of neurons to glutamate the cells are exposed
to FCCP which collapses the mitochondrial membrane
potential and releases Ca®* into the matrix, presumably
by the reversal of the uniporter. A low-affinity Ca®* indi-
cator (MagFura-2 in this case) can then be used to report
the Ca®* changes, and provide a semiquantitative insight
into the Ca* contents of the mitochondria.

Using this approach we were thus able to monitor the
Ca** loading of mitochondria following glutamate expo-
sure in the absence or presence of CGP-37157 (Fig. 6).
Rather surprisingly, CGP-37157 had little effect on the
matrix Ca®* content under the conditions employed for
most of the studies reported here (ie. 100 uM glutamate
for 5min). To ensure that the failure to observe an effect
of CGP-37157 was not due to dye saturation, or to the
possibility that mitochondria are overwhelmed with the
Ca** load caused by this toxic stimulus, we also tried
lower glutamate concentration, but also failed to see an
effect of CGP-37157 beyond a small inhibition of the glu-
tamate triggered Ca* entry, which may be a consequence
of the Ca?* channel inhibition produced by this drug.

It is not at all clear how to account for the lack of
effect of a drug that, under some circumstances at least,
has a substantial effect on the egress of Ca?* from neu-
ronal mitochondria [43,45,62]. Although the failure to
increase matrix Ca®* accounts for the lack of effect of
CGP-37157 on ROS generation, ATP depletion or synthe-
sis and neuronal viability, it is not obvious why Ca?*
was not increased. Perhaps the most obvious suggestion
is that the major Ca?* efflux pathway in effect during
glutamate exposure is not, in fact, the Na*-Ca?*
exchanger. Based on the observations of the effects of
FCCP it is clear that a loss of A¥,, can result in release of
Ca®* from mitochondria, presumably via reversal of the
uniporter. We know that at least some of the neurons
will exhibit mitochondrial depolarization during gluta-
mate exposure [32] which might result in Ca2?+ release.
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Activation of the permeability transition pore would also
result in Ca?* release that is insensitive to CGP-37157,
although evidence for the activation of this process dur-
ing glutamate stimulation is less than robust. Most tis-
sues also have a Na*-independent mitochondrial Ca?*
efflux pathway [40]. Although the Na*~Ca?*+ exchanger
is considered to be the dominant mechanism in brain, it
is perhaps possible that the Na*-independent pathway is
more active in our neurons under the circumstances of
Na*-Ca®* exchanger inhibition. A more trivial explana-
tion of such observations would be that CGP-37157
blocks NMDA receptors at the concentrations used. We
have no evidence for such an effect at this point (and
this would certainly not account for its ability to alter
mitochondrial Ca?* efflux previously reported) but this
remains an issue with all pharmacological approaches to
studying physiological function.

More broadly, the difficulties in interpreting what
should be a straightforward set of results illustrate the
problems encountered with the pharmacological manipu-
lation of mitochondrial Ca®* transport. The drugs that
inhibit the main mitochondrial influx pathways do not
penetrate cells well (Ru360), are not very specific for the
uniporter (ruthenium red) and do not very clearly distin-
guish between the different modes of Ca?* uptake [36].
Assuming that the Na*-Ca?* exchanger is the main
efflux pathway, an apparently specific and effective
inhibitor does not at all have the anticipated effect, as
reported here. This leaves one with the option of manipu-
lating these processes indirectly, such as by the use of
FCCP or by inhibition of electron transport to manipulate
membrane potential. However, these approaches cannot
be considered specific either, and the other actions of
FCCP, for example, are well recognized [63]. Thus, inves-
tigating mitochondrial Ca®* transport in intact cells using
pharmacological approaches remains quite problematic.
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species by rat brain mitochondria
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Abstract )

Mitochondria are widely believed to be the source of reactive
oxygen species (ROS) in a number of neurodegenerative
disease states. However, conditions associated with neuronal
injury are accompanied by other alterations in mitochondrial
physiology, including profound changes in the mitochondrial
membrane potential A¥,,. In this study we have investigated
the effects of A¥,, on ROS production by rat brain mito-
chondria using the fluorescent peroxidase substrates scopo-
letin and Amplex red. The highest rates of mitochondrial ROS
generation were observed while mitochondria were respiring
on the complex Il substrate succinate. Under this condition,
the majority of the ROS signal was derived from reverse
electron transport to complex I, because it was inhibited
by rotenone. This mode of ROS generation is very sensitive
to depolarization of A¥, and even the depolarization

associated with ATP generation was sufficient to inhibit ROS
production. Mitochondria respiring on the complex | sub-
strates, glutamate and malate, produce very little ROS until
complex | is inhibited with rotenone, which is also consistent
with complex | being the major site of ROS generation. This
mode of oxidant production is insensitive to changes in
AV ... With both substrates, ubiquinone-derived ROS can be
detected, but they represent a more minor component of the
overall oxidant signal. These studies demonstrate that rat
brain mitochondria can be effective producers of ROS.
However, the optimal conditions for ROS generation require
either a hyperpolarized membrane potential or a substantial
level of complex | inhibition.

Keywords: Amplex red, free radicals, mitochondrial mem-
brane potential, rotenone, scopoletin.
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In addition to their critical role in ATP synthesis, mito-
chondria are also the major source of reactive oxygen
species (ROS) in most cell types. Generated by the
incomplete reduction of molecular oxygen during the pro-
cess of oxidative phosphorylation, superoxide is the main
form of ROS produced by mitochondria (Sorgato et al.
1974; Boveris and Cadenas 1975). It has been suggested that
2% of the oxygen consumed by mitochondria is converted to
superoxide (Boveris and Chance 1973). In turn, superoxide
is converted by manganese superoxide dismutase to H,O,,

. which is more stable and more lipid soluble, and thus can be

more readily released by mitochondria. Although it is
possible that mitochondrially derived ROS serve a signaling
function in cells, it is more widely believed that ROS are
harmful as the result of the oxidative modification of
proteins, nucleic acids and lipid membranes.

The mechanisms responsible for the generation of ROS
by the electron transport chain have been extensively

investigated, primarily in mitochondria derived from heart
muscle (Loschen et al. 1971; Boveris and Chance 1973;
Cadenas and Boveris 1980; Turrens et al. 1985; Korshunov
et al. 1997). The principal source appears to be the redox

cycling ubiquinone in complex III (Boveris et al. 1976;
Cadenas et al. 1977). An additional source of superoxide is
complex I, which is also endowed with a number of redox
centers (Cadenas et al. 1977; Takeshige and Minakami
1979; Turrens and Boveris 1980). In isolated mitochondrial
preparations it is possible to demonstrate ROS generation
from these two major sites when mitochondria respire
on substrates that drive either complex I (glutamate and
malate) or complex II (succinate). It is interesting to note
that the relative magnitude of the ROS signal deriving from
either substrate varies quite considerably between tissues.
For example, in heart mitochondria complex I substrates
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generate the largest ROS signal (in the presence of appro-
priate inhibitors) (Boveris and Chance 1973), while in brain
mitochondria complex II substrates appear to be quantitatively
more important (Cino and Del Maestro 1989). However, the
specific, endogenous mechanisms responsible for altering
ROS production by mitochondria are poorly understood.

It is widely believed that ROS contribute to the patho-
genesis of a number of neurodegenerative diseases (Halliwell
1992; Beal et al. 1997), and given the high rate of oxygen
consumption by the brain, it may be reasonable to assume
that mitochondria are responsible for the majority of the
ROS burden under both normal and pathophysiological
situations. However, the mechanisms by which brain mito-
chondria produce ROS have been investigated less than in
other tissues. Indeed, the earliest investigation of this topic
concluded that brain mitochondria do not produce ROS
(Sorgato et al. 1974). More recent studies have conclude
that peroxide production can be detected from brain mito-
chondria from several species, and that the ROS derive
from both complex I and ubiquinone (Patole et al. 1986;
Zoccarato et al. 1988; Cino and Del Maestro 1989). Several
studies in intact neurons have used oxidation-sensitive fluor-
escent dyes to detect ROS generation following glutamate
receptor activation, and have concluded that mitochondria
are the likely source of the ROS signal (Reynolds and
Hastings 1995; Dugan et al. 1995; Bindokas et al. 1996).
This suggests that glutamate- and calcium-mediated altera-
tions in mitochondrial function might contribute to the acute
injury of neurons, as well as to chronic neurodegenerative
states. However, there is a major gap in the understanding of
the mechanisms that link glutamate receptor activation to
the alteration of mitochondrial ROS production.

We undertook the present study to characterize the
mechanisms responsible for ROS production by brain mito-

‘chondria using the peroxidase substrates scopoletin and

Amplex red to detect peroxide production by mitochondria.
In particular, we have investigated the influence of the
mitochondrial membrane potential on ROS production
because this has been reported to modify certain forms of
ROS production by mitochondria in some tissues (Loschen
et al. 1971; Korshunov et al. 1997), and may also be a key
variable in the injury of neurons by glutamate (Nieminen
et al. 1996; Schinder et al. 1996; White and Reynolds 1996;
Vergun et al. 1999). We report here that there are mito-
chondrial membrane potential dependent and independent
mechanisms for the generation of ROS by isolated rat brain
mitochondria.

Materials and methods

Isolation of rat brain mitochondria
All procedures using rats were approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh, and are
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consistent with guidelines provided by the National Institutes of
Health. Rat brain mitochondria were isolated from the cortex of
adult Sprague-Dawley strain rats by conventional differential
centrifugation as described by Rosenthal et al. (1987) with minor
modifications. After removal, brains were placed in isolation media
which contained: 225 mM mannitol, 75 mM sucrose, 5 mM HEPES
buffer (pH adjusted to 7.3 with KOH), 1 mg/mlL BSA and 0.5 mm
tetrapotassium EDTA. After centrifugation at 10 500 g, the first
mitochondrial pellet was treated with digitonin (40 : 1 of 10% w/v
digitonin solution per brain) with a final concentration of 0.013%.
Mitochondria were then resuspended and centrifuged in isolation
medium without digitonin. All the isolation procedures were
carried out at 0 * 2°C. Prior to experimentation, mitochondria
were stored on ice at final concentration of 20-30 mg protein/mL
in isolation medium. The protein concentration was determined by
the Bradford method (Bradford 1976). Mitochondria prepared in
this way were active for 5-6 h, as determined by their ability to
maintain a transmembrane potential in the presence of oxidizable
substrates.

Fluorescence measurements of H,O, production and
mitochondrial transmembrane potential AY,

Fluorescence measurements were performed in a Shimadzu
RF5301 spectrofluorimeter in a stirred cuvette maintained at
37°C. Mitochondria were added to a standard incubation buffer
that contained: 125 mM KCl; 2 mm K,HPO, 5 mm MgCly;
10 mm HEPES (pH adjusted to 7.0 with KOH); 10:M EGTA;
and 0.2 mg/mL mitochondrial protein. Substrates (5 mM of
succinate or 5 mM of glutamate plus 5 mm malate) and adenine
nucleotides were added separately as indicated on figures.
Hydrogen peroxide was measured using either scopoletin or
Amplex red in the presence of 1 U/mL of horseradish peroxidase
(HRP). The concentration of both dyes was 2 pM. Measurements
were carried out at excitation/emission wavelengths of 365 nm (slit
3 nm)/460 nm (slit 5 nm) for scopoletin and 560 (slit 1.5 nm)/590
(slit 3 nm) for Amplex red, respectively. Since hydrogen peroxide
was measured by a decrease of fluorescence in the case of
scopoletin, this method is less sensitive to low concentrations of
H,0; and may underestimate slow rates of release by mitochondria.
On the other hand, the advantage of this method is the opportunity
to follow long-lasting reactions by addition of a second aliquot of
dye upon the complete oxidation of the initial dye addition. In the
case of Amplex red, fluorescence is increased with the generation
of H,0,. This method is more sensitive to low concentrations of
H,0, (Mohanty et al. 1997; Zhou and Panchuk-Voloshina 1997).
We tested both Amplex red and its oxidation product, resorufin, on
mitochondrial function using polarography and found that neither
agent at 4 uM had any effect on the respiratory control ratio with
either glutamate and malate or succinate as substrate. Note also that
the addition of superoxide dismutase to the assay medium did not
further increase the signal with either scopoletin or Amplex red
(data not shown) suggesting that the endogenous dismutase
capacity was sufficient to metabolize all of the superoxide produced
in this system. The signals detected by both scopoletin and Amplex
red were decreased by 85% by the inclusion of 800 U/mL catalase
in the reaction mixture. AW, was estimated using fluorescence
quenching of the cationic dye safranine O which is accumulated
and quenched inside energized mitochondria (Akerman and
Wikstrom 1976). The excitation wavelength was 495 nm (slit
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3 nm) and emission 586 nm (slit 5 nm), and the dye concentration
used was 2.5 uM. We attempted to calibrate the safranine O signal
using media with different KCl concentrations and valinomycin.
Using rat liver mitochondria we obtained a good linear correlation
between values calculated from the Nernst equation and measured
changes in dye fluorescence within the range of 48-150 mV (data
not shown). However, using similar conditions with rat brain
mitochondria we were not able to record significant changes in
safranine O fluorescence in the calibration buffer because the
mitochondria appeared to spontaneously depolarize. This could be
due to depletion of potassium from the matrix during the tissue
isolation process (in potassium free buffer), or it is also possible
that brain mitochondria could be more sensitive to valinomycin-
induced swelling. However, this limitation prevented precise
calibration of the safranine O signal, and instead the results for
this dye are reported in fluorescence units or as a percent of
maximal values.
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Data analysis

H,0, generation was calibrated by constructing standard curves
using known H,0; concentrations in the presence of the standard
incubation buffer, the appropriate dye and horseradish peroxidase
but without mitochondria. In this study we show either traces
reflecting the fluorescence values measured during the experiment
or rates determined from the slope of the fluorescence change and
converted to H,O,/min/mg protein. Statistical analysis was per-
formed using PrisM (GraphPad Software, San Diego, CA, USA).
Typically data were subjected to an anova followed by an
appropriate post hoc test. Differences were considered significant
when p < 0.05.

Materials

Amplex red was obtained from Molecular Probes (Eugene, OR,
USA). Scopoletin, safranine O, and HRP were obtained from Sigma
(St Louis, MO, USA). Myxothiazol was purchased from Fluka
(Buchs, Switzerland). All other reagents and inhibitors were
purchased from Sigma.

Results

ROS production by mitochondria metabolizing succinate
We first investigated the characteristics of mitochondrial
ROS production in rat brain mitochondria incubated with the
complex II substrate succinate (Fig. 1). In the absence of
succinate the rate of oxidation of scopoletin was very low.
However, mitochondria aerobically incubated in media with
succinate begin to release hydrogen peroxide after a short
lag period of some 30 s. This lag period coincides with
the time necessary for mitochondria to gain their maximal
value of AW, (Fig. 1a). Interestingly, the ROS generation
supported by succinate is highly sensitive to small changes
in AW, (Fig. 1b). To determine the threshold of AW, loss
necessary to block ROS production, mitochondria were
titrated with uncoupler in small increments. Figure 1(b)

Fig.- 1 Hydrogen peroxide production by rat brain mitochondria
respiring in the presence of succinate. Hydrogen peroxide release
was measured by the scopoletin method. The traces represent inde-
pendent measurements of the different parameters that were then
aligned by the start positions. (a) Typical traces of hydrogen per-
oxide release (traces 1 and 2), membrane potential (trace 3) and
NADH fluorescence (trace 4). Substrate was absent in trace 2. (b)
The effect of uncoupler FCCP on hydrogen peroxide release and
membrane AY¥,,. FCCP was added to increment the final concen-
tration by 10 or 40 nm with each addition as indicated. (c} The
dependence of the rate of hydrogen peroxide release and mem-
brane potential value on FCCP concentration. The plot presents cal-
culations of the data similar to that from panel {b) with the following
designations: Fnax fluorescence with saturated concentration of
uncoupler; Frnin, fluorescence at maximal energized state; Fecep,
fluorescence with a given concentration of FCCP. The values of
rate of ROS production are the means of three or four experiments.
The interval in between two dotted lines indicates margins of
mitochondrial membrane potential in state 3 respiration.
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Fig. 2 Activation of ATP synthesis strongly inhibits generation of
hydrogen peroxide. Hydrogen peroxide was measured with scopo-
letin in these experiments. (a) Rat brain mitochondria were incu-
bated in standard media with succinate (traces 2 and 3) or in the
same media supplemented with 3 mm ADP (trace 1). Additions:
40 pm ADP; 100 pm oligomycin; FCCP in 30 nm increments. (b) The
mitochondria were incubated in standard media with succinate and
3 mm ADP. Additions: 100 nm oligomycin; FCCP in 20 nm incre-
ments. Dotted vertical lines on both graphs indicate time points
when mitochondria switched phosphorylation on and off, as
determined from the AV, recordings.

shows that 15 nM of carbonyl cyanide p-(trifluoromethoxy)
phenyl hydrazone (FCCP) caused 50% inhibition of ROS
production while producing very small changes in AW,
The minimum concentration of uncoupler that fully blocks
the ROS generation was found to be 40-50 nM, which
caused decreased the safranine O signal by only 2-3%,
while a complete depolarization was observed at 80—100 nm
depending on mitochondrial preparation (Fig. 1c). A similar
result was obtained with the uncoupler 2,4-dinitrophenol
(2,4-DNP) which is known to have a different uncoupling
mechanism (Skulachev 1998). The ROS generation was
inhibited by 95% at 4 pM of 2,4-DNP while the correspond-
ing decrease of AW, was as little as 5% (data not shown). It
is important to note that the measurements of membrane
potential with safranine O may underestimate hyperpolar-
ized values of AW, which, in turn, might underestimate the
magnitude of the depolarization in the presence of low
uncoupler concentrations (Akerman and Wikstrom 1976).
The concentration of uncoupler that abruptly and completely
depolarizes mitochondria varies for different mitochondria
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preparations, and this is reflected at greater standard error at
the end of the graph for membrane potential (Fig. 1c).
Nevertheless, these data clearly indicate that succinate
driven ROS production is very sensitive to changes in AW .

The physiological relevance of small depolarizations of
AW, are illustrated in Fig. 2. Providing ADP together with
succinate results in phosphorylating, or state 3 respiration.
The synthesis of ATP depletes AV, and this depletion is
sufficient to decrease AW, to the point that ROS generation
is fully inhibited. The subsequent addition of oligomycin to
prevent oxidative phosphorylation results in hyperpolariz-
ation of AW, and the resumption of ROS production. This
principle can also be illustrated by the addition of a limited
concentration of ADP (40 pm). This completely stopped
ROS generation concurrently with a depolarization of mito-
chondria by some 30-40% of the safranine O signal
(Fig. 2b). After the ADP was fully consumed and AY,,
recovered to a maximum value, the ROS production
resumes. When ADP was present in excess and mito-
chondria are permanently in state 3, no ROS production
was observed up to 30 min of incubation (Fig. 2a and data
not shown). A low concentration of oligomycin (100 nm)
inhibited the ATPase and restored AW, and then re-initiated
ROS generation when the membrane potential reached its
maximal value. These data show the reversibility of the
process of free radical generation supported by succinate. It
is worth noting that the changes of A¥,, at the transition
from state 4 to state 3 (ATP synthesis switched off and
switched on, respectively) measured by safranine O are
greater than the depolarization necessary for complete
inhibition of ROS production by an uncoupler. This suggests
that brain mitochondria with an uninhibited respiratory
chain engaged in ATP synthesis are protected from ROS
generation mediated by complex II substrates.

Mechanism of ROS generation mediated by succinate
Previous studies have shown that in mitochondria derived
mainly from tissues other than brain, ROS originate in two
sites of the respiratory chain. Superoxide can be generated
from complex I as a result of reverse electron transfer at
high membrane potential values (Hinkle et al. 1967)
(Croteau et al. 1997) (Korshunov et al. 1998), and also
from the Q-cycle of complex III (see Turrens 1997). We
used a series of selective inhibitors to evaluate the site(s) of
the respiratory chain of rat brain mitochondria responsible
for succinate supported ROS production.

Addition of the complex I inhibitor rotenone to mito-
chondria oxidizing succinate decreased ROS production
(Fig. 3, Table 1). A¥,, remains high in this case, because
proton pumping can still occur at complexes III and IV
(data not shown). This suggests that the principle effect
of rotenone is to block reverse electron transfer from
complex II to complex I, and that this pathway is the major
route of succinate-driven ROS generation. The complex III

© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 79, 266-277



270 T. V. Votyakova and I. J. Reynolds

Mch Inhibitor or uncoupler

ij Ant
]:200 AFU 64 1 - no addition
M 2,3 - antimycin
ROS l n\\wﬁj 4 - rotenone

X0 5 - myxothlazol
6 - FCCP

FCCIJ

0 5 10 15 20
Time, min

Fig. 3 The effect of respiratory chain inhibitors or uncoupler on
hydrogen peroxide release by rat brain mitochondria oxidizing succi-
nate. Hydrogen peroxide was measured with scopoletin in these
experiments. Mitochondria were incubated in standard media.
1.5 min after addition of mitochondria to the incubation media an
inhibitor or uncoupler was added. Additions: trace 2, 150 nm FCCP;
traces 2,3, 1 pm myxothiazol; trace 6, 1 pm antimycin. These traces
have been offset for clarity.

inhibitor antimycin also substantially inhibited ROS gene-
ration (Fig. 3), and also rapidly decreased AW,,. However, it
is evident from Fig. 3 that there is a smaller and delayed
oxidation of scopoletin that occurs following the addition of
rotenone or antimycin. This remaining ROS production is
likely to be due to free radical formation in the Q-cycle.
Myxothiazol was reported to inhibit ROS generation in
Q-cycle of bovine heart submitochondrial particles (Turrens
et al. 1985). In our experiments, the addition of myxothiazol
alone inhibited ROS generation by 97-98%. Application of
myxothiazol after rotenone or antimycin results in the same
rate of ROS generation, supporting, supporting the sugges-
tion of Q-cycle as a source of the residual ROS signal when
reverse electron transport to complex I is blocked.

Interestingly, when mitochondria are uncoupled with
FCCP, antimycin stimulates Q-cycle ROS generation to an
even greater extent. The rate of HO, generation is depen-
dent on the ratio of [fumarate]/[succinate] in the mitochon-
drial matrix with maximum at 10 : 1 (Ksenzenko et al.
1984). Thus, building up fumarate as a result of succinate
oxidation favors H,O, production. For this reason, both the
order and timing of additions of inhibitor and uncoupler
is important. When inhibitor comes first the amount of
fumarate accumulated is less compared to the case when
mitochondria were first uncoupled. In our conditions, when
succinate is present in excess, the later antimycin was added
the higher rate of H,O, was observed (not shown). This
process was also substantially inhibited by myxothiazol
(Fig. 3, Table 1).

ROS production supported by NADH-linked substrates
We next examined the characteristics of ROS generation
by mitochondria utilizing glutamate and malate to drive
NADH-linked respiration at complex I. The rate of

endogenous hydrogen peroxide release was much lower
when rat brain mitochondria oxidize NADH-linked sub-
strates glutamate and malate and was undetectable using the
scopoletin method (Fig. 4a, Table 1). However, the addition
of rotenone, antimycin and even myxothiazol increased the
rate of scopoletin oxidation (Fig. 4a, Fig. 5, Table 1).

The mechanism(s) of NADH-supported ROS generation
We further investigated the properties of ROS production
triggered by the addition of inhibitors to mitochondria
utilizing glutamate and malate. However, the short lag
period observed between the addition of the inhibitor and
the initiation of scopoletin oxidation added an ambiguity
to these experiments, because this might reflect either a
delay in ROS production or else a threshold below which
scopoletin was unable to detect a ROS signal. To avoid this
problem we detected ROS with the Amplex red method
instead. We first investigated the concentration dependence
of ROS generation triggered by rotenone. The aim of these
experiments was to find out minimal degree of complex I
inhibition which causes ROS generation in the respiratory
chain and whether any correlation between ROS generation

Table 1 Effect of electron transport inhibitors and uncoupler on ROS
generation by isolated mitochondria

Rate of peroxide production
(pmol/min/mg protein)

Succinate Glutamate + malate
Control 1388 + 59 (25) Not detected
Antimycin 275 + 18 (11) 228 + 6 (20)
+ Myxothiazole 46 = 2 (3) 59 = 7 (4)
+ Rotenone - 1266 + 98 (3)
Rotenone 174 + 18 (8) 434 = 9 (19)
+ Myxothiazole 56 = 18 (3) -
Myxothiazole 40 = 2 (6) 82 = 11 (4)
+ Rotenone - 450 + 20 (5)
+ Antimycin - 67 £ 7 (3)
FCCP then antimycin 1105 = 130 (3) 254 + 39 (3)
+ Myxothiazole 53 = 12 (3) 85 = 9 (3)
Antimycin then FCCP 463 *+ 29 (6) 283 * 8 (6)
+ Myxothiazole - 79 = 11 (3)
FCCP then rotenone - 148 + 7 (3)
Rotenone then FCCP - 155 = 15 (8)

Values are the mean = SEM (N in parentheses) of determinations
from different mitochondrial preparations. Peroxide production was
determined using the scopoletin/horseradish peroxidase technique.
Concentrations of drugs: antimycin 1 pwm; rotenone 1 pm; myxothiazol
1 pm; FCCP 150 nm. Drugs were added together when indicated by +,
and sequentially when indicated by ‘then’. —, condition not tested.
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Fig. 4 The effect of respiratory chain inhibitors or uncoupler on the
rotenone-induced hydrogen peroxide release by rat brain mito-
chondria oxidizfng glutamate and malate as substrates. (a) Effect of
uncoupler and myxothiazole. (b) Effect of antimycin. Mitochondria
were incubated in standard media. Drugs were added in the follow-
ing concentrations: 150 nm FCCP; 1 um rotenone; 1 pum antimycin;
1 um myxothiazol. Hydrogen peroxide was measured by the
scopoletin method. These traces have been offset for clarity.

and membrane potential value existed (Fig. 6). Treatment
of mitochondria with increasing rotenone concentrations
resulted in a gradual increase in the rate of ROS generation
(Fig. 6a). The minimal rotenone concentration causing
noticeable hydrogen peroxide release was 20 nM (equal to
100 pmol rotenone per mg mitochondrial protein). ROS
generation by rotenone-inhibited mitochondria was not
linear and typically increased during the experiment. The
initial rate of ROS production (V) gradually rose with
increasing inhibitor concentration and showed saturation at
500 nM, while the maximal rate (V,,) reached a plateau at a
lower concentration (200 nM) (Figs 6a and c). Complex I
contains several types of redox centers including eight or
nine Fe-S clusters, flavin mononucleotide (FMN) and the
tightly bound ubiquinone pool (Onishi 1998). The accele-
rated rate of peroxide production may be due to the
progressive reduction of the upstream redox groups upon
complete block of electron flow at rotenone binding site.
Alternatively, increase in rate may reflect the point at which
the endogenous antioxidant systems become depleted.
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Fig. 5 The effect of respiratory chain inhibitors on antimycin-
induced hydrogen peroxide release by rat brain mitochondria with
glutamate and malate as substrates. Mitochondria were incubated in
standard media. Drugs were added in the following concentrations:
1 um  antimycin; 1 um rotenone; 1 um myxothiazol. Hydrogen
peroxide was measured by the scopoletin method.

The kinetics of depolarization upon administration of
different rotenone concentrations (Fig. 6b) are biphasic.
These two components are likely to be attributable to a
combination of the removal of the proton-motive force
upon inhibition by rotenone, and the non-ohmic inherent
proton leak of the inner membrane because the remaining
respiratory chain activity is no longer able to compensate
this passive leak. These experiments do not allow us to
determine which component is attributable to which phase
of the response. The apparent similarity between the kinetics
of ROS production and loss of membrane potential can be
explained by the fact that both processes are dependent on
the degree of inhibition at complex 1. However, in this case,
membrane potential does not control the process of free
radical production (see below).

To determine the extent of respiratory chain inhibition
necessary to start free radical generation we performed
polarographic measurements of oxygen consumption
(Fig. 6¢). There is an interesting discrepancy between the
concentration dependence of the inhibition of respiration
compared to ROS generation. Twenty nanomolar rotenone
inhibits respiration by some 50%, while minimally altering
H,0, release. In the presence of 50 nM of rotenone 90% of
respiration is inhibited, whereas V,, of ROS generation is
only half maximal. Likewise, rotenone at 200 nM inhibited
respiration by 98%, and V,, also reached a maximum,
although the initial rate of ROS generation, Vi, is still
submaximal at this concentration.

The addition of rotenone to mitochondria clearly decreases
AV¥,, in addition to increasing ROS generation. To determine
whether ROS production was driven by the loss of AWV,
we performed experiments with FCCP. Depolarization of
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mitochondria itself with FCCP does not cause ROS pro-
duction (Fig. 4a, Table 1). Indeed, uncoupler FCCP partially
inhibited ROS generation induced by rotenone. Similarly,
addition of rotenone to mitochondria previously exposed to
FCCP results in ROS generation at a rate comparable to the
experiment with the reversed order of drug addition. These
data show that dissipation of AV, alone is insufficient to
trigger ROS production. Additionally, in rotenone-induced
ROS production with glutamate and malate as substrate
there is an uncoupler sensitive component. The latter is
consistent with previous reports using mitochondria derived
from tissues other than brain (Vinogradov et al. 1995).

To further probe the source of ROS in rotenone-inhibited
mitochondria we tested the effects of antimycin and

(a)
800- 1t

6001 /

400+

Fluorescence, AFU

200+

(b)
Mch
500~

400
3004 Ay l

200 |

Fluorescence, AFU

)

g " S

b

@S5 80

£ %

c2 60

£o —+—ROS V,
58 401 ——ROS V,.y
B —=— Respiration
A

0 T L T 1 F T T T Ll
0 25 50 75 100 250 500 750 1000
Rotenone, nM

myxothiazol. Addition of antimycin to rotenone-poisoned
mitochondria (Fig. 4b) accelerates H,O, release. However,
this enhancement is quite transient, because within 1-2 min
the rate returns to the same level as observed with rotenone
alone. In addition, myxothiazol has minimal effects on ROS
generation in rotenone-inhibited mitochondria (Fig. 4a). The
transient effect of antimycin may be due to small amounts of
succinate present in the system from the transamination of
glutamate and oxaloacetate, giving a-ketoglutarate. As this
source of succinate donating electrons to Q-cycle is limited
(analogous to the succinate experiments shown in Fig. 3) the
addition of antimycin causes only transient acceleration of
ROS production before the succinate is consumed. The
limited effects of myxothiazol in this case indicates that
upon glutamate-malate oxidation ROS generation does not
involve the ubiquinone pool from complex III.

We also examined the effects of antimycin alone on ROS
generation supported by glutamate and malate. For these
studies we used Amplex red to ensure that we detected the
full range of the ROS signal. Where rotenone provided a
clear concentration dependence for ROS generation and
mitochondrial depolarization, antimycin essentially pro-
duced an all-or-none effect with the critical concentration
being between 40 and 50 nm (Fig. 7). Like rotenone, the
effects of antimycin on both ROS production and AW, were
only apparent when respiration had been almost completely
inhibited (Fig. 7c). Increasing the antimycin concentration
from 50 nM up to 1 M did not further increases in the rate
of ROS generation, though mitochondria lost membrane
potential faster (Figs 7a and b). Similar data were obtained
with scopoletin (not shown). The antimycin-induced ROS
generation by mitochondria was almost completely inhibited
by myxothiazol, and resumed after the subsequent addition

Fig- 6 Rotenone-induced hydrogen peroxide release (a and c),
changes in membrane potential (b), and inhibition of respiration (c)
of rat brain mitochondria oxidizing glutamate and malate. Hydrogen
peroxide was measured with Amplex red in these experiments. (a
and b) Various concentrations of rotenone were added to the mito-
chondria incubated in the standard media after maximal membrane
potential had been established. Figures by each trace indicate
rotenone concentration in nM. V; and V., indicate the initial and
the maximal rate of H,O, generation, respectively, as illustrated by
the lines superimposed on the fluorescence traces. The dashed line
shows succinate supported ROS generation for comparison. The
concentration of FCCP in (b) was 150 nm. (c) The degree of inhibi-
tion of respiratory chain activity by different concentrations of rote-
none was accessed in the media supplemented with 3 mm ATP and
1 pm oligomycin. The reaction was started by addition of 150 nm
FCCP followed by addition of rotenone. A separate trace was made
for each rotenone concentration. The ratio of the respiration rate in
the presence of given rotenone concentration to uncoupled, maximal
respiration in percent was plotted as curve 1. Calculation of the
rates of hydrogen peroxide generation were normalized to the rate
at 1000 nm rotenone.
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Fig. 7 The effect of antimycin on hydrogen peroxide release (a and
c), membrane potential (b) and inhibition of respiration (c) of rat
brain mitochondria oxidizing glutamate and malate. Conditions and
experimental design are similar that of Fig. 6, except that antimycin
was added as indicated when AW, was maximal. The dashed line
on (a) shows succinate supported ROS generation for comparison.

of rotenone (Fig. 5, Table 1). The fact that myxothiazol
suppressed the ROS production supported by glutamate and
malate substrates in the presence of antimycin suggests that
the hydrogen peroxide derives from Q-cycle under these
conditions. However, in the presence of rotenone ROS
production is likely to originate from complex I. Consistent

with the involvement of the Q-cycle in antimycin-induced

ROS production is the slight stimulatory effect of FCCP
(Table 1).
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Administration of myxothiazol to mitochondria oxidiz-
ing glutamate and malate caused a slow ROS production
(Table 1). This is an interesting observation because
myxothiazol is known to inhibit free radical production in
Q-cycle (Turrens et al. 1985) and can be used to identify
the Q-cycle as the source of ROS. A recent study also
reported a slow ROS production in the presence of
myxothiazol (Starkov and Fiskum 2001). Using another
inhibitor of complex III, stigmatellin, the authors concluded
that myxothiazol induces ROS in complex III, but at a site
different from that of antimycin A action. In our experi-
ments addition of rotenone to myxothiazol-poisoned mito-
chondria increased ROS production, though antimycin
had no effect in this condition. The rates of ROS gene-
ration induced by rotenone alone and rotenone added to
myxothiazol-poisoned mitochondria were the same indicat-
ing that myxothiazol block does not affect the ability of
complex I to generate radicals.

Discussion

In this study we have investigated the regulation of mito-
chondrial ROS generation by AW, in a brain mitochondria
preparation. There is clear evidence for ROS production
originating from at least two different sites in the electron
transport chain. In addition, mitochondria clearly produce
ROS using both AW¥,-dependent and -independent
mechanisms.

Detailed information on the mechanism of ROS gene-
ration by respiratory chain in mitochondria and submito-
chondrial particles has been accumulated for tissues other
than brain. In the majority of studies investigating intact
mitochondria, it has been shown that oxidation of succinate
gives the most effective production of ROS (Loschen et al.
1971; Boveris et al. 1972; Boveris and Chance 1973;
Croteau et al. 1997; Korshunov et al. 1998; Kwong and
Sohal 1998). Data on brain mitochondria are rather less, and
have been summarized in Table 2. Our data along with data
of Cino and Del Maestro (1989) and Kwong and Sohal
(1998) clearly indicate succinate as the most effective ROS
generating substrate for intact mitochondria, while others
(Herero and Barja 1997; Barja and Herero 1998) failed to
measure significant ROS production by rat mitochondria in
the presence of this substrate. Arnaiz (Araiz et al. 1999)
found that for mice brain mitochondria succinate was almost
as effective as NADH-linked substrates. There are clearly
several critical variables in these studies; the choice of
incubation media is important, as well as the method of ROS
detection. However, perhaps the most important factor is
the ability of the mitochondria to maintain a sufficiently
hyperpolarized membrane potential to support reversed
electron transport. Some of the studies summarized in
Table 2 used uncouplers or antimycin in their experiments,
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Table 2 Prior studies on ROS generation by brain mitochondria

Incubation Key conclusions on
Study Species media Detection method Substrates tested source of ROS
Sorgato et al. (1974) Rat Sucrose  Scopoletin/fHRP Succinate None
Patole et al. (1986) Rat KCl Scopoletin/HRP Succinate, _-glycero! Q cycle > Complex |
phosphate, glutamate,
malate, pyruvate
Cino and Del Maestro (1989) Rat KCI Compound lI/HRP Succinate, glutamate, malate Complex | > Q cycle
Zoccarato et al. (1988) Guinea pig KCI Cytochrome c/HRP Succinate, a-glycerol Q cycle in uncoupled
phosphate, malate, mitochondria
pyruvate
Dykens (1994) Rat KClI Electron paramagnetic ~ Succinate Succinate signal stimulated

resonance
Herero and Barja (1997) Rat, Pigeon KCI
Barja and Herero (1998) Rat, Pigeon KCI
Kwong and Sohal (1998) Mouse KClI

/HRP
Arnaiz et al. (1999) Mouse Mannitol/  Scopoletin/HRP
sucrose
Starkov and Fiskum (2001) Rat KCI Scopoletin/HRP

by calcium

Homovanillic acid/HRP  Succinate, pyruvate, malate  No effect of AW, on Complex |
Homovanillic acid/HRP ~ Succinate, pyruvate, malate Q cycle > complex |
p-hydroxyphenylacetate Succinate, a-glycerol

Complex | > Q cycle
phosphate, malate, pyruvate,

B-hydroxybutyrate

Succinate, glutamate, malate Q cycle > complex |

Succinate, a-glycerol
phosphate, malate

Myxothiazole induces
Q cycle ROS signal

which would result in different results than those reported
here.

The substantial succinate driven ROS production observed
in previous studies and in our experiments is likely to be the
result of reversed electron transport from complex II to
complex I. Reversed electron transport has been shown to
be very sensitive to AV, (Korshunov et al. 1998), and the
present studies show that a very small degree of depolariz-
ation are sufficient to completely inhibit ROS generation by
this pathway. Thus, low concentrations of the uncouplers
FCCP and dinitrophenol, active oxidative phosphorylation,
and the complex III inhibitors are each sufficient to depolar-
ize A¥,, to the extent that ROS production is greatly
reduced in succinate-oxidizing mitochondria. The finding
that rotenone blocks this ROS signal, even though it does
not depolarize AW, is also consistent with this conclusion,
because it prevents electrons from reaching the redox
centers associated with complex I responsible for super-
oxide generation. This means that the redox center(s)
responsible for ROS production during reverse electron
transport are located upstream of rotenone block. According
to Hansford and colleagues (Croteau et al. 1997) all free
radicals generated upon succinate oxidation originate in
complex 1.

Our data, along with experiments on rat heart mito-
chondria (Korshunov et al. 1998), clearly indicate that there
is a secondary source of ROS in mitochondria respiring on
succinate. This signal is likely to be derived from the
ubiquinone cycle, because it is enhanced by antimycin and

blocked by myxothiazol, and in the presence of antimycin is
stimulated by the addition of uncouplers. This is consistent
with the model of superoxide generation proposed in
previous studies (Boveris ef al. 1976; Cadenas et al. 1977,
Cadenas and Boveris 1980; Turrens and Boveris 1980;
Turrens et al. 1985). Notably, this pathway appears
to be insensitive to changes in AW_. Reverse electron
transfer is a function that requires tightly coupled mitochon-
drial membranes capable of maintaining hyperpolarized
potentials.

The contribution of complex IIT in overall ROS signal
may depend on the concentration of CoQ in mitochondrial
membrane, which is type and tissue specific. As Turrens has
shown (Turrens et al. 1982), there is strong correlation
between rates of H,O; release and ubiquinone content in
mitochondria of different sources. In addition, the impact
of complex III and complex I in the overall ROS signal
associated with succinate respiration depends on other
factors, such as functional integrity of mitochondrial
membrane and the potential, the redox state of the electron
transport complexes under the appropriate experimental
conditions, relative activity of the complexes themselves,
and also the activity of ROS scavenging systems.

Rat brain mitochondria respiring on NADH-linked sub-
strates produce a very small ROS signal in the absence of
electron transport chain inhibitors. This is distinct from
mitochondria derived from other species and tissues [mouse
heart, kidney, brain (Kwong and Sohal 1998); pigeon heart
(Boveris and Chance 1973); rat liver (Boveris et al. 1972);
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porcine lung (Turrens et al. 1982); and mouse brain (Arnaiz
et al. 1999)], where the uninhibited, complex I-derived
signal is some 50—-70% of that obtained with succinate. The
basis for these intertissue differences remains unclear.

Significant ROS generation is triggered by the addition of
rotenone which promotes superoxide generation by the
redox center(s) of complex I. Our data are in agreement with
those of Takeshige and Minakami (1979) who concluded
that rotenone induces ROS only from complex I in NADH
oxidizing bovine heart submitochondrial particles. It has
subsequently been demonstrated that there are redox centers
in complex I that are capable of generating superoxide
though the precise location of the site(s) has not been
identified (Kang er al. 1983; Krishnamoorthy and Hinkle
1988; Onishi 1998; Vinogradov 1998). These centers are
apparently upstream of the site of rotenone blockade, and
ROS production at this site(s) would account for the lack of
sensitivity of this signal to myxothiazol or antimycin beyond
that which can be accounted for by succinate generation
(Fig. 3).

When either antimycin or rotenone were present with
complex I substrates, the ROS production appears to be
largely independent of AW ;. Although the addition of these
inhibitors substantially alters AW, the changes in mem-
brane potential occur independently of ROS generation, as
indicated by the failure of FCCP to trigger a ROS signal in
mitochondria respiring on glutamate and malate (Fig. 6).
Interestingly, in the presence of rotenone and FCCP, anti-
mycin does have a more substantial accelerating effect
on ROS generation (Fig. 6a) than the transient effect of
antimycin in the presence of rotenone alone (Fig. 6b),
although the mechanism underlying this effect is not clear.
Free radical production supported by succinate in the
presence of antimycin block has previously been shown to
be dependent on the redox potential of the fumarate/
succinate pair (Loschen et al. 1973; Ksenzenko et al. 1984).
The dependence had a bell shape with maximum at about
40 mV which is close to E;, of ubiquinones. These experi-
ments were carried out on submitochondrial particles since
fumarate poorly penetrates into mitochondria. Similar results
were obtained for brain mitochondria, where dependence
of ROS production in the presence of antimycin on the
concentration of succinate had the same bell-shaped form
(Patole et al. 1986; Zoccarato et al. 1988). Another con-
firmation of this notion was recently reported, where the
problem of poor delivery of fumarate was overcome by
using alamethicin-permeabilized mitochondria (Starkov and
Fiskum 2001).

It is important to notice that both types of substrates we
used in this work, succinate and glutamate with malate,
cannot be considered ‘pure’ substrates of a particular
complex. The oxidation of succinate in the Krebs cycle
results in the production of fumarate and then malate, which
can fuel complex L. In turn, some quantity of succinate is
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built up in the process of malate oxidation as well as from
the transamination of glutamate. The transient effect of
antimycin on rotenone treated mitochondria may be due to
the to oxidation of succinate formed in this way.

It is widely believed that oxidative stress contributes to
the demise of neurons in a number of neurodegenerative
diseases, and it is likely that mitochondria are quantitatively
the most important source of ROS in the brain. There have
been numerous reports of impairment of the function of
electron transport complexes in association with disorders
like Parkinson’s disease and Alzheimer’s disease, conditions
that are also associated with increases in markers of
oxidative stress (Halliwell 1992; Beal et al. 1997). It is
tempting to speculate that the partial inhibition of the
electron transport chain reported in these diseases results in a
feed forward effect, such that mitochondrial ROS generation
is enhanced by the mechanisms evident when mitochondria
respire on glutamate and malate. There are several potential
limitations to this speculation, including the finding that
very substantial inhibition of respiration is required prior to
observing increased ROS generation, in other words the
mitochondrial machinery may have a broad margin of
safety. There is little evidence that the inhibition of
respiration reaches this extent in any chronic neurological
disorder. Perhaps a more reasonable speculation is that there
may be conditions whereby mitochondria are excessively
hyperpolarized under certain conditions, so that succinate-
driven ROS generation occurs. This would not require
extensive impairment of electron transport, but would imply
that endogenous mechanisms that limit membrane potential
[such as uncoupling proteins or endogeneous fatty acids, for
example, Korshunov et al. (1998); Ricquier and Bouillaud
(2000)] are dysfunctional. It is also possible that inhibition
of ATP synthesis could generate a sufficiently hyperpolar-
ized state to support succinate-driven ROS generation in
intact tissues. Given the magnitude of the ROS signal from
this mechanism and the liability this oxidant burden would
impose on neurons, these are clearly issues which require
further investigation.

One circumstance of mitochondrial involvement in
neuronal injury that has received particular attention is
excitotoxicity, where neurons die as the result of excessive
activation of NMDA receptors and substantial cellular
calcium accumulation. This process is associated with mito-
chondrial depolarization (Nieminen et al. 1996; Schinder
et al. 1996; White and Reynolds 1996; Vergun et al. 1999),
mitochondrial calcium accumulation (Kiedrowski and Costa
1995; White and Reynolds 1995; White and Reynolds 1997)
and ROS generation (Lafon-Cazal er al. 1993; Dugan et al.
1995; Reynolds and Hastings 1995; Bindokas et al. 1996).
Moreover, preventing mitochondrial calcium accumulation
protects neurons from injury (Budd and Nicholls 1996; Stout
et al. 1998). The mechanisms linking glutamate-induced
mitochondria calcium accumulation to neuronal death
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remain unclear. One candidate mechanism is the generation
of ROS. Previously, it has been suggested that mitochondrial
calcium and sodium accumulation could promote ROS
generation by isolated mitochondria (Dykens 1994). How-
ever, this paper reported a lack of ROS production in
mitochondria respiring on succinate, and an increase in ROS
generation under conditions where mitochondria would be
depolarized following the addition of calcium. These claims
are in direct contrast to the present findings, as well as those
of Cino and Del Maestro (1989). The basis for this
substantial discrepancy remains unclear. Indeed, it is not
easy to account for the effects of glutamate or calcium on
the basis of the results presented here. The depolarization of
AW, that is associated with mitochondria calcium cycling
(Nicholls and Akerman 1982) is sufficient to completely
inhibit succinate-driven ROS generation. In addition, the
experiments reporting glutamate-induced ROS generation in
intact neurons is obviously performed without the addition
of complex I or complex III inhibitors. In fact, Dugan et al.
(1995) reported that glutamate-induced oxidation of dihydro-
rhodamine was prevented by rotenone. There are rather few
reports of mitochondrial ROS generation in intact neurons
that can be compared to the present study, although Budd
et al. (1997) did find that antimycin increased the oxidation
of dihydroethidium in cerebellar granule cells. Perhaps the
most reasonable way to account for the consequences of
NMDA receptor activation in intact neurons is to propose a
calcium-mediated inhibition of complex I or complex III.
This might be accomplished by the production of nitric
oxide, which is an effective inhibitor of complex III (Brown
1999; Stewart et al. 2000), although NOS inhibitors did
not prevent the oxidation of either dichlorofluorescin or
dihydroethidium (Reynolds and Hastings 1995; Bindokas
et al. 1996). The actual mechanism of calcium-mediated
mitochondrial ROS generation in neurons awaits further
investigation.
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Abstract

MitoTracker dyes are fluorescent mitochondrial markers that covalently bind free sulfhydryls. The impact of alterations in
mitochondrial membrane potential (A¥)) and oxidant stress on MitoTracker staining in mitochondria in cultured neurons and
astrocytes has been investigated. p-(Trifluoromethoxy) phenyl-hydrazone (FCCP) significantly decreased MitoTracker loading,
except with MitoTracker Green in neurons and MitoTracker Red in astrocytes. Treatment with FCCP after loading increased
fluorescence intensity and caused a relocalization of the dyes. The magnitude of these effects was contingent on which
MitoTracker, cell type and dye concentration were used. H,O, pretreatment led to a consistent increase in neuronal MitoTracker
Orange and Red and astrocytic MitoTracker Green and Orange fluorescence intensity. H,O, exposure following loading increased
MitoTracker Red fluorescence in astrocytes. In rat brain mitochondria, high concentrations of MitoTracker dyes uncoupled
respiration in state 4 and inhibited maximal respiration. Thus, loading and mitochondrial localization of the MitoTracker dyes
can be influenced by loss of A¥,, and increased oxidant burden. These dyes can also directly inhibit respiration. Care must be
taken in interpreting data collected using MitoTrackers dyes as these dyes have several potential limitations. Although
MitoTrackers may have some value in identifying the location of mitochondria within cultured neurons and astrocytes, their
sensitivity to A¥,, and oxidation negates their use as markers of mitochondrial dynamics in healthy cultures. © 2001 Elsevier

Science B.V. All rights reserved.

Keywords: Fluorescence imaging; Mitochondria; Oxidative stress

1. Introduction

There is an emerging appreciation for a role of
mitochondria in excitotoxic injury pathways as well as
injury mechanisms manifested as apoptotic or necrotic
death processes. The development of novel mitochon-
drion-specific fluorescent dyes is necessary to explore
the significance of mitochondria in these cell death
pathways. Although some mitochondrial fluorescent
probes are available that allow the assessment of mito-
chondrial membrane potential (A¥,,), most fluorescent
dyes that measure ions, such as calcium, magnesium
and zinc, or reactive oxygen species (ROS) generation
and pH are not specific to mitochondria. Moreover,

* Corresponding author. Tel.: + 1-412-6482134; fax: + 1-412-
6240794.
E-mail address: iannmda + @pitt.edu (I.J. Reynolds).

dyes that can detect activity at the elusive permeability
transition pore (PTP) in cultured neurons are currently
unavailable.

The MitoTracker dyes, developed commercially by
Molecular Probes (Eugene, OR), are structurally novel
fluorescent probes that have been used to measure AVY,,
(Macho et al., 1996), AY -independent mitochondrial
mass (Krohn et al., 1999) and photosensitization (Mi-
namikawa et al., 1999). The MitoTracker dyes (Mito-
Tracker Green FM, MitoTracker Orange CMTMRos,
MitoTracker Red CMXRos) contain chloromethyl
moieties that are thought to react with free sulfhydryls
within the cell. MitoTracker Green has been suggested
to be AY, -insensitive and capable of loading and re-
maining within depolarized mitochondria, which im-
plies that it would be an exceptional tool for assessing
mitochondrial mass (Poot et al., 1996). MitoTrackers
Orange and Red are positively charged rosamine

0165-0270/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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derivatives that are rapidly taken up into the negatively
charged mitochondria, suggesting that their loading
would be dependent on AW, but their localization
should be mitochondrial specific. However, Mito-
Tracker Orange and Red, at least in their reduced state,
may be strongly influenced by the presence of ROS
(Poot and Pierce, 1999a,b) and MitoTracker Orange
may directly inhibit the respiratory chain at complex 1
and induce permeability transition (PT) (Scorrano et
al., 1999). All three MitoTracker probes are belicved to
be retained following fixation due to the membranc-im-
permeant dye complex that is created when the dyes
enters thc mitochondria. However, the sensitivity of
these dyes to AY,, and oxidant status and their perme-
ability through the mitochondrial membrane has not
been fully explored in unfixed cultured neurons and
astrocytes.

This laboratory is interested in identifying fluorescent
dyes that can specifically label mitochondria in the
central nervous system under a variety of conditions.
The aim of the present study was to characterize the
MitoTracker dyes in primary forebrain neurons and
astrocytes to determine their dependency on AY,, and
oxidant status, especially given the widespread interest
in using these dyes as fixable markers of AY,, In
addition, one addressed whether the MitoTrackers al-
tered respiratory chain activity in isolated brain mito-
chondria to determine whether these dyes altered
mitochondrial physiology.

2. Materials and methods
2.1. Cell culture

All procedures were in strict accordance with the
NIH Guide for the Care and Use of Laboratory Ani-
mals and werc approved by the University of Pittsbur-
gh’s Institutional Animal Care and Use Committec.
Primary forebrain neurons were prepared as previously
described (White and Reynolds, 1995). Briefly, fore-
brains from embryonic day-17 Sprague Dawley rats
were removed and dissociated. Cells were plated on
poly-D-lysine coated 31 mm glass coverslips at a density
of 450 000/m] (1.5 ml/coverslip) and inverted after 24 h
to decrcase glial growth. Experiments were performed
when cells were 14-17 days in culture.

Primary forebrain astrocytes were prepared as de-
scribed by McCarthy and de Vellis (1980) with minor
modifications. Briefly, forebrains from postnatal day-1
Sprague Dawley rats were dissociated and plated in 75
cm? plastic flasks at a density of 860 000 cells/ml (10
ml/flask). Media was changed every other day. Cells
were grown to the point of confluency, at which point
the flasks were orbitally shaken for 15-18 h at 37°C.
Adherent cells were then plated onto poly-D-lysine

coated 31 mm glass coverslips and fed every other day
and used for up to 5 days in culture.

2.2. Solutions

Coverslips were perfused with a HEPES-buffered salt
solution (HBSS) with (in mM): NaCl (137), KCI (5),
NaHCO, (10), HEPES (20), glucose (5.5), KH,PO,
(0.6), Na,HPO, (0.6), CaCl, (1.4), MgSO, (0.9), pH
adjusted to 7.4 with NaOH. The protonophore and
mitochondrial uncoupler carbony! cyanide p-(trifl-
uoromethoxy) phenyl-hydrazone (FCCP) was used at a
concentration of 750 nM (diluted in HBSS from a 750
M stock in methanol). Hydrogen peroxide (H,O,) was
diluted in HBSS to concentrations ranging from 10 M
to 3 mM (from a 30% w/w stock solution). Oligomycin
was used at a 2 uM concentration (diluted from a 10
mM stock in methanol).

2.3. Fluorescence imaging

For all experiments. individual coverslips were rinsed
twice in HBSS and loaded with 10-500 nM concentra-
tions of MitoTracker Green FM, MitoTracker Orange
(CMTMRos) or MitoTracker Red (CMXRos) (Molec-
ular Probes, Eugene, OR) for 15 min at 37°C. Dycs
were diluted in HBSS from a 1 mM stock in anhydrous
dimethyl sulfoxide. Coverslips were rinsed for 15 min in
HBSS at room temperaturc. Loading parameters werc
tested and optimized for assessing fluorescence intensity
and localization.

Experiments werc performed at room temperaturc on
two light microscope-based imaging systems with 40 x
quartz objectives. Cells were illuminated using a Xenon
lamp-based monochromator (TILL, Photonics, Ger-
many) and light detected using a CCD camera. Data
acquisition was controlled using Simple PCI softwarc
(Compix, Cranberry, PA). Cells were illuminated with a
490, 550 or 575 nm light depending on the dye and
incidence light was attcnuated with neutral density
filters (Omega Optical, Brattleboro, VT). Emitted
fluorescence from MitoTracker Green was passed
through a 500 or 515 long pass (LP) dichroic mirror
and a 535. 25 band pass (BP) or 535, 40BP emission
filter (depending on the imaging system used). For
MitoTracker Orange, a 570 or 575LP dichroic and a
590, 35BP or 605, 35BP cmission filter was used. For
MitoTracker Red, a 590LP dichroic with a 600LP
emission filter was used. Coverslips were placed on the
microscope stage, a field of cells (with at least ten viable
neurons or five viable astrocytes in the field) was chosen
and a bright ficld image was captured. From this image,
cell bodies were circled and used as regions of interest
from which cellular fluorcscence intensity was mca-
sured. Three small cell-frec regions on the coverslip
were also chosen to assess background fluorcscence
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intensity. Images were collected once every 15 s for
baseline and once every 5 s for the remainder of the
experiment. Data were collected as background sub-
tracted fluorescence intensity. All experiments were per-
formed on at least three different culture dates. For
most experiments, data were converted to percent base-
line or percent of untreated control. The number of
cells analyzed are presented with each graph, however
in order to insure stringency in the statistical analyses,
all cells from a single coverslip were combined and
statistics were performed with the more conservative ‘n’
of the number of coverslips. Where pertinent, data were
statistically analyzed using a two-tailed z-test or a one-
way ANOVA and a Dunnett post-hoc test (when P <
0.05).

2.4. FCCP experiments

To determine the effect of AW, depolarization on
MitoTracker-loaded cells, individual coverslips were
loaded with 10—-500 nM concentrations of MitoTracker
dye (Green, Orange or Red) and imaged to observe
changes in the intensity and/or pattern of fluorescence.
Coverslips were perfused with HBSS for 5 min, with
FCCP (750 nM) for 5 min, and then with HBSS again
for 5 min. The effect of A¥,, on loading was assessed
by comparing fluorescence intensity (over 5 min, 1
frame/15 s) from coverslips incubated with 50 nM
MitoTracker alone to coverslips incubated in 750 nM
FCCP + 50 nM MitoTracker.

2.5. H,0, experiments

As with the FCCP experiments, the effect of an
oxidant burden on pre-loaded cells was tested by load-
ing coverslips with 50 nM MitoTracker dye and imag-
ing. Coverslips were perfused with HBSS, H,0, (500
pM in neurons, 3 mM in astrocytes) and HBSS again.
The effect of an oxidant burden on loading was as-
sessed by incubating coverslips in H,O, (10-500 pM in
neurons, 500 uyM -3 mM in astrocytes) for 15 min, then
immediately loading 50 nM MitoTracker dye (Green,
Orange or Red) and imaging for 5 min.

2.6. Isolated brain mitochondria preparation

Rat brain mitochondria were isolated according to
Rosenthal et al. (1987). Briefly, a rat forebrain was
removed, homogenized and suspended in 10 ml of
isolation buffer (pH 7.4, containing 225 mM mannitol,
75 mM sucrose, 1 mg/ml BSA, 1 mM EDTA, 5 mM
HEPES-KOH). The brain homogenates were subjected
to differential centrifugation and the final suspensions
contained a heterogeneous population of synaptosomal
and non-synaptosomal mitochondria. Protein concen-
tration in the mitochondrial suspensions was deter-

mined according to Bradford (1976). Only
mitochondria that had a respiration ratio of 6 or higher
(phosphorylating state 3 to resting state 4 with gluta-
mate and malate as substrates) were used.

2.7. Respiratory experiments

Mitochondrial respiration rates were measured polar-
ographically at 37°C with a Clark oxygen electrode
(Yellow Springs Instrument, Yellow Springs, OH) in a
buffer containing 125 mM KCl, 2 mM K,HPO,, 4 mM
MgCl,, 3 mM ATP, 5 mM glutamate, 5 mM malate, 5
mM HEPES-KOH (pH 7.0). This buffer exhibits simi-
larities to the intracellular environment and is believed
to decrease the probability of PT (Andreyev et al,
1998; Andreyev and Fiskum, 1999). Energized brain
mitochondria (0.25 mg protein/ml), oligomycin (2 uM)
and the MitoTracker dyes (at concentrations of 50 nM
(low) or 3.12 uM (high) concentrations) were incubated
in a 1.6 ml water-jacketed glass chamber (Gilson, Mid-
dletown, WI). The experiment was initiated in an open
chamber (to maintain oxygen concentration close to
saturation) and mitochondrial suspension was stirred at
37°C for 10 min. The chamber was then sealed, state 4
(resting) respiration was measured and 1 min later the
uncoupling agent, FCCP (200 nM) was added and the
rate  of uncoupled (maximal) respiration was
determined.

Data were collected as nanograms of oxygen atoms
consumed per minute per milligram of protein. Data
were then transformed into percent of control respira-
tion (in the absence of MitoTracker dye) and three
separate one-way ANOVAs (for each MitoTracker
dye), comparing respiration in control mitochondria to
that in mitochondria incubated with the low and high
concentration of dye. A Bonferroni post-hoc test was
performed when P <0.05.

3. Results
3.1. FCCP-induced changes in dye labeling

All three MitoTrackers labeled neurons and astro-
cytes in a punctate fashion anticipated for a mitochon-
drion-specific dye. Staining was typically observed in
perinuclear regions and processes, while the nucleus
was typically devoid of staining (Fig. 1A,B, top panels).
The fluorescence intensity of the MitoTrackers was
concentration dependent with maximal staining seen
with 200-500 nM (data not shown). To determine the
effect of AY, on fluorescence intensity, cells were
loaded with different dye concentrations and then ex-
posed the cells to FCCP. At high concentrations, the
MitoTracker dyes showed an increase in fluorescence
intensity upon loss of A¥,, suggesting that they be-
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come so tightly packed within mitochondria at these
concentrations that fluorescence intensity is underesti-
mated due to the phenomenon of quenching (see Sec-
tion 4). MitoTracker Green showed the smallest
increase in fluorescence intensity during treatment with
FCCP, however, in both neurons and astrocytes, no
return to baseline was observed during a 5-min wash
period (Fig. 2A,D). MitoTracker Orange showed the
most robust increase in fluorescence intensity in ncu-
rons and this was observed at concentrations of 50500
nM. A slow, delayed decrease in fluorescence was ob-
served during the wash period, indicating either re-se-
questration as mitochondria repolarize or a leakage of
the dye from the cell (Fig. 2B,E). MitoTracker Red
showed variability in the time course of the FCCP-in-
duced fluorescence increases, however, every concentra-
tion of MitoTracker Red tested was influenced by
mitochondrial depolarization. In addition, a rapid re-

Green

neurons

astrocytes

turn to basal fluorescence was observed during the
recovery period (Fig. 2C.F). All three MitoTrackers
showed a diffusion of fluorescence upon mitochondrial
depolarization (Fig. 1A,B, bottom panels). Interest-
ingly, the redistribution of dyc was apparent even when
there was no overall change in fluorescence intensity.
Taken together these data suggest that MitoTrackers
arc membrane-permeable and diffuse out of mitochon-
dria during a depolarizing stimulus. It also appears that
MitoTrackers, at concentrations as low as 25 nM (in
MitoTracker Red), arc quenched in mitochondria as
evidenced by thc incrcase in fluorescence signal secn
when the dyes arc released from mitochondria.

3.2, FCCP-induced changes in dye loading

A concentration of 50 nM, the lowest concentration
that reliably gave a good signal:noisc ratio, was uscd

Orange Red

Fig. 1. Representative micrographs of fluorescence intensity and distribution of the MitoTracker dyes prior to and during treatment with
p-(trifluoromethoxy) phenyl-hydrazone (FCCP) in (A) primary ncurons and (B) astrocytes. In both (A) and (B). the upper row of images shows
bascline fluorcscence in cells loaded with 50 nM MitoTracker Green, Orange and Red (from left to right). The lower row of images shows
fluorcscence in cells treated with a mitochondrial depolarizing stimulus (images collected after approximately 3 min of FCCP trecatment). Bar, 25

HM.
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Fig. 2. Intensity of MitoTracker fluorescence during mitochondrial depolarization. (A—C) Primary neurons and (D-F) astrocytes were loaded
with varying concentrations of MitoTracker (A,D) Green, (B,E) Orange or (C,F) Red and the fluorescence intensity was measured. Baseline
fluorescent images were recorded for 5 min, then the MitoTracker response to a depolarizing concentration (750 nM) of the uncoupling agent,
p-(trifluvoromethoxy) phenyl-hydrazone (FCCP) was measured for 5 min. Following treatment, cells were allowed to recover for 5 min. Data are

presented as percent of baseline fluorescence intensity.

for all MitoTrackers in this experiment. Neurons or
astrocytes were loaded with MitoTracker dyes alone or
in the presence of 750 nM FCCP. This concentration of
FCCP has been shown to result in a profound, but
reversible depolarization of the AW, (White and
Reynolds, 1996). In neurons, MitoTracker Green ap-
peared to load equally well into polarized or depolar-
ized mitochondria, however MitoTracker Orange and
Red showed considerably lower fluorescence intensity
when loaded into neurons treated with FCCP (Fig. 3A).
In astrocytes, MitoTracker Green loading appeared to
depend on the AY,,, with lower fluorescence intensity
observed in the presence of FCCP. Similarly, Mito-
Tracker Orange loading into astrocytes was compro-
mised when mitochondria were depolarized. In
contrast, MitoTracker Red appeared to load into astro-
cytic mitochondria regardless of AY,, (Fig. 3B). A less
punctate label (vs. Fig. 1A,B, upper panels) was ob-

served under these loading conditions, except with Mi-
toTracker Red in astrocytes (Fig. 4). These data reflect
the different loading behaviors of the MitoTrackers and
point to the significance of cell model for the appropri-
ate use of these dyes.

3.3. H,O,-induced changes in dye loading

Cells were incubated with H,O, for 15 min prior to
loading with 50 nM MitoTracker in order to induce an
oxidant stress. H,0,-induced oxidative stress was seen
in neurons at concentrations as low as 10 pM and at
concentrations greater than 500 pM considerable cell
death was evident. Astrocytes were more resistant to
oxidant stress and thus higher concentrations of H,0,
were utilized. The chloromethyl moieties of the Mito-
Tracker dyes have been suggested to react with free
sulthydryls (Haugland, 1996). Thus, an oxidative stress
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was expected to change the loading and stability of the
MitoTrackers labeling. Comparison of the mean
fluorescence intensity following pretreatment, using un-
paired ¢ tests, showed that some concentrations of H,O,
increased neuronal MitoTracker Green fluorescence
(Fig. 5A) and astrocytic MitoTracker Red fluorescence
(Fig. 5F); however, with MitoTracker Orange and Red
in neurons (Fig. 5B,C) and MitoTracker Green and
Orange in astrocytes (Fig. SD.E) statistically significant
increases in fluorescence were more broadly secn and
appeared, in some cases, to correspond to an H,O,
concentration-dependence. The changes in fluorescence
intensity did not correlate with a relocalization of the
dyes (Fig. 6), in that H,O, increased fluorescence inten-
sity without the migration of the dye into parts of the
cell not normally labeled. This may be consistent with
an alteration of the interaction of the dyes with cellular
sulfhydryl moieties.
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Fig. 3. Effect of mitochondrial depolarization on MitoTracker load-
ing. (A) Neurons and (B) astrocytes were loaded with 50 nM Mito-
Tracker dye in the presence of 750 nM  p-(trifluoromethoxy)
phenyl-hydrazone (FCCP) and the fluorescence intensity (averaged
over 5 min) was compared to cells loaded without FCCP. The loading
of MitoTracker Green (MTG) in astrocytes [t = 2.6, df = 5. P < 0.05].
MitoTracker Orange (MTO) in ncurons [t = 3.7, df =4, P < 0.05] and
astrocytes [r=2.8, df =6, P<0.05] and Red (MTR) in ncurons
[t=3.6, dl =4, P <0.05] was scnsitive to Ay,,,. as evidenced by the
significant decrease in fluorescence intensity when FCCP was present.
The number of cells analyzed (1) is presented above each bar.
Average fluorcscence from each coverslip was then computed and
used as degrees of freedom in unpaired ¢ tests (sec Scction 2).
[* P <0.05].

3.4. H,O5-induced changes in dye labeling

Neurons and astrocytes were loaded with 50 nM
MitoTracker dye and imaged for 5 min to achicve
stable bascline fluorescence. Neurons were then treated
with 500 M H,O, for 5 min and the intensity of
fluorescence was measurcd. MitoTracker Green was
unaffected by treatment with H,O, and MitoTracker
Orange and Red fluorescence were only very modestly
increased by this short-term oxidative stress, with no
return to bascline observed. In astrocytes treated with 3
mM H,0,, only MitoTracker Red fluorescence was
increased (Fig. 7). No apparent relocalization of the
dyes was observed (data not shown). These data sug-
gest that once MitoTrackers, especially MitoTracker
Green, are loaded into primary ncuronal or astrocytic
cultures, they are only mildly influenced by a change in
the production of ROS and/or oxidation of sulfhydryl
groups. However, the effect of a longer exposure to
H,0, (i.e. 15 min) may bc necessary to see the more
profound effect secen during pretrcatment with H,O..

3.5. Respiration in isolated brain mitochondria

Isolated rat brain mitochondria were incubated in the
presence of 50 nM or 3.12 M MitoTracker Green,
Orange or Red and state 4 (resting) and uncoupled
(maximal) respiration were recorded. Since dye distri-
bution between the aqucous phase and the mitochon-
drial membranes is not homogeneous, MitoTracker
concentrations arc also denoted as nmoles of dye per
mg of mitochondrial protein (50 nM corresponds to 0.2
nmol/mg protein and 3.12 uM corresponds to 12.5
nmol/mg protein). Initially mitochondria and the
fluorescent dyes werc incubated for 2—4 min prior to
uncoupling, however, there was no inhibition scen at
either concentration tested (data not shown). Because
the MitoTrackers contain sulfhydryl-reactive moictics
they may bind more slowly, therefore the incubation
time was extended to 10 min. Under these conditions,
high concentrations of MitoTracker Green (3.12 pM)
significantly increased resting respiration, suggesting its
ability to uncouple respiratory chain activity from ATP
synthesis. and decreased maximal respiration rates, sug-
gesting its ability to inhibit respiration (Fig. §). Mito-
Tracker Orange did not significantly impact respiration
rate, however it exhibited trends towards incrcased
state 4 respiration rate (P =0.07) and decrcased maxi-
mal respiration rate (P=0.13) (Fig. 8). MitoTracker
Red exhibited a trend towards increased resting respira-
tion rate (P = 0.09) and significantly decrcased the rate
of maximal respiration rate (at 3.12 uM, but not at 50
nM). Taken together, these data suggest that all of the
MitoTracker dyes arc capable of inhibiting normal
mitochondrial respiration at pM concentrations.
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Fig. 4. Representative micrographs of distribution of the MitoTracker fluorescence when loaded in the presence of a mitochondrial depolarizing
stimulus. (A—C) Primary neurons and (D-F) astrocytes were loaded with 50 nM MitoTracker (A,D) Green, (B,E) Orange or (C,F) Red in the
presence of 750 nM p-(trifluoromethoxy) phenyl-hydrazone (FCCP). Bar, 25 pM.

4. Discussion

The MitoTracker dyes are being used with increasing
frequency for morphological and functional measure-
ments of mitochondria. While the pattern of their
fluorescence strongly suggests mitochondrial specificity,
parameters that influence their loading and/or labeling
are still controversial and have not been fully explored
in neural cells. For example, reports that during apop-
tosis the release of cytochrome ¢ can occur independent
of changes in mitochondrial membrane potential have
been partially based on the lack of change in Mito-
Tracker Orange fluorescence (which was being used as
a AW, sensor) during cytochrome c release (Bossy-Wet-
zel et al., 1998; Li et al., 1998; Finucane et al., 1999).
However, the present experiments suggest that there are
numerous factors to consider prior to using the Mito-
Tracker dyes and, in agreement with Scorrano et al.
(1999) and Keij et al. (2000), that these aforementioned
data must be interpreted with caution. It has been
noted that not only are MitoTracker Green, Orange
and Red different from one another, but also that each
MitoTracker behaves differently in neurons and
astrocytes.

For all three MitoTrackers, in both neurons and
astrocytes, a concentration of 50 nM was sufficient to
produce a bright, punctate label that appears to be
associated with mitochondria. However, at this concen-
tration, neurons and astrocytes treated with FCCP
during or after loading showed a diffusion of the dye
into the cytoplasm, nucleus and/or other organelles. In
human osteosarcoma cells, a redistribution of Mito-
Tracker Green was observed following a 30-min treat-
ment with another uncoupler, CCCP (Minamikawa et
al., 1999). However, these authors used high-resolution
confocal microscopy and the observed redistribution
appeared to coincide with mitochondrial swelling, not
diffusion into cytoplasm (Minamikawa et al., 1999).
Whether this observation is associated with confocal
versus light microscopy or osteosarcomas versus pri-
mary neurons and astrocytes is unclear.

In addition to a relocalization of fluorescence ob-
served in association with mitochondrial depolariza-
tion, an increase in fluorescence intensity was frequently
seen, especially at higher concentrations and most in-
tensely with MitoTracker Orange (Fig. 2). This in-
creased fluorescence has been interpreted as an
unquenching of dye. Quenching occurs as the result of
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molecular interactions that inhibit the ability of a
fluorophore to emit a photon. For example, rhodamine
dyes aggregate based on AW, but these aggregates are
non-fluorescent due to quenching. Quenching becomes
most apparent with these rhodamine dyes when the
mitochondria are depolarized and the intensity of
fluorescence dramatically increases (Chen and Smiley,
1993). It is possible that MitoTrackers aggregate within
mitochondria without truly quenching, however, due to
the similarities of the current observations with those
seen with rhodamine derivatives this phenomen will be
tentatively referred to as quenching.

The use of quenching concentrations of MitoTracker
dyes impacts a number of possible interpretations of
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the data. During washout after FCCP trcatment, a slow
decrease in fluorescence is observed (Fig. 2). This may
be due to the movement of the dyc back into the
mitochondria as they repolarize (requenching) or due to
slow leakage of the dye through the plasma membranc.
As quenching interferes with lincar mcasurcments of
fluorescence. it is not possible to determine whether one
or both of these phenomena have occurred. However at
the beginning and end of this experiment, small punc-
tate spots of labeling can be observed within the cclls.
This suggests that some of the dye remains within the
mitochondria. but quenching prohibits direct quantita-
tion of a AW, -insensitive pool, an irreversibly bound
pool or re-sequestered pool of dye.
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Fig. 6. Representative micrographs of distribution of the MitoTracker loading in cells pretreated with H,O,. (A,B) The upper rows of images show
neurons loaded with 50 nM MitoTracker Green, Orange and Red (from left to right) without any pretreatment. In the lower rows, (A) neurons
were preincubated with 500 pM H,0, and then loaded with 50 nM MitoTracker (B) astrocytes were preincubated with 3 mM H,0, and then

loaded with 50 nM MitoTracker. Bar, 25 pM.

4.1.1. MitoTracker Green

MitoTracker Green is now commonly being used for
measurement of mitochondrial shape changes, mass or
swelling (Bowser et al., 1998; Funk et al., 1999; Krohn
et al., 1999; Minamikawa et al., 1999; Monteith and
Blaustein, 1999). At low concentrations (<50 nM),
MitoTracker Green may be useful for these measures,
however several features of this dye must be acknowl-
edged prior to use. There are cell type- and concentra-
tion-specific differences in MitoTracker Green labeling.
At 50 nM, MitoTracker Green loading appeared AY -
and oxidation-sensitive in astrocytes, but not neurons.
At concentrations greater than 50 nM, MitoTracker
Green exhibits a tendency to quench and, upon depo-
larization, exhibits an irreversible increase in fluores-
cence. Moreover, in isolated brain mitochondria, pM
concentrations of MitoTracker Green appeared capable
of acting as an uncoupler and inhibiting respiration.

Taken together, the present data support the use of
MitoTracker Green at low concentrations for assessing
mitochondrial size, localization and structure. How-
ever, determination of the appropriate concentration of
MitoTracker in individual cell models will be necessary
for interpretable results.

4.1.2. MitoTracker Orange

MitoTracker Orange has been used as a marker for
AY,, (Matylevitch et al., 1998) and, in its reduced form,
as a marker for ROS generation (Karbowski et al.,
1999). Scorrano et al. (1999) characterized this dye in
MHICI rat hepatoma cells and in agreement with the
present findings, found that the fluorescence was punc-
tate and stable. However, in their cell model, a redistri-
bution of the dye was observed following pretreatment
with agents that decrease free sulfhydryls, but not with
FCCP. In the present paper, pretreatment with FCCP,
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but not H,0,, caused a redistribution of MitoTracker
Orange into neuronal and astrocytic cultures. H,O,
pretreatment, however, did appear to increase Mito-
Tracker Orange fluorescence in neurons and astrocytes.
Morcover, Scorrano et al. (1999) did not observe
quenching or relocalization of MitoTracker Orange
when cells were treated with FCCP following loading.
In the present experiments, neurons and astrocytes
treated with FCCP following loading showed increased
fluorescence intensity (suggestive of quenching) as well
as a relocalization of fluorescence. In isolated rat liver
mitochondria, MitoTracker Orange inhibited complex I
of the respiratory chain, induced PT and caused depo-
larization, swelling and the release of cytochrome c in
liver mitochondria (Scorrano et al., 1999). However, in
isolated brain mitochondria, no inhibition of complex I
by MitoTracker Orange was observed, even at concen-
trations exceeding 3 pM. Again, these observed differ-
ences suggest that care must be taken in extrapolating
MitoTracker data obtained in different cell models. In
addition, MitoTracker Orange should be used with
caution and that the interpretation of data with Mito-
Tracker Orange must consider their effects on mito-
chondrial function and their sensitivity to AW¥,, and free
sulfhydryls.
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Fig. 7. Intensity of MitoTracker fluorescence in response to H,O, (A)
Neurons and (B) astrocytes were loaded with 50 nM MitoTracker
and their response to 500 pM (ncurons) or 3 mM (astrocytes) H,O,
was measurcd. Bascline fluorescent images were recorded for 5 min.
followed by a 5-min H,O, trecatment and a 5-min recovery period.
Data are expressed as percent of basal fluorescence (+ S.E.M.). The
number of cclls analyzed in presented in the figure legend.
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Fig. 8. Respiration of isolated rat brain mitochondria. (A) State 4
(resting) respiration rate was determined following a 10 min preincu-
bation of isolated mitochondria with 2 pM oligomycin and 50 nM or
3.12 uM MitoTracker Green (MTG). Orange (MTO) or Red (MTR).
The mean ( + S.E.M.) respiration rates were computed and data were
transformed into percent of respiration rate of control (without
MitoTracker dyes). Statistical analysis using a onc-way ANOVA and
a Bonferroni's post-hoc test showed the following: MTG: F, g, =
7.5. P < 0.05 with the high concentration being significantly different
from both the control and S0 nM group (P < 0.05). MTO: F, =
3.7, P>0.05 MTR: F5 4, =3.3. P> 0.05. (B) Following asscssment
of resting respiration. 200 nM p-(trifftuoromethoxy) phenyl-hydrazone
(FCCP) was added and the maximal respiration rate was determine in
the same isolated mitochondria. The mean ( 4+ S.E.M.) respiration
rate was computed and data were transformed into percent of respira-
tion rate of control (without MitoTracker dyes). Statistical analysis
showed the following: MTG: F5 ¢, = 16.2. P <0.05 with the high
concentration being significantly different from both the control and
50 nM group (P < 0.05). MTO: F» (, =2.9. P>0.05. MTR: F{, , =
130.1. P < 0.05 with the high concentration being significantly differ-
ent from both the control and 50 nM group (P < 0.05).

4.1.3. MitoTracker Red

MitoTracker Red has been utilized as a AW,,-sensi-
tive dye. since being reported as onc by Macho et al.
(1996). The linearity between AW, and MitoTracker
Red fluorescence has been brought into question duc to
thiol binding of MitoTracker Red (Ferlini et al., 1998;
Poot and Pierce, 1999a). It seems unlikely that this dye
would offer advantages over JC-1, TMRE or rho-
damine 123 for assessing AYW,,. Howcever, MitoTracker
Red can be fixed and maintain a mitochondrial-specific
localization, as observed in double labeling experiments
with cytochrome ¢ oxidase (Poot et al., 1996). Gilmore
and Wilson (1999) used flow cytometry to show that
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MitoTracker Red was AW,-sensitive because it de-
creased with depolarizing stimuli, but it could not
reliably indicate AW, at the time of fixation. Moreover,
MitoTracker Red has been implicated as a mitochon-
drial-specific photosensitiser, due to the laser-induced
mitochondrial damage observed in osteosarcomas (Mi-
namikawa et al., 1999). In light of these observations,
clear understanding of how MitoTracker Red influ-
ences neuronal and astrocytic mitochondria is neces-
sary. In the present experiments, the loading of
MitoTracker Red appeared AW, - and oxidant-depen-
dent in neurons, but not astrocytes. Following loading,
MitoTracker Red fluorescence relocalized during mito-
chondrial depolarization and increased following treat-
ment with FCCP and H,O, in astrocytes, and to a
lesser degree, neurons. It also appears to inhibit normal
respiratory activity through complex 1. These data illus-
trate that MitoTracker Red loading, stability and mito-
chondrial localization is contingent on cell type, AY,,,
ROS and/or free sulfhydryl groups. Therefore, in addi-
tion to being less than ideal as a AWY,, marker, Mito-
Tracker Red seems incapable of functionally
characterizing mitochondria in intact cells and should
be used only as a marker for the localization of normal,
energized mitochondria.

To determine whether MitoTracker dyes directly infl-
uenced bioenergetics, isolated rat brain mitochondria
were examined for resting and uncoupled (maximal)
respiration rates through complex I in the presence of
the different MitoTrackers. It was observed that Mito-
Tracker Green acted as both a weak uncoupler and
inhibitor of respiration and MitoTracker Red signifi-
cantly decreased the rate of maximal respiration. Mito-
Tracker Orange showed similar trends. These data
suggest that the MitoTracker dyes are capable of in-
hibiting normal mitochondrial respiration at puM con-
centrations. Previously, MitoTracker Orange was found
to inhibit complex I in isolated liver mitochondria and
was observed to induce PT and swelling and release
cytochrome ¢ (Scorrano et al., 1999). In the present
experiments, the respiration buffer contained physiolog-
ical concentrations of Mg?* and ATP and had a pH of
7.0 to minimize the likelihood of PT. The opening of
the PTP can lead to the loss of respiratory substrates,
such as NADH, as well as cytochrome c, thereby
confounding the assessment of the MitoTracker dyes
on respiratory chain activity. Moreover, since the Mito-
Tracker dyes are sulthydryl agents, they may increase
the probability of opening the PTP (Zoratti and Szabo,
1995). The respiration experiments were therefore de-
signed to enhance a straightforward assessment of res-
piratory chain activity through complex I and did not
test the MitoTracker dyes’ ability to induce transition.
In keeping with Scorrano et al. (1999), however, prelim-
inary experiments were performed in isolated liver mi-
tochondria and observed inhibition of respiration with

MitoTracker Red, and to a lesser extent with Mito-
Tracker Orange (data not shown).

Potential problems associated with the use of the
MitoTracker dyes, including their sensitivity to changes
in AY,,, oxidant status and quenching have been ad-
dressed in these experiments. Although these features of
the MitoTracker dyes makes data interpretation
difficult, it should be noted that numerous other mito-
chondrial-specific dyes (e.g. AW,-sensitive JC-1 and
TMRM) also suffer from several of the same caveats in
interpretation. For example, both JC-1 and TMRM
can respond to changes in the plasma membrane poten-
tial, although fluorescence changes caused by mito-
chondrial versus plasma membrane depolarizations
appear differently (Nicholls and Ward, 2000). Similar
plasma membrane potential contributions cannot be
ruled out with MitoTracker fluorescence. TMRM, be-
ing a rhodamine-based dye, is capable of quenching, in
a similar fashion to the MitoTrackers, and may be
sensitive to photo-oxidation (Nicholls and Ward, 2000).
JC-1, however, is a dual emission dye that exhibits
fluorescent monomers and aggregates. Although
quenching per se may not occur, JC-1 aggregates local-
ized specifically in mitochondria can disband during
depolarization and cause a transient increase in
monomer signal. It is also interesting to note that using
JC-1, Chinopoulos et al. (1999) have reported a slight
mitochondrial depolarization resulting from H,0,
treatment. However, Scanlon and Reynolds (1998)
noted that H,0, alters JC-1 fluorescence in a manner
distinct from other known depolarizing agents. Typical
depolarizing agents, such as FCCP, lead to increases in
JC-1 monomer signal, whereas H,0, leads to a decrease
in the aggregate signal. Thus, although it seems that
most mitochondrial dyes must be used with caution, a
direct relationship between AW, and fluorescence inten-
sity has been demonstrated with JC-1 and TMRM
(Ward et al., 2000). This direct relationship does not
appear to be as clear with the MitoTracker dyes.

There are clearly some potential limitations to the
present studies. The resolution obtainable with wide-
field microscopy precludes the ready assessment of the
fluorescence signal at the single mitochondrion level, so
that relocalization of dye is difficult to quantitatively
measure. Indeed, it is even difficult to conclusively
establish that the punctate staining that has been ob-
served is associated with mitochondria, because any
correlative co-staining approach would also require as-
sumptions about the localization of the co-stain. The
impact of permeability transition on the localization of
the dyes was not monitored because of the lack of an
unequivocal method for inducing robust and measur-
able transition in intact neurons or astrocytes. Never-
theless, the characterization provided by this study will
help to establish suitable methods for the use of these
dyes, and suggests caution when using the MitoTrack-
ers for even a semi-quantitative determination of AY,,
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Recent observations showed that a mitochondrial Ca’™ increase is necessary for an NMDA
receptor stimulus to be toxic to cortical neurones. In an attempt to determine the magnitude of
the Ca™ fluxes involved in this phenomenon, we used carbonylcyanide-p-(trifluoromethoxy)-
phenylhydrazone (FCCP), a mitochondrial proton gradient uncoupler, to release mitochondrial
free calcium ([Ca’*],) during and following a glutamate stimulus, and magfura-2 to monitor
cytoplasmic free calcium ([Ca’*],).

FCCP treatment of previously unstimulated neurones barely changed [Ca"], whereas when
added after a glutamate stimulus it elevated [Ca**], to a much greater extent than did exposure
to glutamate, suggesting a very large accumulation of Ca* in the mitochondria.

Mitochondrial Ca’™ uptake was dependent on glutamate concentration, whereas the changes in
the overall quantity of Ca™ entering the cell, obtained by simultaneously treating neurones
with glutamate and FCCP, showed a response that was essentially all-or-none.

Mitochondrial Ca** uptake was also dependent on the nature and duration of a given stimulus
as shown by comparing [Ca**], associated with depolarization and treatment with kainate,

NMDA or glutamate. Large mitochondrial Ca** accumulation only occurred after a glutamate
or NMDA stimulus.

These studies provide a method of estimating the accumulation of Ca** in the mitochondria of
neurones, and suggest that millimolar concentrations of Ca’ may be reached following intense
glutamate stimulation. It was shown that substantially more Ca’*" enters neurones following
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glutamate receptor activation than is reflected by [Ca’'], increases.

Glutamate is the predominant excitatory neurotransmitter
in mammalian brain (Headley & Grillner, 1990). However,
an excess of glutamate can be toxic to various populations
of neuronal cells (Rothman & Olney, 1986; Choi et al. 1987;
Manev et al. 1989). Delayed glutamatergic excitotoxicity
has been identified as a consequence of NMDA receptor
activation which requires an intracellular calcium ([Ca’*])
increase (Choi, 1987; Randall & Thayer, 1992; Hartley et
al. 1993). Although mitochondria are known to accumulate
Ca™ following cytosolic free calcium ([Ca’*]) increases in
neurones (Nicholls & Akerman, 1982; White & Reynolds,
1995), it was thought for a long time that this process was
not involved in cell death but in preventing toxicity
associated with elevated [Ca*'},. However, recent studies
showed that when mitochondrial Ca®* uptake is
prevented during glutamate stimulation, neuronal cells
survive toxic doses (Dessi et al. 1995; Budd & Nicholls,
1996 b; Stout et al. 1998).

Ca’™ entry in mitochondria may be linked to cell death in
many ways. These include changes in the polarization

state of the mitochondria which jeopardize the energy
balance maintained by the metabolic functions of the
mitochondria and also lead to the production of reactive
oxygen species (for reviews see Duchen, 1999; Nicholls &
Budd, 2000). Several studies have monitored alterations
in mitochondrial free calcium ([Ca’],) using fluorescent
indicators such as rhod-2 (Peng & Greenamyre, 1998;
Peng et al. 1998). However, rhod-2 has a relatively high
affinity for Ca™ and it is not clear that it can accurately
report [Ca”],, under conditions involving large fluxes of
Ca®* which may lead to the saturation of the dye. .

We used the protonophore carbonyleyanide-p-(trifluoro-
methoxy)phenylhydrazone (FCCP) to release mitochondrial
Ca®™ into the cytoplasm (Duchen, 1990; Thayer & Miller,
1990; Kiedrowski & Costa, 1995), where it is measured
with the low affinity Ca’*-sensitive fluorescent dye
magfura-2 (Raju et al. 1989; Stout & Reynolds, 1999). We
were able to demonstrate that mitochondrial Ca®*
accumulation is large compared to that seen in the
cytoplasm during a given stimulus and to establish the
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kinetics of Ca*t fluxes during and after different
stimuli.

METHODS

Cell culture

Pregnant Sprague-Dawley female rats were anaesthetized with
dicthyl ether inhalation until complete loss of responsiveness to tail
and foot pinch was achieved. Embryonic day 17 fetuses were
released from the uterus and decapitated. The mothers were then
humanely killed without being allowed to regain consciousness. The
forebraing were then removed from the fetuses and dissected as
follows. The lobes were incubated in 0.005-0.01 % trypsin in 2 ml of
Ca®*, Mg“-frw medium (mM: 115 NaCl, 5.4 KCI, 26.2 NaHCO,,
9.9 NaH.PQ,, 5.5 glucose; 0.001 % phenol red, and minimum
essential medium amino acids; pH was adjusted to 7.4 with NaOH)
for 30 min at 37°C. The tissue was triturated an average of 12 times
before the volume was brought to 10 mland viability determinations
were made with trypan blue (0.08%) exclusion. The plating
suspension was diluted to 450000 cells mI™" using plating medium
(v/v solution of 90 % Dulbeeeo’s modified Eagle’s medium, 10% heat-
inactivated fetal bovine seram, 24 uml™ penicillin, 24 gg m1™
streptomyein; final glutamine concentration, 3.9 my). Cells were
plated onto poly-b-lysine-coated (M, = 120400; 40 mg mi™') 31 mm
glass coverslips that were inverted 1 day later into maintenance
medium (horse serum substituted for fetal bovine serum, all other
constituents identical). Neurones were used after 13-16 days in
culture, with no further medium changes. These culture conditions
provide the sparse, glia-poor neuronal cultures that are optimal for
fluorescence microscopy measurements. Kach experiment described
was performed on 8-25 neurones per coverslip and 5-15 coverslips
from two or more different culture dates. All procedures using
animals were in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the University of Pittsburgh’s Institutional Animal
Care and Use Committec.

Solutions and drugs

For perfusion of coverslips in the fluorescence microscopy
experiments, we used a Hepes-buffered salt solution (HBSS, adjusted
to pH 7.4 with NaOH) of the following composition (my): NaCl 137,
K15, NaHCO, 10, Hepes 20, glucose 5.5, KH,PO, 0.6, Na,HPO, 0.6,
CaCly 1.4 and MgS0, 0.9. Ca™ was omitted in the Ca™-frec HBSS
buffer; high KCI buffer contained 50 myt KCl and 92 my NaC'l. The
drugs used in the present experiments were purchased from Sigma
(USA) and prepared from the following stock solutions: 1-100 uM
glutamate from 10 my in water, 1 pM glycine from 10 m¥ in water,
750 ny FCCP from 750 gt in methanol, 100 gy kainate from 10 my
in water and 300 gy N-methyl-D-aspartic acid (NMDA) from 10 my in
water. One micromolar glycine was always added to the glutamate-
and NMDA-containing solutions. For treatments with FCCP alone,
the drug was diluted in Ca™ -free buffer to avoid external Ca™ entry
in the cells.

[Ca®"], measurements

A 1 m¥ stock solution for the acetoxymethyl ester form of magfura-2
(magfura-2 AM; Molecular Probes) was prepared in anhydrous
DMSO. Coverslips were incubated in HBSS containing 5 uM of
magfura-2, 0.5% DMSO and 5 mg ml™ bovine serum albumin for
10—15 min at 37 °C. Cells were then rinsed with HBSS, mounted on a
record chamber and perfused with HBSS at a rate of 20 ml min™". All
recordings were made at room temperature (20-25°C). The imaging
system used in this study consisted of a Nikon Diaphot 300 inverted
microscope fitted with a x 40 objective, a digital camera (Hamamatsu
Corporation, NiJ, USA) and a 75 W xenon lamp-based monochromator
light source (Applied Scientific Instrumentation Inc., OR, USA) as
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specified (Stout ¢f al. 1998). Cells were alternately illuminated with
335 nm and 375 nm wavelengths. Incident light was attenuated with
neutral density filters (ND 0.5 and 0.3 for 16% transmittance;
Omega Optical, V'T', USA) and emitted fluorescence passed through a
515 nm dichroic mirror and a 535 nm/525 nm band pass filter
(Omega Optical). Background fluorescence, determined from three
cellfree regions of the coverslips, was subtracted from all the signals
prior to calculating the ratios. The baseline ratio corresponded to the
last ratio before the first stimulus (usually glutamate; see the arrows
in Fig. 1A-D). The areas under curve (AUCS) were caleulated from
baseline-subtracted magfura-2 ratios during the first 5min of a
given stimulus as deseribed (see Fig. 1 Fand (7).

Statistics

Student’s unpaired ftest and one-way analysis of variance (ANOVA)
coupled with Bonferron’s multicomparison post  hoe test were
performed using Prism 3.0 software (GraphPad Software Inc., San

Diego, (1A, USA).

RESULTS
Ca” uptake and Ca® release in neuronal cells

We have previously shown that the Ca* that enters colls
during glutamate application is largely due to NMDA
receptor activation, and that a substantial fraction of the
‘a* load is buffered by mitochondria (White & Reynolds,
1997). In this study, we used the low  affinity Ca™
indicator magfura-2 to estimate [Ca™"]. (Raju et al. 1989,
Stout & Reynolds, 1999). We ruled out the possibility that
magfura-2 was measuring large cytoplasmic [Mg**]
changes, because Calcium Green-5N, a low affinity Ca™*
dye that is insensitive to Mg™ (Rajdev & Reynolds, 1993)
produced qualitatively similar results in the protocol
described below (J. B. Brocard & 1. J. Revnolds, unpublished
observations). Magfura-2 is almost exclusively found in
the eyvtoplasm of neurones under the loading conditions
used here because all of the dyve could be released (as
indicated by a decrease of cell-associated fluorescence) by
a low concentration of digitonin (£ 5 gv) that selectively
removed the plasma membrane (Ishijima et al. 1991).
Magfura-2 loaded into the cells could be quenched by the
addition of Mn**, in a depolarizing solution to the outside
of the cell; dye released from neurones by § g digitonin
displayed a peak excitation wavelength of 340 nm when
incubated with saturating Ca®* concentrations and could
also be completely quenched by Mn**, which does not bind
to the uncleaved magfura-2 AM (Brocard et al. 1993). To
evaluate [Ca™], following glutamate stimulation we used
the protonophore FCCP, which rapidly and reversibly
auses the mitochondrial membrane potential to collapse.
This results in the release of Ca™ from the mitochondria,
probably by the reversed operation of the Ca™ uniporter
(Budd & Nicholls, 1996a). Thus, assessing [Ca™], during
an FCCP application in the absence of Ca™ in the external
buffer corresponds to measuring [Ca®],.

. . 2
Concentration-dependent increase of [Ca®'],
Representative curves of magfura-2 ratios (background
subtracted) obtained for 1, 3, 10 and 30 gn glutamate
are shown in Fig. 1 A—D. The arrows indicate the ratio
taken as the baseline for further studies. They show a
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Figure 1. Evaluation of [Ca™], and mitochondrial Ca’™ accumulation during and following a

glutamate stimulus

A-D, representative traces obtained from = neurones treated with 1 (4), 3 (B), 10 (C) or 30 um (D)
glutamate and with FCCP as indicated. The arrows point to the ratio taken as the baseline. The FCCP
applications were performed in the absence of Ca’* in the buffer. E, means 4 $.E.M. of the magfura-2 ratios
(baseline subtracted) obtained from = coverslips for each glutamate treatment: 1 gM glutamate (A; n = 5),
3 pM glutamate (W; n = 10), 10 uM glutamate (A; n = 10), 30 uM glutamate (V; n = 15). F, mean + S.EM.
of the magfura-2 ratios (baseline subtracted) obtained from 15 coverslips with 30 uM glutamate (V;
n = 15) and areas under the curve (AUCSs) used as a measure of the [Ca®"]; changes after the glutamate
stimulation (open area) and the FCCP application (hatched area). ¢, means + s.E.M. for AUCs as described
in F, for the 30 uM glutamate stimulus ((J) and the FCCP treatment (Il).
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concentration-dependent increase of [Ca®™*]. with both
glutamate and FCCP. These curves represent the means
from 8-25 neurones on a single coverslip, and the mean
response is considered to be a single experiment. The
mean magfura-2 ratios obtained from 5-15 experiments
with each concentration of glutamate were baseline
subtracted and plotted in Fig. 1 E. Due to the variability
in the characteristics of the Ca® responses in single cells
(as exemplified in Fig. 24 and B), we calculated the area
under the curve (AUC), defined as the sum of the
baseline-subtracted ratios for the duration of the
treatment (Fig. 1F), as a measure of the overall [Ca™;
changes occurring during a specific treatment (Fig. 1G).
Mean AUCs + s.iM. for glutamate-induced and FCCP-
induced Ca™ responses are shown in Fig. 34. At all
concentrations, the FOCP-induced Ca™ release is greater
than that observed during the glutamate treatment.
Thus, most of the Ca** entering the neurones is not
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Figure 2. Variability in single-cell responses
during and following a glutamate stimulus
Traces for single cells treated with 3 gy (A4 ) or

30 uM (B) glutamate corresponding to Fig. 1 Band D),
respectively.
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measured by the fluorescent dye during the glutamate
treatment (Thayer & Miller, 1990). The ratio of the FCCP-
induced to the glutamate-induced [Ca™ ], changes (F/C
ratio) is also concentration dependent and increases with
the concentration of glutamate used during the stimulus
(Fig. 3B). However, the increase in the rate of Ca™
uptake seems to reach a maximum at high concentrations
of glutamate. Taken together, these data indicate that
the higher the glutamate concentration, the more Ca®* is
taken up by the mitochondria until the limit of their
capacity is reached.
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Figure 3. Dose-dependent increase of [Ca®*]. and
[Ca**],, during and following a glutamate stimulus
A, ncoverslips were treated as indicated in Fig. 1 and
means £ S.EM. for AUCs after the glutamate (open
bars) and FCCP treatments (hatehed bars) were
plotted. * Significant differences from the
corresponding FCCP treatment, Student’s unpaired
ftest; P<0.05. B, means + 5.k of normalized ratios
of FCCP-induced to glutamate-induced [Ca**],
changes. * Significant difference from the 1 g and

3 pM glutamate treatments, ANOVA followed by
Bonferroni’s test; P> < 0.05. § Significant differences
from the 10 gy glutamate treatment, ANOVA
followed by Bonferroni’s test; 12 < 0.05.
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Overall cellular Ca* uptake during a glutamate
stimulus

By inactivating the predominant Ca** buffering
mechanism with FCCP during glutamate stimulations, it
is possible to evaluate the overall quantity of Ca** being
taken up by the neurones (Stout et al. 1998).

A
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Representative curves of magfura-2 ratios (background
subtracted) obtained for glutamate (0, 1, 3, 30 and
300 um) + FCCP are shown in Fig. 44—E. AUCs obtained
for those treatments are shown in Fig. 4F. Although the
concentration at which glutamate started to produce a
sizeable response was similar in the absence or presence of
FCCP, there appeared to be an all-or-none characteristic
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Figure 4. Evaluation of [Ca®*], and [Ca®*], during a simultaneous glutamate + FCCP stimulus

A-E, representative traces obtained from n neurones treated with 0 (4), 1 (B), 3 (), 30 (D) or 300 uM
glutamate (E) + FCCP as indicated. F, n coverslips were treated as indicated above and means + S.E.M.
for AUCs after the glutamate + FCCP treatments were plotted. * Significant differences from 0 and 1 pm
glutamate treatments, ANOVA followed by Bonferroni’s test; P < 0.05.
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of Ca** in the buffer. Neurones treated for 0 min were subjected to the same experimental procedure but
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to the concentration—response relationship for glutamate
in the presence of FCCP. However, at most concentrations,
the AUCs shown in Fig. 4F appear to reflect the sum of
the glutamate-induced transient and the subsequent
FCCP-induced release (with the notable exception of the
measurements made with 3 gM glutamate) suggesting
that this approach does provide a reasonable estimate of
the total Ca’* load during glutamate exposure.

Duration-dependent increase of [Ca’*],, after a
glutamate stimulus

We next sought to determine the time dependence of
the mitochondrial Ca’™ accumulation in the neurones.
Representative curves of magfura-2 ratios (background
subtracted) obtained for 0, 1, 3, 5, 10 and 20 min of 30 uM
glutamate stimulation are shown in Fig. 54-F. AUCs
obtained for the FCCP treatment correspond to
significantly bigger [Ca®*], changes than that measured in
the cytoplasm during any glutamate stimulus shorter
than 10 min (Fig. 64). However, after 20 min of 30 uM
glutamate activation, the AUC obtained after the FCCP
treatment is significantly smaller than the [Ca’*]; change
measured during the stimulus (Fig. 64). Thus, the F/G
ratio is stable for 1-5 min of glutamate treatment, then
drops for 10 and 20 min to a value significantly smaller
than that observed for 1, 3 or 5 min (Fig. 6.B).

Recovery-dependent decrease of [Ca’*],,

We also estimated the rate of Ca®* extrusion from the
mitochondria by varying the duration of the washout
following a 30 uM glutamate stimulus. Representative
curves of magfura-2 ratios (background subtracted)
obtained for 0, 5, 10 and 20 min after exposure to
glutamate when the cells were washed in the absence of
external Ca’* are shown in Fig. 74-D. As a comparison,
the response obtained when using FCCP in previously
unstimulated cells is shown in Fig. 7E. AUCs obtained for
the FCCP treatment 0—5 min after glutamate correspond
to higher [Ca**],, than 10 or 20 min after the stimulus or
in previously unstimulated cells (Fig. 7F). The absence of
Ca®™ in the medium during glutamate washout did not
significantly alter Ca® extrusion from the neurones.
However, after a [Ca’'],, decrease of threefold within the
first 10 min of Ca’*-free buffer washout, it stays stable
over the next 10 min period. Thus, [Ca’], is still higher
after 20 min of washout compared to previously
unstimulated cells (Fig. 7F).

Stimulus-dependent increase of [Ca’*],,

Previous studies have suggested that the magnitude of
[Ca**], increase depends on the route of Ca’ entry per se
(Sattler et al. 1998), whereas others showed that only
NMDA receptor activation would lead to large [Ca’"],
followed by high [Ca™], increases (Hyre et al. 1997; Stout
& Reynolds, 1999; Keelan et al 1999). Moreover, as
magfura-2 is sensitive to physiological [ Mg**], (Raju et al.
1989), it was important to determine whether there were
dye changes in the absence of Ca’ in the buffer. We
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investigated these principles further by exposing
neurones to other stimuli that elevate Ca’ to a varying
extent (Stout & Reynolds, 1999). Representative curves
of magfura-2 ratios (background subtracted) obtained for
30 uM glutamate in Ca’ free buffer, high KCl buffer,
100 uM kainate and 300 uM NMDA are shown in Fig. 8.
AUCs obtained using glutamate in Ca** free buffer, high
KCl or kainate correspond to significantly smaller Ca’*
fluxes than the [Ca’"], change obtained with 30 uM
glutamate (Fig. 94). Similarly, Ca® responses with FCCP
following those stimuli are significantly smaller than the
response obtained with FCCP after a 30 uM glutamate
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Figure 6. Duration-dependent increase of [Ca’*],
and [Ca®],, during and following a glutamate
stimulus

4, ncoverslips were treated as indicated in Fig. 5 and
means + S.E.M. for AUCs after the glutamate (open
bars) and the FCCP treatments (hatched bars) were
plotted. * Significant differences from the
corresponding FCCP treatment, Student’s unpaired ¢
tests; P <0.05. B, means + S.E.M of normalized ratios
of FCCP-induced to glutamate-induced cytoplasmic
Ca™ changes. * Significant differences from the

20 min glutamate treatment, ANOVA followed by
Bonferroni’s test; P < 0.05. T Significant differences
from the 10 min glutamate treatment, ANOVA
followed by Bonferroni’s test; P < 0.05.
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stimulation (Fig. 9B). Interestingly, though, the magnitude
of the [Ca™], changes following glutamate stimulation in
Ca’ free buffer and kainate is significantly higher than
the [Ca®*], change observed in previously unstimulated
cells (see Fig. 7F, and J. B. Brocard & I. J. Reynolds,
unpublished observations).
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DISCUSSION

The goal of these experiments was to develop a method of
measuring the mitochondrial Ca®™ accumulation during
and after glutamate stimulation in cortical neurones. The
protonophore FCCP was used to release Ja®t from
mitochondria, and the Ca®™ elevation was detected in the
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Figure 7. Recovery-dependent decrease of [Ca’*],, following a glutamate stimulus

A-D, representative traces obtained from » neurones treated with 30 gM glutamate, rinsed for 0 (4), 5
(B), 10 (€) or 20 min (D) in Ca**-free buffer and treated with FCCP as indicated. K, n previously
unstimulated cells were treated with FCCP only, as indicated. The FCCP applications were performed in
the absence of Ca®* in the buffer. ¥, n coverslips were treated as indicated above and means + ..M for
AUCs obtained after the glutamate and FCCP treatments were plotted. * Significant differences from 10
and 20 min recovery, ANOVA followed by Bonferroni’s test; P < 0.05. T Significant differences from
previously unstimulated cells, ANOVA followed by Bonferroni’s test; P < 0.05.
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cytoplasm using the low affinity Ca*" indicator magfura-2.
Our results demonstrate the value of this approach, as we
show that mitochondrial Ca’" accumulation is dependent
on the glutamate concentration, the time of exposure to
glutamate and the duration of the washout following the
glutamate stimulus. The only exception seems to be the
Ca’™ increases measured during combined FCCP and
glutamate applications (Fig. 4). This result may be
explained by the inhibition of the NMDA receptor
through high [Ca’*],, thereby underestimating the overall
Ca™ entry at high glutamate concentrations (Rosenmund
et al. 1995). However, the most notable observation is the
size of the [Ca’*], pool. The Ca’™ changes detected by
magfura-2 approached the maximal ratios we have
obtained with this dye, suggesting that the dye is close to
being saturated with Ca®*. Given that the K, of the dye
for Ca’" is ~10—20 uM (Raju et al. 1989; Stout & Reynolds,
1999), this suggests that [Ca™], following FCCP-induced
release may significantly exceed 100 yM. When one
considers that the usual estimate of the fractional volume
of the cytoplasm occupied by mitochondria is < 5% (Scott
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& Nicholls, 1980) this implies that [Ca®*], following
exposure to glutamate approaches several millimolar.

This study reveals some interesting characteristics of the
relationship between [Ca’], and [Ca’™], after NMDA
receptor activation. The threshold glutamate concentration
for producing [Ca’], increase in this study was
approximately 1 uM, and this led to similar small
increases in magfura-2 fluorescence during the stimulus
and FCCP application. Higher glutamate concentrations
produced an elevation in [Ca™], that exceeds the set point
with the result that there is a progressive accumulation of
Ca’ in the matrix (Nicholls, 1978). There was a clear
relationship between the magnitude of the [Ca**],
response to glutamate (between 1 and 100 M) and the
subsequent FCCP-induced Ca’ release from the
mitochondrial Ca’* stores following a 5 min glutamate
exposure. This suggests that the approach provides a
reasonable, semi-quantitative estimate of [Ca®*], under
these conditions. A similar relationship was observed
when the time of glutamate exposure was varied between
1 and 5 min, again suggesting that the method can report

B 1.0
0.8
[2]
S
® 06
o
&
2
9 04
=
0.2
I e m AR A A A A MAAAN AR AR N ANy
00 KCI 50 mM FCCP (0 Ca?*) n=15
400 600 800 1000 1200 1400 1600 1800
D Time (s)
1.0,
0.8
0w
S
® 06
o
&
S
o 0.4]
s
0.2 e
NMDA 300 pM FCCP (0 Ca®")
n=16

0 y
200 400 600 800 1000 1200 1400 1600
Time (s)

Figure 8. Evaluation of [Ca’], and mitochondrial Ca®* accumulation during and following various

stimuli

A-D, representative traces obtained from n neurones treated with 30 uM glutamate in Ca™-free buffer
(4), 50 mm KCl (B), 100 uM kainate (C) or 300 um NMDA (D) and FCCP as indicated. The FCCP
applications were performed in the absence of Ca’* in the buffer.
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mitochondrial Ca® accumulation under the conditions of
these experiments. It is worth noting, though, that the
relationship between [Ca®**],, and [Ca®*). is not linear
under these circumstances, as revealed by the variation in
the F/G ratio obtained with increasing concentrations of
glutamate (Fig. 3B). This non-linear relationship could be
due to the inherent properties of the low-affinity dve
magfura-2 itself, as described elsewhere (Hyre et al
2000), or alternatively it could be a consequence of the
activation of the mitochondrial Ca’* uniporter by high
[Ca**]., as reported previously (Colegrove et al. 2000).
Furthermore, mitochondrial Ca®™ buffering capacity is
limited as becomes evident when stimulating cells with
concentrations of glutamate greater than 100 uM or for
periods of time beyond & min. With these more extreme
stimulation protocols we observed that the F/G ratio
decrcased, reflecting a limitation in the accumulation of
Ca’™ by mitochondria. This could reflect a saturation
phenomenon, where the limit of the ability of mitochondria
to accumulate Ca®™ is reached. Alternatively, the
limitation could reflect the dissipation of the gradient
that drives Ca*" into the mitochondria (A‘I’,,,, Zocearato &
Nicholls, 1982), the glutamate-induced Ca’*-dependent
decrease of A¥,, being a well-characterized property of
neuronal mitochondria (Khodorov et al. 1996; Schinder et
al. 1996; White & Reynolds, 1996; Vergun et al. 1999). Tt
is also possible that the later failure of Ca™ accumulation
and/or release of matrix Ca® in these long exposures
reflects activation of permeability transition (Hunter &
Haworth, 1979; Al Nasser & Crompton, 1986). However,
recent studies argued against the induction of transition
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in a similar experiment (Castilho et al. 1998; Huser ef al.
1998). Interestingly, [Ca™], always stayed high for the
whole duration of the FCCP treatment, probably
reflecting a continuous release of Ca** from the
mitochondria and/or a slow rate of Ca** extrusion from
the (*\'t()plasm. Given that the subsequent decline in
[Ca**], appeared to be the consequence of FCCP removal,
this observation suggests that the FCCP treatment was
not of sufficient duration to empty the mitochondria of
caleium. It is not clear whether thisis due to the relatively
slow mobilization of intramitochondrial calcium, or
whether the efflux pathway is rate limiting in this
process.

For smaller concentrations of glutamate (1 gM) and non-
NMDA stimulation, the stimulus- and FCCP-induced
increases in magfura-2 fluorescence are not necessarily
related to mitochondrial Ca** accumulation. We first
confirmed that the initial [Ca®], in previously
unstimulated cells is very small by monitoring magfura-2
fluoresence increase during an FCCP application to
untreated cells (see Fig. 7E). This content was estimated
to be << 1 uM (J. B. Brocard & I. J. Reynolds, unpublished
observations) when using fura-2, a fluorescent dye more
sensitive to Ca™" (Grynkiewicz ef al. 1985; Stout &
Revnolds, 1999). The magfura-2 fluorescence increases
obtained when using 0 M glutamate (4+1 gn glycine; sce
Methods) followed by FCCP were identical to those
observed in previously unstimulated cells, thus confirming
the absence of any intrinsic ability of glycine to activate
the NMDA receptor (Johnson & Ascher, 1987).
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Figure 9. Stimulus-dependent increase of [Ca’*], and [Ca®*],

n coverslips were treated as indicated in Fig. 8 and means + s.E1L for AUCs obtained after the stimuli (4)
and the FCCP (B) treatments were plotted. * Significant differences from the 30 g3 glutamate treatment,

ANOVA followed by Bonferroni’s test; P < 0.05.
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The use of 1 uM glutamate led to similar small increases in
magfura-2 fluorescence during the stimulus and FCCP
application. If there is any Ca’" entry, it does not lead to
[Ca™], changes large enough to trigger the process of
mitochondrial buffering (Nicholls, 1978; see above).
Identical results were obtained when using depolarization
as a stimulus. In contrast, increases in magfura-2
fluorescence observed during a 30 uM glutamate stimulus
followed by an FCCP application, all in Ca** free buffer,
are unlikely to be due to Ca’* variations. However, we
previously demonstrated that glutamate can stimulate
the influx of Mg™ in Ca’*-free buffer, and this may be the
source of magfura-2 fluorescence changes in the absence
of Ca™ (Brocard et al. 1993; Stout et al. 1996). Interestingly,
the AUC obtained during FCCP application in this
experiment is higher than that obtained when the drug
was applied to previously unstimulated cells. Therefore,
this signal could be due to either Mg** initially taken up,
then extruded by the mitochondria, or Mg®* released from
ATP during the FCCP application (Leyssens et al. 1996).
Interestingly, similar observations were made with
kainate stimuli (in the presence of Ca®** in the buffer); in
this case, it is difficult to decide between a Ca**- or a
Mg®*-specific increase or both.

Several previous studies have described the determination
of [Ca’], in neurones. Perhaps the most direct approach
involves electron microprobe X-ray analysis to determine
the mitochondrial ion content (Pivovarova et al. 1999;
Taylor et al. 1999). However, as of yet it has not proved
possible to apply this method to monolayer cultures of
neurones, and it is also rather more difficult to establish
time courses with this technique. Others have reported
the use of fluorescent indicators that report Ca’* and
preferentially accumulate in mitochondria. The major
limitation in this approach would appear to be the
problem of dye saturation. For example, rhod-2 has an
affinity for Ca** of ~0.5 M, and can selectively accumulate
in mitochondria because the acetoxymethyl ester is a
partially charged cation (Peng & Greenamyre, 1998; Peng
et al. 1998). However, as noted above, the estimate of
[Ca’], suggests that millimolar concentrations might be
expected, which is far beyond the levels that these dyes
can measure accurately. Alternatively, it is also possible
that a substantial majority of the Ca’ that enters
mitochondria is not actually free in solution, and is
instead precipitated as calcium phosphate or sequestered
in some other form in the matrix (Lehninger, 1974;
Zoccarato & Nicholls, 1982). Thus, the actual [Ca®*], may
still be in the low micromolar range.

We have not directly investigated the efflux mechanisms
triggered by FCCP. It has previously been reported that
the dissipation of A, results in the reverse operation of
the Ca’ uniporter in isolated mitochondria (Budd &
Nicholls, 1996a). Other potential efflux mechanisms are
the mitochondrial Na*—Ca** exchanger (White &
Reynolds, 1995 and references therein) and the activation
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of permeability transition (for review see Duchen, 1999;
Nicholls & Budd, 2000). As already noted, it is likely
that some fraction of the Ca® that accumulates in
mitochondria is taken out of solution in the form of
calcium phosphate or some other insoluble form in the
matrix (Lehninger, 1974; Zoccarato & Nicholls, 1982). It is
difficult to establish the extent to which this alters the
characteristics of the efflux that we observed. We might
tentatively infer, based on the experiments shown in
Fig. 7, that there are two pools of releasable Ca**. The
first and larger pool leaves the mitochondria within
10 min, while the second pool remains stable prior to.the
addition of FCCP. One might speculate that these pools
represent soluble and insoluble forms of Ca™ in the
mitochondrion, recognizing that there is as yet, little
direct evidence to support this supposition. Alternatively,
the activation of the Ca’ efflux routes may be less
sensitive to [Ca’*],, than entry routes are to [Ca**],. In any
case, whatever the form of Ca® that these pools
represent, both must be mobilized by the effects of FCCP,
either as the result of the alteration of membrane
potential or by the change in the matrix pH.
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Spontaneous Changes in Mitochondrial Membrane Potential in

Cultured Neurons

Jennifer F. Buckman and lan J. Reynolds

, Department of Pharmacology, University of Pittsburgh, Pittsburgh, Pennsylvania 15261

Using the mitochondrial membrane potential (AP, )-sensitive flu-
orescent dyes 5,5',6,6'-tetrachloro-1,1",3,3'-tetraethylbenzimida-
zolocarbocyanine iodide (JC-1) and tetramethylrhodamine methyl
ester (TMRM), we have observed spontaneous changes in the
AV, of cultured forebrain neurons. These fluctuations in A,
appear to represent partial, transient depolarizations of individual
mitochondria. The frequency of these AV, fluctuations can be
significantly lowered by exposure to a photo-induced oxidant
burden, an ATP synthase inhibitor, or a glutamate-induced
sodium load, without changing overall JC-1 filuorescence inten-
sity. These spontaneous fluctuations in JC-1 signal were not

inhibited by altering plasma membrane activity with tetrodo-
toxin or MK-801 or by blocking the mitochondrial permeability
transition pore (PTP) with cyclosporin A. Neurons loaded with
TMRM showed similar, low-amplitude, spontaneous fluctua-
tions in AY, .. We hypothesize that these AV, fluctuations are
dependent on the proper functioning of the mitochondria and
reflect mitochondria alternating between the active and inactive
states of oxidative phosphorylation.

Key words: mitochondria; membrane potential; ATP; JC-1;
TMRM; F,Fo ATPase

Mitochondria have been implicated in excitotoxic injury path-
ways, as well as injury mechanisms manifested as apoptotic or
necrotic death processes. The mitochondrial membrane potential
(AW ,) has often been used as a marker for mitochondrial activity
and neuronal viability during the various cell death cascades (for
review, see Kroemer et al, 1998; Nicholls and Ward, 2000).
Injurious stimuli, leading to either excitotoxicity or apoptosis, can
lead to profound depolarization of A¥,, resulting from abnor-
malities in neuronal processes, including alterations in intracel-
lular calcium dynamics and the opening of the mitochondrial
permeability transition pore (PTP) (Ankarcrona et al., 1995;
Nieminen et al., 1996; Schinder et al., 1996; White and Reynolds,

1996; Vergun et al., 1999; Budd et al., 2000). Although a loss of

AV¥_ may be linked to various inducers of cell death, these are
observed as large and possibly catastrophic changes in mitochon-
drial function.

Mitochondria under physiological conditions also play active
roles in the maintenance of normal cellular functioning. A key
feature of mitochondria that allows them to participate in cell
survival is proton pumping across the impermeable inner mem-

brane. This generates an electrochemical gradient, composed of
. A%, and ApH, which is used for ATP synthesis, ADP-ATP

" exchange, uptake of respiratory substrates and inorganic phos-
phate, transport of K™, Na*, and anions to regulate volume, and
T regulation of protons to control heat production (for review, see
* Bernardi, 1999). Mitochondria also play protective roles by buff-
ering cells against high concentrations of calcium (Budd and
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Nicholls, 1996; White and Reynolds, 1997; Stout et al., 1998) and
sequestering proapoptotic agents, such as cytochrome ¢ (for re-
view, see Green and Reed, 1998; Desagher and Martinou, 2000).
Compared with the catastrophic changes in acute injury states,
healthy mitochondria may exhibit smaller functional changes in
ion transport, ATP production or consumption, volume, and
permeability, all of which may impact A¥_, to optimize the
balance between the need for respiration and ATP synthesis and
the production of free radicals (Nicholls and Budd, 2000). In the
present experiments, the physiological activity of mitochondria
has been assessed using AW _-sensitive fluorescent dyes. These
dyes exhibit exceptional sensitivity to small changes in AW
(Ward et al,, 2000) and offer the opportunity to study subtle
activities inherent in mitochondria.

Several laboratories have reported fluctuations in A¥_ in iso-
lated mitochondria (Ichas et al., 1997; Huser and Blatter, 1999),
cardiomyocytes (Duchen et al., 1998), neuroblastoma (Loew et
al., 1994; Fall and Bennett, 1999), vascular endothelial (Huser and
Blatter, 1999), and pancreatic B-cells (Krippeit-Drews et al,,
2000). We report here that spontaneous, low-amplitude changes
in the A¥_ occur in neuronal mitochondria. The widespread
occurrence of these spontaneous fluctuations have prompted us
to hypothesize that mitochondria exhibit partial, transient depo-
larizations that represent an inherent physiological function of
mitochondria thus far undescribed in neurons. A significant role
for the functional state of mitochondria in these fluctuations in
AW is discussed.

MATERIALS AND METHODS
Cell culture

All procedures were in strict accordance with the NIH Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of the University of Pittsburgh. Pri-
mary forebrain neurons were prepared as described previously (White
and Reynolds, 1995). Briefly, forebrains from embryonic day 17 Sprague
Dawley rats were removed and dissociated. Cells were plated on poly-
D-lysine-coated 31 mm glass coverslips at a density of 450,000 per
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millititer (1.5 ml/coverslip) and inverted after 24 hr to decrease glial
growth. Experiments were performed when cells were 12-14 d in culture.

Solutions

Coverslips were perfused with HBSS containing (in mm): 137 NaCl, 5
KCl, 10 NaHCOs, 20 HEPES, 5.5 glucose, 0.6 KH,PO,, 0.6 Na,HPO,,
1.4 CaCl,, and 0.9 MgSO,, pH adjusted to 7.4 with NaOH. (+)-5-Methyl-
10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-
801) (10 mM stock in dH,O) was purchased from Research Biochemicals
(Natick, MA), cyclosporin A (20 mM stock in methanol) from Calbio-
chem (San Diego, CA), kainic acid (10 mM stock in dH,0), oligomycin
(10 mM stock in ethanol), and p-(trifluoromethoxy)phenylhydrazone
(FCCP) (750 uM in methanol) from Sigma (St. Louis, MO), and tetro-
dotoxin (TTX) (200 mM stock in dH,0) from Alomone Labs (Jerusalem,
Israel). Tetramethylrhodamine methyl ester (TMRM) and 5,5',6,6'-
tetrachloro-1,1",3,3'-tetraethylbenzimidazolocarbocyanine iodide (JC-1)
were purchased from Molecular Probes (Eugene, OR).

Fluorescence imaging

Coverslips were mounted on a BXS0WI Olympus Optical (Tokyo, Ja-
pan) light microscope fitted with an Olympus Optical LUMPlanFI 60x
water immersion quartz objective. All recordings were made at room
temperature while cells were perfused with 10 ml/min HBSS (alone or
containing various drugs, as described below). Imaging was performed
using a 75 W xenon lamp-based monochromator light source (T.LL.L.
Photonics GmbH, Martinsried, Germany), and light was detected using a
CCD camera (Orca; Hamamatsu, Shizouka, Japan). Data acquisition was
controlled using Simple PCI software (Compix, Cranberry, PA). For
JC-1 (see below), cells were illuminated with a 485 = 12 nm light
(incident light is attenuated with neutral density filters; Omega Optical,
Brattleboro, VT), and emitted fluorescence was passed through 500 nm
long-pass dichroic mirror. The aggregate signal was obtained using a
605/55 nm filter, and the monomer signal was collected using a 535/25 nm
filter. For TMRM (see below), cells were illuminated with a 550 = 12 nm
light, emitted fluorescence was passed through a 570 nm long-pass
dichroic mirror, and the single emission signal was obtained using a
605/55 nm filter. An image was collected every 5 sec for the duration of
the 10 min experiment.

JC-1. Coverslips were incubated for 20 min at 37°C with a 3 um JC-1
and then rinsed in HBSS for 15 min at room temperature. Coverslips
were mounted on the microscope and perfused with HBSS. A region of
cell processes (adjacent to healthy cell bodies) was chosen, and a differ-
ential interference contrast image of this field was digitally captured.
Mitochondria within neuronal processes, but not cell bodies, were used
in these analyses because the dimensions of these processes are such that
the movement of mitochondria is constrained to the x-y plane (no
z-plane depth) and mitochondrial movement is readily observable.

The length of time cells were illuminated was minimized and kept
constant across coverslips. The coverslip was briefly illuminated with 485
nm light, an image of the aggregate signal was captured, and the mono-
mer signal was focused. The coverslip was then left unilluminated for 3
min while the dye reequilibrated (after light exposure). For post-treated
coverslips, basal fluorescence was recorded for 4 min, followed by a 5 min
drug exposure and a 1 min recovery. Data were collected from neurons
from at least four separate culture dates (except for BAPTA experi-
ments, in which two culture dates were tested).

TMRM. Optimal conditions for TMRM were observed when cells were
loaded for 30 min with 200 nm TMRM in HBSS and perfused with 20 nm
TMRM during the experiment. At this concentration of TMRM, the
dye that accumulates in the mitochondria becomes quenched and a
depolarization leads to an increase in fluorescence (Ward et al., 2000).
The TMRM experiments were identical to those with JC-1, except that
cells were not exposed to light before the initiation of the experiment
because TMRM does not appear to reequilibrate after light exposure
as JC-1 does.

Data analysis

A 640 X 512 pixel field of neuronal processes was imaged, and a “mask”
that identified regions of interest (ROIs) that correlated with the ex-
pected number, appearance, and distribution of mitochondria within
these neuronal processes was generated. The mask was made using a
single JC-1 aggregate image taken before the initiation of the monomer
imaging or from a stacking of TMRM images. The mask isolated indi-
vidual spots of fluorescence that had a fluorescence intensity indicative
of physiological AW, and were more than eight contiguous pixels. Cell

J. Neurosci., July 15, 2001, 21(14):5054-5065 5055

bodies present in the imaged field were excluded from the mask to
prevent analysis of mitochondrial clusters often observed within these
regions. Using the fluorescence images from these dyes, ~1000 ROIs per
field were detected. The ROIs generated from the punctate JC-1 aggre-
gate signal were transferred onto the diffuse JC-1 monomer signal, and
the fluorescence intensity within each individual ROI was analyzed over
time. TMRM, unlike JC-1, is a single wavelength dye that has nonfluo-
rescent, quenching aggregates. Thus, to locate mitochondria, fluorescent
images collected during the 10 min experiment were stacked, and a mask
was generated based on the brightest spots of fluorescence. ROIs were
further qualified based on size, as they were with JC-1 (more than eight
pixels, not within cell bodies).

The differences in the techniques used to identify mitochondria with
JC-1 and TMRM were useful in determining whether mitochondrial
motility was a significant factor in the assessment of AW, fluctuations.
With JC-1, mitochondrial location was identified only at the onset of the
experiment, a percentage of mitochondria moved during the experiment
(for review, see Overly et al., 1996), and a decrease in the number of AV,
fluctuations was observed. This decrease was at least partially attribut-
able to mitochondria moving out of the defined ROI Using an image-
stacking procedure to identify mitochondria in TMRM-loaded celis, the
number of mitochondria was overestimated because the same mitochon-
drion could be identified at more than one location. With TMRM, we
corrected for mitochondrial motility (there was no decrease in the
number of fluctuations) but, in turn, underestimated the number of
fluctuations occurring per 1000 ROIs. By using both dyes, we were thus
able to determine the overall pattern of spontaneous A, fluctuations.

The fluorescence intensity data from each ROI were analyzed sepa-
rately, allowing us to determine A¥, in individual mitochondria within
cultured neuronal processes and measure changes in that A¥, over the
course of 10 min. Several mathematical criteria were set to detect the
spontaneous fluctuations in mitochondrial fluorescence intensity. The first
criterion was set to determine whether the changes in the raw fluorescence
values exceeded basal fluctuations. Preliminary data suggested that inher-
ent variability within the system accounted for fluorescent fluctuations of 4
units or less. Therefore, the first criterion was that changes in raw
fluorescence between two sequential images (taken 5 sec apart) were >4
fluorescent units. The second criterion for detection of a spontaneous
AV, fluctuation was that the slope of the fluorescence change had to be
>0.3 fluorescent units per second for both the rise and fall of the
fluctuation. The slope was determined using a moving average of three
sequential images. This criterion was set to distinguish fluctuations from
changes in basal fluorescence attributable to photo-oxidation, focus
drifts, debris in the field temporarily impeding fluorescence detection, or
other spurious changes in signal. Using these two criteria, preliminary
analysis showed substantial correspondence between the observation of
changes in fluorescence (on the computer screen) and the statistical
detection of a spontancous AY¥_ fluctuation.

The number of a spontaneous AV, fluctuation detected in a field of
neuronal processes was determined and normalized as the number of
spontaneous AW, fluctuations occurring per minute per 1000 ROIs.
Data were graphed as either the percentage of fluctuations in a drug-
treated field versus an untreated control field (for pretreatment experi-
ments) or as a ratio of the number of spontaneous AW, fluctuations per
minute per 1000 ROIs before versus after drug treatment (for post-
treatment experiments). Presentation of a ratio was chosen because, as a
result of mitochondrial motility, all JC-1-loaded neuronal fields analyzed
showed a decreasing number of fluctuations with time. For the post-
treatment experiments, the number of fluctuations occurring per minute
per 1000 ROIs was counted, and the average of minutes 2-4 (baseline)
and minutes 6—8 (treatment) were calculated. This corrected for any
instability in the baseline at the onset of the experiment and allowed
treatment effects to stabilize. for 2 min before analysis. Data from
controls and individual drug treatments were averaged across coverslip
and culture date and statistically compared using a ¢ test or ANOVA.

To distinguish between long-term, global mitochondrial depolariza-
tions and the spontaneous, small-amplitude fluctuations in A¥,_, the
average fluorescence intensity in all mitochondria in a field of neurons
was calculated. This enabled us to determine whether there was an
association between average AW, and the occurrence of spontaneous
fluctuations. Average fluorescence intensity (in arbitrary units) is pre-
sented for all pharmacological experiments.
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RESULTS

Under physiological conditions, mitochondria located within cul-
tured neuronal processes exhibit a great deal of spontaneous
activity, including repetitive, small-amplitude depolarizations.
Our previous measurements of AW were limited in both spatial
and temporal resolution (White and Reynolds, 1996; Scanlon and
Reynolds, 1998), and thus these phenomena were undetected.
Using the wide-field imaging system described here, we captured
images at 0.2 Hz with resolution adequate to monitor signals from
neuronal processes. Replaying these images at a rate of 6 Hz
revealed some unappreciated dynamics in the dye signal. Mito-
chondria traverse several tens of micrometers and, more surpris-
ingly, exhibit extensive spontaneous alterations in dye signal
consistent with depolarization of A¥,, over the period of the
experiment. With real-time imaging (0.2 Hz), fluctuations in AW |
could occasionally be observed; however, on playback (6 Hz), this
phenomenon was observed throughout the field of neurons dur-
ing the entirety of the experiment.

Figure 1 illustrates the spontaneous AW, fluctuations in JC-1-
loaded (Fig. 14) and TMRM-loaded (Fig. 1B) neurons. This
figure shows small regions of fluorescence (arrowheads) within
untreated neuronal processes that appear to be spontaneously
increasing and decreasing in intensity. We were unable to deter-
mine whether there was a propagation of this signal down a
process, although this did not appear to be the case. The fluctua-
tions in fluorescence within individual mitochondria appear inde-
pendent, and no wave-like activity was noted. Movies of JC-1- and
TMRM-loaded neurons illustrating this phenomenon are included
in the supplemental data section located in the on-line version of
this article. For details of these movies, see the legend for Figure 1.

Measurement of spontaneous AW, fluctuations

To provide a quantitative analysis of this phenomenon, we devel-
oped a technique for identifying individual mitochondria within
a field of neuronal cell bodies and processes (Fig. 2). The majority
of the data presented were collected using the potentiometric dye
JC-1, although qualitatively similar results were obtained with
TMRM. JC-1 was preferred for these experiments because its
aggregates accumulate within the mitochondria based on AV
and are fluorescent. This allowed us to use the aggregate fluo-
rescent signal to locate individual mitochondria and the monomer
signal to detect changes in AW . A loss of AV results in an
increase in JC-1 monomer fluorescence in the regions in and
around the mitochondria.

A differential interference contrast image was taken (Fig. 24),
followed by a single fluorescent image of the JC-1 aggregate
signal (Fig. 2B). We then isolated each individual fluorescent
area and identified it as an ROI depicting what is likely to be a
single mitochondrion (Fig. 2C). Because of the thickness of the
cell bodies and the wide-field microscopy used, it was difficult to
distinguish individual mitochondria within the soma. This is
evidenced by the large regions of aggregate fluorescence present
in the cell body (arrowhead), most likely resulting from numerous
mitochondria overlapping in the z-axis. These large regions of
fluorescence, most typically seen in cell bodies, were excluded
from analysis based on size. The mask containing the ROIs (Fig.
2C) was overlaid onto the JC-1 monomer signal (Fig. 2D), and
the fluorescence intensity from each individual ROI was recorded
(Fig. 2E). This technique allowed us to measure the fluorescence
intensity of ~1000 ROIs per field from images collected every 5
sec for 10 min.

A graphical illustration of the spontaneous AW fluctuations is
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presented in Figure 3, 4 and B. There appears to be no regularity
in amplitude or frequency of the spontaneous depolarizations.
Note that the individual mitochondria in each of these graphs
(traces 4-p) exhibit numerous spontancous depolarizations and
repolarizations over the course of the experiments, with the
overall basal fluorescence intensity remaining relatively stable.
However, not all mitochondria exhibit spontaneous fluctuations
(trace E on both graphs). Over 35,000 mitochondria from un-
treated cells were assessed for spontaneous A¥,, fluctuations in
these experiments. The percentage of mitochondria that exhibit
at least one A¥_ fluctuation was calculated from ~15,600 mito-
chondria in JC-1-loaded control fields, and 55% of these mito-
chondria were inherently active.

From Figure 3, it is evident that the fluctuations appear differ-
ent in JC-1- and TMRM-loaded mitochondria. The A¥,, fluctu-
ations appear slower in JC-1-loaded neurons, probably because of
the differences in the properties of the dyes. TMRM equilibrates
faster across membranes, and thus the fluctuations appear more
rapid. This difference in the rate of reequilibration of these dyes
thus results in the same phenomenon having a somewhat different
appearance, depending on the dye used (Nicholls and Ward,
2000).

JC-1- and TMRM-loaded mitochondria can also be distin-
guished by the fluctuation frequency, which appears to decrease
over time with JC-1 but remain stable or increase with TMRM
(Fig. 3C). This may be explained by the rapid distribution of
TMRM across membranes, which necessitated the addition of
TMRM into the perfusate to maintain the level of fluorescence
within the neurons (Fig. 3B, note the stability of the basal fluo-
rescence within the ROIs). In contrast, JC-1 was not included in
the perfusate, making it likely that there is only a partial reaggre-
gation of the dye during repolarization, with some dye diffusing
out of the cell. This could lead to a decrease in JC-1 aggregate
fluorescence, which could imply less monomer release until even-
tually the magnitude of the increase in monomer fluorescence
would fall below the criterion needed to indicate a fluctuation.
This explanation however seems unlikely because, when JC-1
aggregate fluorescence in neurons was decreased by high-light
exposure, depolarization could still be observed as a rise in
monomer fluorescence (data not shown).

Another factor that may impact the number of fluctuations is
that a percentage of mitochondria are known to be motile within
neurons (Overly et al., 1996). In fact, we note that a fraction of the
mitochondria move throughout the processes of our cultured
neurons, regardless of which dye we used. With JC-1, mitochon-
dria were located and ROIs identified only at the onset of the
experiment, using the JC-1 aggregate signal. Thus, over time, the
regions being analyzed may no longer correlate with the regions
exhibiting the changes in fluorescence (i.e., a mitochondrion may
move out of the defined ROI). TMRM-loaded mitochondria were
located using image stacking; thus, when a mitochondrion moves,
each location may be associated with an independent ROI. This
would suggest that TMRM overestimates the number of ROIs
and thus underestimates the number of fluctuations per 1000
ROIs. These technical differences can explain why TMRM-
loaded mitochondria appear more active than JC-1-loaded mito-
chondria, a fact that is not reflected in the average number of
fluctuations reported in Figure 3C. In addition, they suggest that
the percentage of mitochondria that move is stable because the
decrease in fluctuations observed with JC-1 is very consistent. It
is important to note, however, that regardless of the cause, we
have corrected for this loss of fluctuation detection in subsequent
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Figure 1. Representative fluorescent images of A¥, fluctuations. 4, JC-1-loaded neuronal processes. B, TMRM-loaded processes. These panels
show spontaneous changes in fluorescent intensity occurring in small regions of neuronal processes. Images show a 200 X 200 pixel field. Images
were taken 30 sec apart. Arrowheads identify examples of regions of fluorescence that correspond to the expected size and shape of neuronal
mitochondria and show readily observed fluctuations in intensity. Increases in fluorescence imply depolarization. TMRM-loaded cells have lower
basal fluorescence because light levels were kept low to avoid light-induced increase in fluorescence. Scale bar, 10 uM. Movie files corresponding to
JC-1-loaded (A4) and TMRM-loaded (B) neurons have been included in the supplemental data section located in the on-line version of this article. Movie

images were taken 5 sec apart, and time is shown in minutes and seconds. Both spontaneous fluctuations and dye intensity and mitochondrial motility are
evident.
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Figure 2.

Imaging technique used to measure spontaneous changes in mitochondrial membrane potential using JC-1. 4, Bright-ficld image, using

differential interference contrast. The arrow shows a healthy neuronal cell body with processes within a ficld of neurites. B-F represent fluorescent
images from this same field. B, The JC-1 aggregate image. Note the punctate nature of the label within the processes. C, The mask (red) created to
discern ROIs thought to correspond to mitochondria. The bright fluorescent spots observed with the JC-1 aggregate image (same as B, now whife) arc
detected using image analysis software based on size criteria. Regions uniformly labeled (e.g.. cell bodics) are excluded from the mask based on size.
D, The JC-1 monomer image. Note the diffuse nature of the label within the processes. E, The “overlay.” The mask generated in C (red) is overlaid onto

the JC-1 monomer image from D ( green). Scale bar, 20 um.

pharmacological experiments by analyzing only the ratio of spon-
taneous AW, fluctuations at the beginning versus end of the
experiment.

It was important to rule out nonphysiological influences on the
fluctuations in AW . Fluorescence imaging of organelles as small
as mitochondria requires careful maintenance of the correct focal
plane. Drifts in focus could lead to the appearance and/or disap-
pearance of AY¥, fluctuations. To minimize inclusion of focus
changes in our quantitation of AW, fluctuations, we used a
moving average paradigm to smooth out brief irregularitics in
whole-field fluorescence (see Materials and Methods). However,
because the cells were also being perfused throughout the exper-
iment, it was possible that smaller regions of the field were
drifting in and out of focus, thus leading to the graphical appear-
ance of fluctuations. To show that the AW fluctuations were not
attributable to focus drift, we identified three adjacent mitochon-
dria located within a single neuronal process and analyzed them
for spontaneous AV, fluctuations (Fig. 4). If the A¥  fluctua-
tions were the result of drifts in focus, then mitochondria in close
proximity to one another should all exhibit simultaneous fluctu-
ations. This was not observed. Three neighboring ROIs were
identified using the JC-1 aggregate signal (Fig. 44, red), and the
fluorescence intensity of JC-1 monomer signal (Fig. 44, green)
within each ROI was determined. As the monomer signal in-
creases (indicating depolarization), the ROIs appcar increasingly
yellow (Fig. 44) and an increase in fluorescence intensity is
observed graphically (Fig. 4B). The fluctuations in fluorescence
intensity observed qualitatively and quantitatively appear to cor-
respond, with no evidence of changes in focus in any of the ROls.
Moreover, two mitochondria demonstrate fluctuations (ROIs 1
and 3), whercas the ROI in the middle does not (ROI 2). This
strongly argues against a drift in focus or movement of the
process as the underlying mechanism of this phenomenon.

Ilumination of mitochondria loaded with cationic fluorescence
dyes has been reported to lead to the generation of reactive
oxygen species (ROS) and thus mitochondrial damage (Bunting,
1992). Photo damage to the mitochondria could therefore be a
potential cause of the observed fluctuations in AW . Typically,

m

during imaging, neurons were exposed to attenuated fluorescent
light (5% transmitted light) for ~0.1 scc every 5 sec over the
course of a 10 min experiment. To determine the relative contri-
bution of light, we took JC-1-loaded neurons and exposed a
portion of the field to a brief, intense light. For our high-light
conditions, we maintained the exposure time of 0.1 scc (per S sec)
but increased transmitted light to 100%. In these experiments,
JC-1-loaded neuronal processes were imaged under standard
conditions for 50 frames (one frame per 5 sec). The microscope
aperture size was then decrcased so that light exposurc was
limited to the center of the ncuronal ficld and the processes in
this central region were illuminated, for 20 frames (one frame per
5 sec), with a 20-fold higher light intensity. Light conditions were
then returned to normal. We separated the imaged ficld into the
exposed center region (illuminated under high-light conditions)
and the peripheral, control region (unilluminated for the same 20
frames). The ratio of fluctuations occurring before versus after
intense light exposure were compared across the control and
exposed regions. The region exposed to high-tight conditions
showed significantly fewer spontancous AW, fluctuations (Fig.
5A4), without a concurrent change in average fluorescence inten-
sity (Fig. 5B). Thus, photo damage cannot account for the obser-
vation of these phenomena; in fact, these data suggest that light
exposure can lead to the loss of A¥, fluctuations, potentially
through a photo-induced oxidant burden.

Pharmacological analysis of spontaneous

AW fluctuations

Having established methods to measure spontancous fluctuations
in fluorescence intensity in JC-1-loaded mitochondria in un-
trcated neurons, we explored mechanisms underlying this phe-
nomenon. We first tested the possibility that the AW, fluctuations
were the result of synaptic activity and thus were reflecting
plasma membrane potential changes or calcium influx. Neurons
were treated with TTX (200 nm), a sodium channel blocker, to
inhibit spontancous synaptic activity. We also tested an NMDA
receptor antagonist, MK-801 (10 um), to block a major route of
calcium entry. JC-1-loaded neurons were perfused with HBSS for
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Figure 3. Quantification of AV, fluctuations within individual mitochon-
dria. A, JC-1 monomer traces. B, TMRM fluorescence traces. Each trace
represents in a single ROI corresponding to an individual mitochondrion.
An increase in fluorescence is associated with depolarization. Note that the
basal fluorescence in both graphs remains stable and that fluctuations are
not all of the same magnitude or of regular frequency. Approximately 1000
such traces were collected per field. The y-axis represents arbitrary fluo-
rescence units, with each fick mark equaling 10 units. Traces have been
offset from one another for display purposes. A, Trace A shows a mitochon-
drion that fluctuates repeatedly followed by a loss of fluorescence, most
likely indicating the movement of the mitochondrion out of the ROL Trace
B shows a mitochondrion that fluctuates especially as the experiment
continues. Trace ¢ shows large fluctuations and then a slow increase in
fluorescence suggesting a gradual depolarization. Trace D initially exhibits
fluctuations, but by 7 min activity ceases. B, Traces 4 and B show mitochon-
dria that fluctuate repeatedly throughout the experiment. Trace ¢ shows a
mitochondrion that fluctuates especially as the experiment continues. Trace
D initially has fluctuations, but by 5 min activity ceases. Trace E from both
figures shows background noise in the system and reflects mitochondria
that do not exhibit spontaneous fluctuations. C, Average number of spon-
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4 min to establish basal activity. Neurons were then exposed to
the inhibitors for 5 min. The ratio of fluctuations occurring before
versus those occurring after drug treatment was graphed to cor-
rect for the decrease in the number of fluctuations that occurs
even in untreated control mitochondria (Fig. 3C). There was no
difference in the ratio of fluctuations between control mitochondria
and those treated with TTX or MK-801 (Fig. 64). These treat-
ments did not alter the average fluorescence intensity of the JC-1
monomer signal within the mitochondria (Fig. 6B). This suggests
that drugs that inhibit plasma membrane activities do not inhibit
spontaneous fluctuations or change the resting level of AW, .

There are several additional routes of calcium entry beyond
NMDA receptor activation. Mitochondria are intricately in-
volved in shaping calcium dynamics (Duchen, 1999), and calcium
has also been suggested to regulate AW, fluctuation in other cells
(Loew et al,, 1994; Ichas et al., 1997, Duchen, 1999; Krippeit-
Drews et al., 2000). BAPTA, an intracellular calcium chelator,
interrupts calcium-mediated events that result from calcium influx
and release from intracellular stores. Because of the close appo-
sition of mitochondria to endoplasmic reticulum, release of cal-
cium from the reticular stores can alter mitochondrial function by
creating microdomains of high calcium (Rizzuto et al., 1993,
1998; Hajnoczky et al., 1995). Thus, any involvement of calcium-
mediated activity in the observed spontaneous mitochondrial
depolarizations should become evident with BAPTA treatment.
Neurons were preincubated with BAPTA-AM (50 um) showed a
dramatic decrease in the number of spontaneous fluctuations
compared with controls (Fig. 74). However, this BAPTA-
induced inhibition was associated with a dramatic rise in fluores-
cence intensity (Fig. 7B). This implies that BAPTA-AM, at this
concentration, leads to mitochondrial depolarization. The mech-
anism by which this occurs is unclear and cannot necessarily be
attributed to calcium chelation. Respiratory complex inhibitors
and the uncoupler FCCP depolarized A¥,, and decreased the
number of spontaneous fluctuations (data not shown). This raises
the possibility that the effects of BAPTA are attributable to
general mitochondrial depolarization, which occludes the smaller
fluctuations rather than a result of modifying intrinsic calcium
changes.

Activity of the respiratory chain complexes leads to the extru-
sion of protons from the mitochondrial matrix, whereas synthesis
of ATP through the F,F, ATPase (ATP synthase) is driven by
proton reentry. Thus, whereas inhibition at the respiratory chain
complexes may lead to a slow loss of AW, inhibition at the ATP
synthase should lead to a subtle hyperpolarization in healthy,
ATP-generating mitochondria and a depolarization in damaged,
ATP-consuming mitochondria (Scott and Nicholls, 1980; Nicholls
and Ward, 2000). Neurons pretreated with oligomycin (15 min)
showed a significant decrease in the number of spontaneous AV,
fluctuations compared with untreated control mitochondria (Fig.
84) but no significant change in initial basal fluorescence (Fig.
8B). Because it is unlikely that all mitochondria within a field of
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taneous AV fluctuations in JC-1- or TMRM-loaded neurons from traces
such as those presented in A and B. Criteria for a spontaneous fluctuation
in AW were set a priori: fluorescence changes >4 fluorescent units and
a slope >0.3 fluorescent units per second. The number of AV, fluctua-
tions that occurred per minute per 1000 ROIs is presented. A decrease in
the number of AV, fluctuations over time was observed in JC-1-loaded,
but not in TMRM-loaded, neurons (see Results). Data are presented as
means = SEM. The number of fields (n) imaged (~1000 ROIs per field)
is presented in the key.
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Figure 4. AV, fluctuations are not at-
tributable to focus drift. Three individ-
ual ROIs located within a single neuro-
nal process analyzed for spontaneous
AV, fluctuations. 4, In this series of
images, the JC-1 aggregate signal (red,
depicting individual ROIs) has been
overlaid on the corresponding JC-1
monomer ( green) images (as shown in
Fig. 2E). The first image in this series
identifies three mitochondria at the on-
set of imaging (arrows). The numbers
associated with each mitochondrion
correspond to the traces in B. In images 804
a-f, a static aggregate (red) image has
been used; thus, changes in the ratio of

green to red represent changes in JC-1 704

monomer fluorescence. (i.e., when mi- &

tochondria appear yellow, monomer sig- E 65

nal has increased, suggesting depolar- ﬁ 60
o~y

ization). Note that fluctuations in JC-1 8
monomer fluorescence intensity can be 55,
observed qualitatively over time. B, Flu-

orescence intensity of the JC-1 mono- g 50
mer signal within each of the three S
ROIs identified in 4 was quantified (ar- 45
rowheads a—f show the time points when 40
the images in 4 were taken). Note that
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ment of the process. If this were the case, then all three mitochondria within this process should exhibit similar AW, fluctuations. C, A differential
interference contrast image showing the neuronal process from which the fluorescent images were taken. The arrows correspond to the ROIs analyzed.

Scale bar, 5 uM.

neurons are of equivalent membrane potential and ATP synthase
activity and ~1000 mitochondria were averaged per field, small
changes in overall fluorescence intensity were not detected.

The PTP is thought to regulate matrix Ca®*, pH, AV, and
volume (Susin et al., 1998). Its opening is triggered by a wide
variety of treatments, including increased Ca®* (Zoratti and
Szabo, 1995), and is inhibited by cyclosporin A (Crompton et al.,
1988). Two open states for this pore have been proposed, with the
low-conductance state causing transient openings that aid in sta-
bilizing A¥,, and volume (Ichas et al., 1997) and the high-
conductance state involved in irreversible openings, complete
dissipation of the A¥_, extensive swelling, and cell death (Petit et
al., 1996; Susin et al., 1997). Transient depolarizations in A¥
have been reported to coincide with activation of the low-
conductance state of the PTP in isolated mitochondria, which
could represent a physiological process necessary for regulating
AY_ (Ichas et al., 1997) and limiting the generation of ROS in
hyperpolarized mitochondria (Skulachev, 1996). We tested
whether cyclosporin A influenced the frequency of the AV |
fluctuations in our cultured neurons. No effect was observed at
any concentration tested (Fig. 94); however, cyclosporin A
caused a modest decrease in fluorescence intensity at lower
concentrations (Fig. 9B).

Taxing neurons by increasing synaptic activity may lead to an
increase in mitochondrial activity. Stimulation of neurons by high
concentrations of glutamate causes large calcium fluxes that di-
rectly influence mitochondrial function (White and Reynolds,
1995) and have been proposed to increase ATP demand by the
plasma membrane ATPases. Although inhibition of basal synap-
tic activity with a sodium channel blocker or a glutamate receptor
antagonist did not alter the frequency of AW, fluctuations (Fig.

6A), we tested whether increasing synaptic activity, and presum-
ably increasing the demand placed on the mitochondria, would
alter the frequency of fluctuations. Treatment with glutamate in
the presence of extracellular calcium leads to an increase in
fluorescence intensity in a similar manner to that observed with
BAPTA-AM. In fact, stimulation with glutamate is known to
cause mitochondrial calcium influx and depolarization (Ankarc-
rona et al., 1995; White and Reynolds, 1996). We attempted to
circumvent the problem of the superimposition of the cata-
strophic depolarization on the smaller spontaneous changes using
two approaches. First, we treated neurons with kainic acid, an
agonist of the AMPA-kainate subtype of glutamate receptors.
Activation of glutamate receptors with kainic acid results in
increased intracellular sodium and calcium but does not lead to
mitochondrial depolarization (Courtney et al., 1995, Hoyt et al.,
1998). Accumulation of calcium within mitochondria is also sig-
nificantly lower using kainic acid than it is with NMDA (Budd
and Nicholls, 1996; Stout et al., 1998). Therefore, neurons were
treated with 100 uM kainic acid for 5 min, in either the presence
or absence of calcium, but no evidence of altered AW, fluctuation
frequency (Fig. 10A4) or overall fluorescence intensity (Fig. 10B)
was observed.

We then attempted to increase synaptic activity and mitochon-
drial demand without flooding mitochondria with calcium and
depolarizing them by treating neurons with glutamate (in the
presence of its coagonist glycine) in buffer that is nominally
calcium free. This should lead to the activation of the glutamate
receptors without the concurrent increase in intracellular and
intramitochondrial calcium concentrations. Receptor activation
should, however, lead to an influx of sodium and thus manipulate
mitochondrial ion concentrations through sodium-related path-
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Figure 5. AW, fluctuations in JC-1-loaded neurons are not caused by
light. Untreated neurons were loaded with JC-1 and imaged under our
standard light conditions for 50 frames (neutral density attenuating trans-
mitted light to 5%). The aperture on the microscope was then closed to
allow light to hit only the center portion of the field, and the cells were
imaged for 20 frames. Under this condition, the middle portion of the
coverslip was exposed to intense light (100% transmitted light; EXPOSED
AREA), whereas the periphery of the coverslip was left unexposed (CON-
TROL AREA). The imaging conditions were then returned to the stan-
dard conditions from the beginning of the experiment for 50 more frames.
A, The number of fluctuations in A¥,, per minute per 1000 ROIs was
determined in the control and exposed regions, and the ratio of fluctua-
tions occurring before versus after intense light exposure are presented
(note that the control area received no light during this period). Data are
presented as means * SEM, and the numbers above each bar equal the
number of fields imaged. The region exposed to high-light conditions
showed significantly fewer spontancous AW, fluctuations (paired ¢ test;
t =377, df = 5; p < 0.05). B, Average fluorescence intensity of all
mitochondria imaged, with representative error bars indicating SEM.
Basal fluorescence did not change after light exposure.

ways. JC-1-loaded neurons were treated with 100 um glutamate
and 10 uMm glycine in calcium-free buffer for 5 min. This treatment
led to a significant decrease in A¥, fluctuations (Fig. 114)
without a concomitant rise in fluorescence intensity (Fig. 11B).
The differences between glutamate and kainate on AV, fluctu-
ations are not surprising in light of the observation that their
ability to activate glutamate receptors is not equivalent qualita-
tively or quantitatively (Hoyt et al., 1998; Sattler et al., 1998;
Brocard et al., 2001).

DISCUSSION

In this study, we report that mitochondria in neuronal cultures
display small, spontancous fluctuations in AW, and that these
fluctuations can be dramatically decreased, without a concurrent
change in basal fluorescence, by treatments that alter mitochon-
drial activity. Although there has been a great deal of recent
interest in large-scale changes in mitochondrial function associ-
ated with neuronal injury, the present findings reveal a previously
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Figure 6. AV, fluctuations are not attributable to synaptic activity.
Untreated neurons were loaded with JC-1 and imaged for 4 min before
the addition of drugs (arrow). TTX (200 M) (a Na* channel blocker) or
10 um MK-801 (NMDA antagonist) were perfused over the cells for 5
min, and fluorescence intensity and number of fluctuations per minute per
1000 ROIs were calculated. A, The ratio of fluctuations occurring during
the baseline to those occurring after drug treatment. This corrected for
the consistent decrease in fluctuations observed in untreated mitochon-
dria (see Fig. 3). Data are presented as means = SEM, and the numbers
above each bar equal the number of fields imaged (~1000 ROIs per field).
Neither treatment had a significant impact on AW, fluctuations (TTX, t =
1.03, df = 14, p > 0.05; MK-801, t = 1.98, df = 16, p > 0.05). B, Average
fluorescence intensity of all mitochondria imaged, with representative
error bars indicating SEM. Neither treatment altered basal fluorescence.

unappreciated property of mitochondria in resting, uninjured
Neurons.

The AW, is a key marker of mitochondrial function, generated
by the pumping of protons across the inner mitochondrial mem-
brane in association with electron transport. In turn, A¥_ drives
many key mitochondrial functions, including ATP synthesis, cal-
cium accumulation, and maintenance of ion gradients that permit
the influx of substrates and egress of metabolic products. Clearly,
AW, has a number of important functions, and thus a variety of
activities could account for the spontaneous changes in AY,
reported here. Our observations of AV, fluctuations could reflect
inherent changes in mitochondrial ion transport, ATP produc-
tion—consumption, respiration, or volume, all of which are essen-
tial for proper mitochondrial function. We believe that spontane-
ous A¥, fluctuations represent a normal physiological feature of
neuronal mitochondria such that the presence or absence of these
fluctuations may be useful as a novel marker for mitochondrial
activity.

The pharmacological approach of using tetrodotoxin or MK-
801 clearly excludes alterations in plasma membrane potential
and ion fluxes as the basis for the change in the mitochondrial dye
signal. However, the mitochondrial mechanism that causes the
fluctuations is less clear. Attempts to regulate the permeability
transition pore with cyclosporin A had no effect on either A
fluctuations or fluorescence intensity, which ostensibly excludes
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Figure 7. An intraccllular calcium chelator alters AV fluctuations and
basal fluorescence. Neurons loaded with JC-1 were treated with 50 umM
BAPTA-AM for 15 min beforc imaging. The fluorescence intensity and
number of fluctuations per minute per 1000 ROIs were calculated. 4, The
percentage of fluctuations occurring in BAPTA-pretreated mitochondria
to untreated mitochondria. Data are presented as means = SEM. Num-
bers above each bar equal the number of fields imaged (~1000 ROIs per
field). BAPTA decrcased AW, fluctuations (f = 5.17; df = 7; *p < 0.05;
but see Discussion). B, Average fluorcscence intensity of all mitochondria
imaged, with representative error bars indicating SEM. BAPTA in-
creased the average fluorescence intensity. (Note that the scale is twice
that of Figs. 8-10).

low-amplitude transition as a basis for these changes (Ichas et al.,
1997). Oligomycin, however, significantly decreased the frequency
of fluctuations, which argues that the fluctuations are associated
with oxidative phosphorylation.

Oxidative phosphorylation may impact AW, fluctuations by
one of two mechanisms. The first mechanism would suggest that,
as mitochondria go from a resting state to active phosphorylation
(state 4 to state 3), the fluctuations reflect the transient loss of
AW, as proton flux increases (Nicholls and Ferguson, 1992). In
this case, the increase in dye signal would be attributable to the
disaggregation and subsequent dissipation of dye from mitochon-
dria. Alternatively, because state 3 mitochondria adopt a con-
densed configuration whereas state 4 mitochondria adopt the
larger orthodox configuration (Scalettar et al., 1991), the fluctu-
ations would reflect changes in mitochondrial matrix volume. In
this case, the increase in dye signal attributable to the increased
volume would lead to a disaggregation of dye that is retained
within the mitochondrial matrix. Although these mechanisms are
contradictory in that the first proposes that a fluctuation is asso-
ciated with the onset of phosphorylation whereas the second
suggests that the signal should be associated with the termination
of active phosphorylation, the key feature of both mechanisms is
that the fluctuations represent an on—off transition. Thus, either
mechanism could explain the decrease in fluctuations observed
with a glutamate-induced sodium load. In this condition, an
increase in ATP demand presumably occurs causing the mito-
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Figure 8. AV, fluctuations arc decreased by pretreatment with an ATP
synthase inhibitor. Neurons loaded with JC-1 were treated with 10 uMm
oligomycin (OLIGO) for 15 min before imaging to ensure substantial
inhibition of the synthase. Fluorescence intensity and number of fluctu-
ations per minute per 1000 ROIs were calculated. 4, Percentage of
fluctuations in oligomycin-pretreated  to  untreated mitochondria
(means = SEM). Oligomycin significantly decreased AW, fluctuations
(t = 3.03; df = 14; **p < 0.01). Numbers above bars cquals the number of
fields imaged (~1000 ROIs per field). B, Average fluorescence intensity of
all mitochondria, with representative error bars indicating SEM. Oligo-
mycin had no effect.

chondria to spend a greater fraction of the time engaged in active
phosphorylation rather than switching on and off. One could also
argue that light-induced damage places greater demands on the
mitochondria to be met by increasing ATP synthesis (or pcrhaps
by decreasing synthetic capacity).

Predicting manipulations that increase the frequency of fluctu-
ations is harder. We have obscrved differences in the number
fluctuations on a culturc-to-culture basis but have not yet estab-
lished a mechanism for these differences. We are not aware of any
previous studies that have suggested that individual mitochondria
can be observed to change between states of resting and active
phosphorylation. However, the architecture of ncurons is
uniquely suited to making such observations because optically
isolating individual mitochondria in ncuronal processes is
straightforward (Figs. 1, 2).

Cationic dyes used to measure AW, (such as JC-1 and TMRM)
can lead to toxicity resulting from light-induced singlet oxygen
generation (Bunting, 1992) and inhibition of respiration. Al-
though light exposure was carefully controlled and minimized to
that necessary for adequate recordings, some effects of light
exposurc were observed even under these low-light conditions.
With JC-1, exposure to light before recording stabilized the
baseline, and with TMRM, increasing light exposure tended to
increase the overall fluorescent signal. Both of these light-induced
changes in dye signal could be indicative of a potential impact of
phototoxicity in AW, measurements. A morc immediate concern
was that the spontancous changes were triggered by light expo-
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Figure 9. AY_, fluctuations are not altered by treatment with cyclosporin
A. Neurons loaded with JC-1 were treated with 0.2-20 uM cyclosporin A
(CsA) for 15 min before imaging. Fluorescence intensity and number of
fluctuations per minute per 1000 ROIs were calculated. A, Percentage of
fluctuations in cyclosporin A-pretreated mitochondria to untreated mito-
chondria. Cyclosporin A did not significantly alter A¥, fluctuations
(F33ay = 1.27; p > 0.05). Data are presented as means + SEM, and the
numbers above bars equal the number of fields imaged (~1000 ROIs per
field). B, Average fluorescence intensity, with representative error bars
indicating SEM. Cyclosporin A did not substantially alter the average
fluorescence intensity.

sure. Thus, if a brief, intense light augmented the frequency of
AW, fluctuations, it would suggest that these fluctuations were
merely reflecting photo damage. We saw, however, a decrease in
the number of fluctuations under high-light conditions, suggesting
that dye-loaded mitochondria exhibit spontaneous fluctuations in
AW, which were not a consequence of illumination. These high-
light conditions led to a decrease in the JC-1 aggregate signal
without a concurrent change in the monomer signal (data not
shown), similar to what is observed with oxidant treatments, such
as hydrogen peroxide (Scanlon and Reynolds, 1998; Chinopoulos
et al., 1999). However, treatment with the uncoupler FCCP at the
end of the high-light experiments led to an increase in monomer
fluorescence of the same magnitude in both the exposed and
unexposed regions (data not shown). This supports the hypothe-
sis that JC-1 aggregate fluorescence responds to more than just
changes in A¥_, (Scanlon and Reynolds, 1998; Chinopoulos et al.,
1999) but indicates that light-induced changes in aggregate fluo-
rescence do not change the ability of the JC-1 monomer signal to
respond to changes in AW,

Calcium may have a profound impact on mitochondrial func-
tion in general and on membrane potential in particular. Small
transient changes in AW, observed in cardiomyocytes were re-
ported to be the result of mitochondrial calcium transport
(Duchen et al, 1998; Fall and Bennett, 1999). Furthermore,
calcium can induce the generation of ROS, alter respiration
(McCormack et al., 1990), and possibly open the large, nonselec-
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Figure 10. AY,, fluctuations are not altered by treatment with kainic
acid. Untreated neurons were loaded with JC-1 and imaged for 4 min
before the addition of drug (arrow). Kainic acid (100 uM) was perfused
over the cells in a buffer containing 1.4 mm (+Ca?*) or 0 mMm (no Ca’*)
calcium for 5 min, and fluorescence intensity and number of fluctuations
per minute per 1000 ROIs were calculated. 4, The ratio of fluctuations
occurring during baseline to those occurring after drug treatment. Data
are presented as means = SEM, and the numbers above each bar equal the
number of fields imaged (~1000 ROIs per field). Neither treatment had a
significant impact on A, fluctuations (with Ca®*,t = 1.90, df = 9,p >
0.05; without Ca?*, t = 0.48, df = 9, p > 0.05). B, Average fluorescence
intensity of all mitochondria imaged, with representative error bars indi-
cating SEM. Neither treatment altered basal fluorescence.

tive PTP (Zoratti and Szabo, 1995). This suggests that calcium
could be a key mediator of changes in AW . Inhibiting the
NMDA receptor, thus decreasing the entry accumulation of cal-
cium (Fig. 6A4), chelating extracellular calcium with EGTA (data
not shown), and inhibiting the PTP with cyclosporin A (Fig. 9) all
failed to change AW¥, fluctuations, which argues against this
possibility. Chelating intracellular calcium with BAPTA (Fig. 74)
did decrease fluctuations, but this occurred in conjunction with a
considerable mitochondrial depolarization. The large rise in
monomer fluorescence induced by BAPTA most likely occluded
our ability to detect small fluctuations and was similar to the
effects of the protonophore FCCP. However, it remains unclear
how adding BAPTA influences the free calcium because, under
resting conditions, the calcium concentration in both the cyto-
plasm and mitochondria of these neurons is low (Brocard et al.,
2001).

We believe that these are the first experiments that illustrate
spontaneous changes in AV, in neurons. Previous studies have
suggested cyclosporin A-stimulated changes in whole-cell
TMRM signal in neuroblastoma cells (Fall and Bennett, 1999),
which are obviously distinct from the single organelle signals
reported here. In cardiomyocytes, transient depolarizations in
single mitochondria have been seen (Duchen et al., 1998), but
these changes were the consequence of calcium movements.
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Figure 11.  AVY_, fluctuations are decreased after treatment with gluta-
mate in a calcium-free buffer. Untreated neurons were loaded with JC-1
and imaged for 4 min before the addition of drug (arrow). Glutamate (100
uM, with 10 uM glycine) was perfused over the cells in a Ca?*-free buffer
for 5 min. Fluorescence intensity and number of fluctuations per minute
per 1000 ROIs were calculated. Glutamate in the presence of Ca”*
caused mitochondrial depolarization and thus was not tested. 4, The ratio
of fluctuations occurring during baseline to those occurring after drug
treatment. Data are presented as means = SEM, and the numbers above
each bar equal the number of fields imaged (~1000 ROIs per field).
Glutamate in Ca®*-free buffer significantly decreased the number of
spontaneous fluctuations (+ = 4.04; df = 8 **p < 0.01). B, Average
fluorescence intensity of all mitochondria imaged, with representative
error bars indicating SEM. Glutamate (no Ca’") treatment did not alter
basal fluorescence.

Other studies have investigated single mitochondria but only after
their isolation from cells (Ichas et al., 1997; Huser and Blatter,
1999). Apparently none of these studies have reported oligomycin
sensitivity of the fluctuations.

Herein, we have documented a novel feature of mitochondrial
physiology in neurons. Unlike previous studies that have reported
large changes in AW, associated with neuronal injury, the spon-
taneous changes in AV, reported here appear to be a normal
characteristic of mitochondrial function in neurons and may
reflect alterations in the activity of individual mitochondria asso-
ciated with the transition between rest and active oxidative phos-
phorylation. We suggest that this phenomenon that may prove to
be a useful marker of mitochondrial function in neurons and
hypothesize that these fluctuations in AW reflect variations in
the cellular environment associated with altered states of respi-
ratory control or ion-induced matrix swelling.
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SPONTANEOUS MITOCHONDRIAL ACTIVITIES IN ASTROCYTES

J.F.Buckman *; I.J.Reynolds
Dept Pharmacol, Univ Pittsburgh, Pittsburgh, PA, USA

Mitochondria in healthy neuronal cultures display small, spontaneous fluctuations in mitochondrial membrane
potential (delta psi-m), which are dependent upon the mitochondrial ATP synthase (Buckman & Reynolds, J
Neurosci, in press). In this study we have investigated spontaneous mitochondrial activities in primary astrocyte
cultures loaded with a quenching concentration of the delta psi-m indicator, TMRM. We have observed several,
phenomenologically distinct events. The first activity we noted was small-amplitude fluctuations in TMRM signal
similar to those observed in neurons. Here the mitochondria appear to get brighter, then dimmer over a 10-15
second interval. We also noted that some mitochondria within untreated astrocytes exhibit much larger fluctuations
in delta psi-m, which appear as mitochondria that display complete dye loss, followed by re-sequestration occurring
over the course of 20-30 seconds. This phenomenon was not observed in neuronal cultures, suggesting that these
fluctuations are mechanistically different from those we previously reported. Over the course of these experiments,
we observe a trend towards increased TMRM signal with light exposure indicating that these phenomena may be
related to mitochondrial injury. Finally, we have begun to investigate the properties of large mitochondrial
networks, which can be several hundred microns in length and extensively branched. These networks also display
large, synchronous delta psi-m fluctuations. Although this electrical coupling has been previously reported,
questions remain about the nature, mechanism and purpose of this phenomenon.
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HYPOXIA AND HYPOGLYCEMIA PRODUCE A STABLE INCREASE IN SUSCEPTIBILITY TO GLUTAMATE IN
CULTUREDRAT CORTICAL NEURONS

O.V.Vergun ; J.Fuhr; 1.J.Reynolds
Dept of Pharmacology, Univ of Pittsburgh, Pittsburgh, PA, USA

Changes in cytosolic Ca2+ concentration ([Ca2+]i) and mitochondrial potential in individual forebrain neurons
coloaded with fura-2FF and Rh123 were monitored simultaneously using digital fluorescence imaging techniques.

Exposure of the cells to 100 H M of glutamate (GLU) produced complete mitochondrial depolarization (MD) with

a concurrent high irreversible increase in [Ca2+]i. In contrast, low concentrations of GLU (5-10 H M) induced only
a relatively small and reversible MD and increase in [Ca2+]i. To suppresscellular metabolism the neurons were
incubated in glucose-free, 2-deoxy-D-glucose-containing medium for 60 min or in 5 mM KCN-containing medium
for 40 min followed by a 30-40 min washout. MD or increase in [Ca2+]i were not typically observed during and after
the removal of glucose; expose of the cells to KCN produced full MD and very small increase in Fura-2FF ratio with
following full recovery after washout of KCN. After KCN or glucose-free medium washout the low concentrations of

GLU produced MD and increase in [Ca2+]i similar with those observed in the control neurons exposed to 100 H m
GLU. Blockade of glycolysis had an effect greater than inhibition of respiration by KCN. Exposure of the cells to
nitrogen-mediated hypoxia (nitrogen-equilibrated medium with addition of Na2S204) for 40 min did not increase
the susceptibility of the neurons to GLU. The data show that suppression of even one of the sources of ATP
production by blockade of glycolysis or respiration produce sustained increase in sensitivity of cultured neurons to
GLU, which may greatly increase the toxic action of GLU.
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EFFECTS OF MITOCHONDRIAL DEPOLARIZATION ON Ca2+ RELEASE FROM NEURONAL MITOCHONDRIA

J.B.Brocard *; M.S.Santos; T.V.Votyakova; l.J.Reynolds
Pharmacol, Univ Pittsburgh, Pittsburgh, PA, USA

Recent studies (Brocard et al., J. Physiol. 531:793, 2001) suggest that mitochondrial Ca2+ concentrations exceed
1mM following a 5min exposure to glutamate. Here we investigated the characteristics of Ca2+ release from
mitochondria. We monitored intracellular Ca2+ in cultured forebrain neurons with magfura-2. Neurons exposed to
30uM glutamate for 5min accumulate a substantial mitochondrial Ca2+ load. This Ca2+ was rapidly released
following the addition of 750nM FCCP. Antimycin A (AA, 1uM) or KCN (1mM) depolarized mitochondria to a
similar extent and prevented mitochondrial Ca2+ accumulation when applied together with glutamate. However,
AA and KCN were much less effective in releasing previously accumulated Ca2+ compared to FCCP. In addition,
exposing neurons to glutamate in phosphate-free buffer resulted in smaller Ca2+ stores, as estimated from the
amount of Ca2+ released by FCCP. Isolated brain mitochondria accumulate Ca2+ in a potential-dependent
manner. Accumulation is mediated by the Ca2+ uniporter, because it is inhibited by ruthenium red (RR, IC50 =
7nM). Ca2+ loaded mitochondria release Ca2+ when depolarized with FCCP. Most Ca2+ release is blocked by RR
together with the Na+ Ca2+ exchange inhibitor CGP 37157, although there is a residual Ca2+ efflux that appears
to be independent of the uniport and NCE. AA was much less effective than FCCP in releasing Ca2+ from isolated
mitochondria. These results suggest that factors other than simply membrane potential govern Ca2+ release from
neuronal mitochondria, and may suggest that formation of less soluble Ca2+ phosphate complexes influence the
dynamics of mitochondrial Ca2+ handling.
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An investigation of the properties of Ca2+ uniporter inhibitors in neuronal
mitochondria

Tanya V. Votyakova, Jacques B. Brocard, Maria Santos, lan J. Reynolds: University of
Pittsburgh, Dept. Pharmacology

Glutamate-induced neuronal injury is associated with substantial Ca2+ accumulation by
mitochondria. Moroever, preventing. mitochondrial Ca2+ accumulation by colldapsing the
mitochondrial membrane potential protects neurons against excitotoxic injury. Thus, the
prevention of mitochondrial Ca2+ uptake migght be an effective strategy for neuroprotection.
In this stady we have evaluated the effects of ruthenium red (RR) and a derivative Ru360, that
may inhibit the mitochondrial Ca2+ uniporter in isolated mitochondria and in intact cells.

In isolated brain mitochondria we monitoied-Ca2+ uptake using the fluorescent indicator
Calcium Green 5N. Mitochondria effectively accumulate Ca2+ via the uniporter, and can
also release Ca2-+ if depolarized with the uncoupler FCCP. Both RR and Ru360 effectively
inhibited Ca2+ accumulation in nanoivoldar céncentrations. The inhibitors also decreased
FCCP-induced Ca2+ release suggesting that the uniporter is the priticiple route of entry and
depolarization-mediated Ca2+ release. A sécond slower mode of Ca2+ release is also seen in
the presence of the inhibitors, possibly due to the mitochondrial Na+/Ca2+ exchange.

Primary cultures of forebrain neurons exposed to high concentrations of glutamate
accumulate large quantities Ca2+ via-activation of the NMDA receptor, and this Ca2+ is
transported into mitochondria presuimably by the uniporter. We can also demonstrate
mitochondrial Ca2+ release triggered by FCCP, also likely to be mediated by the uniporter.
We used high concentrations of Ru360 (10uM) and for long incubation periods (>30min).
However, neither of these strategies altered éither glutamate-induced cytosolic Ca2+ changes
or FCCP-induced mitochiondrial Ca2+ release.

These findings suggest that RR and Ru360 are effective inhibitors of the mitochondrial Ca2+
uniporter in neurons, but that Ru360 does ot effectively penetrate cells.
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