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Mitochondrial Control of Acute Glutamate Excitotoxicity in Cultured

Cerebellar Granule Cells
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Mitochondria within cultured rat cerebellar granule cells have a
complex influence on cytoplasmic free Ca2* ([Ca®*'].) re-
sponses to glutamate. A decreased initial [Ca®*]. elevation in
cells whose mitochondria are depolarized by inhibition of the
ATP synthase and respiratory chain (conditions which avoid
ATP depletion) was attributed to enhanced Ca®" extrusion from
the cell rather than inhibited Ca®™ entry via the NMDA receptor.
Even in the presence of elevated extracellular Ca2*, when
[Ca®"], responses were restored to control values, such cells
showed resistance to acute excitotoxicity, defined as a delayed
cytoplasmic Ca?* deregulation (DCD) during glutamate expo-
sure. DCD was a function of the duration of mitochondrial
polarization in the presence of glutamate rather than the total
period of glutamate exposure. Once initiated, DCD could not be
reversed by NMDA receptor inhibition. In the absence of ATP

synthase inhibition, respiratory chain inhibitors produced an
immediate Ca®* deregulation (ICD), ascribed to an ATP deficit.
In contrast to DCD, ICD could be reversed by subsequent ATP
synthase inhibition with or without additional NMDA receptor
blockade. DCD could not be ascribed to the failure of an ATP
yielding metabolic pathway. It is concluded that mitochondria
can control Ca®* extrusion from glutamate-exposed granule
cells by the plasma membrane in three ways: by competing
with efflux pathways for Ca*, by restricting ATP supply, and by
inducing a delayed failure of Ca®" extrusion. Inhibitors of the
mitochondrial permeability transition only marginally delayed
the onset of DCD.

Key words: glutamate; excitotoxicity; mitochondria; calcium;
granule cell; NMDA

In common with many other cultured neurons, rat cerebellar
granule cells die after extended NMDA receptor activation
(Garthwaite, 1986; Novelli et al., 1988; Manev et al., 1989). There
is increasing evidence that mitochondrial dysfunction plays a
primary role in the initiation of both necrotic and apoptotic
neuronal cell death (for review, see Beal, 1996; Petit et al., 1996;
Richter et al., 1996; Henneberry, 1997; Nicotera and Leist, 1997,
Nicholls and Budd, 1998). However, unraveling the multiple roles
of the organelle in this context is not trivial, because each mito-
chondrial function can in turn influence, and be influenced by, the
other parameters. In particular, the mitochondrial membrane
potential (AW, ) or the full proton electrochemical potential (Ap)
controls ATP generation by the ATP synthase (Nicholls and
Ferguson, 1992), Ca?" sequestration within the mitochondrial
matrix (Nicholls and Akerman, 1982; Gunter and Gunter, 1994),
and superoxide generation by the respiratory chain (Beal et al.,
1997; Korshunov et al., 1997; Negre-Salvayre et al., 1997), and
may additionally affect the mitochondrial permeability transition
(Halestrap et al., 1997; Scorrano et al., 1997), outer membrane
rupture, and cytochrome c release (Liu et al., 1996; Yang et al.,
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1997; Kroemer et al., 1998; but see Kluck et al., 1997; Bossy-
Wetzel et al., 1998).

Glutamate-induced neuronal necrosis is preceded by a rapid
uncontrolled increase in cytoplasmic free Ca** ([Ca®*].) con-
centration, which occurs stochastically within a field of neurons
(Dubinsky et al., 1995) and has been termed delayed Ca®"
deregulation (DCD) (Tymianski et al., 1993). Mitochondrial de-
polarization after glutamate exposure has been reported to be an
early event associated with neuronal Ca*" loading (Ankarcrona
et al., 1996; Isaev et al., 1996; Khodorov et al., 1996b; Schinder et
al., 1996; White and Reynolds, 1996; Keelan et al., 1998). How-
ever, the distinction is not always drawn between a reversible,
physiological response to increased energy demand and a patho-
logical depolarization after mitochondrial damage. Because we
(Budd and Nicholls, 1996b) and others (Tan et al., 1997; Stout et
al., 1998) have reported that complete depolarization of mito-
chondria before glutamate exposure is acutely neuroprotective,
the implication is that polarized mitochondria, perhaps in re-
sponse to excessive Ca®" loading, generate a factor or create a
condition triggering subsequent necrotic cell death. However, the
nature of this factor, which could be a high cytoplasmic Ca*" per
se, the mitochondrial permeability transition, reactive oxygen-
induced damage, metabolic inhibition, etc., remains unclear.

The existence of specific mitochondrial inhibitors allows each
function of the organelle to be investigated separately. Thus, it is
possible to eliminate a failure of oxidative phosphorylation as a
cause of DCD in cerebellar granule cells, because the delay and
extent of glutamate-induced deregulation are unaffected in cells
whose mitochondrial ATP synthase has been inhibited by oligo-
mycin (Budd and Nicholls, 1996b) and thus rely on glycolysis to
maintain ATP/ADP ratios (Budd and Nicholls, 1996a). In the
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present report, we investigate the significance of other mitochon-
drial parameters in the induction of DCD, as well as the basis of
the counter-intuitive finding that cytoplasmic Ca®* transients in
these cells are consistently decreased when mitochondria are
depolarized, without depleting ATP (Budd and Nicholls, 1996b),
an observation which has recently been challenged (Khodorov et
al., 1996¢). It is concluded that mitochondrial Ca*" accumulation
influences Ca?* efflux from the granule cells both acutely, ac-
counting for the effect on the initial Ca®" transients, and pro-
gressively, culminating in DCD.

MATERIALS AND METHODS

Materials. Fura-2 acetoxymethyl ester (fura-2 AM) was obtained from
Molecular Probes (Leiden, The Netherlands). (5R,105)-(+)-5-methyl-
10,11-dihydro[a.d|cyclohepten-5,10-imine hydrogen maleate (MK-801)
was obtained from Research Biochemicals (SEMAT, St. Albans, Hert-
fordshire, UK). Fetal calf serum and minimal essential medium were
obtained from Life Technologies (Paisley, Strathclyde, UK). Bongkrekic
acid and N-methylval-4-cyclosporin (SDZ 220-384) were kindly donated
by Dr. M. Klingenberg (University of Munich, Miinchen, Germany) and
Novartis Pharma Inc. (Basel, Switzerland), respectively. Cyclosporin A,
ionomycin, ketamine, oligomycin, rotenone, and all other reagents were
obtained from Sigma (Poole, Dorset, UK).

Preparation of cerebellar granule cells. Granule cells were prepared as
described previously (Courtney et al., 1990) from 7-d-old Wistar rats.
Cells were plated on poly-D-lysine-coated glass coverslips (13 mm circu-
lar for nonperfusion experiments and 22 mm square for use with the
perfusion chamber in Fig. 14-C) at a density of 280,000 cells per
coverslip for imaging studies and 750,000 per coverslip for **Ca?*
determination. Cells were cultured in minimal essential medium contain-
ing Earle’s salts (Life Technologies) plus 10% (v/v) fetal calf serum, 25
mMm KCl, 30 mm glucose, 2 mM glutamine, 100 pg/ml streptomycin, and
100 U/ml penicillin. After 24 hr, 10 pum cytosine arabinoside was added
to inhibit non-neuronal cell proliferation. Cells were maintained at
37°C in a humidified atmosphere of 5% CO,-95% air and were used
after 6-8 d in vitro.

Incubation conditions. The incubation medium contained 120 mm
NaCl, 31 mmM KCI, 04 mm KH,PO,, and 20 mMm N-tris
(hydroxymethyl)methyl-2-aminoethanesulfonic acid, pH adjusted to 7.4
at the temperature of the subsequent experiment (37°C, except for Fig.
1), with NaOH, 5 mm NaHCOj;, 1.2 mm Na,SO,, and 1.3 mm CaCl,.
Unless otherwise stated, all experiments were performed at 37°C in
Mg?*-free incubation medium in the presence of 15 mm glucose. Exper-
iments shown in Figure 1A4-C were designed to correspond to the
conditions used by Khodorov et al. (1996¢) and were performed at 25°C
in the presence of 5 mm glucose.

Imaging of [Ca?®" ] in single cells. Single cell imaging was performed in
a MiraCal Imaging facility (Life Science Resources, Cambridge, UK)
using a Nikon DIAPHOT-TMD inverted epifluorescence microscope
equipped with a 40X oil immersion objective and Sutter filter wheel
(excitation, 340 and 380 nm; emission >505 nm). Cells were loaded with
3 uM fura-2 AM for 25 min in incubation medium containing an addi-
tional 30 pg/ml bovine serum albumin, 15 mM glucose, and 1.2 mmMm
MgCl,. In all experiments, the objective was focussed on cell somata
rather than neurites. All experiments, apart from those in Figure 1, were
performed in a nonperfusing thermostatted chamber with a volume of
300 wl.

To approximate the conditions used by Khodorov et al. (1996¢), the
experiments shown in Figure 1 used square coverslips mounted in a
Warner RC-21B closed bath imaging chamber on a Warner PH-2 heater
platform. Cells were superfused at 2 ml/min with incubation medium
(25°C) lacking Mg>" and containing 5 mM glucose. Cells were exposed to
three 60 sec pulses of 100 uM glutamate—10 uMm glycine separated by 10
min intervals by introducing concentrated glutamate—glycine into a mix-
ing chamber immediately upstream of the chamber. Where indicated,
incubation medium was supplemented with 2.5 pg/ml oligomycin, 1 uM
rotenone, and 0.5 uM antimycin A. Calibration was performed by the
sequential addition of 10 um ionomycin and 10 mM Na-EGTA. The time
course for [Ca®"], was plotted from a minimum of ten randomly selected
cell somata.
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Figure 1. Mitochondrial depolarization depresses the cytoplasmic free

Ca?" response to glutamate. A-C, Granule cells were perfused with
incubation medium at 25°C and exposed to three sequential 60 sec pulses
of 100 uM glutamate—10 uM glycine ( glut). [Ca®*]. was monitored in a
minimum of 10 randomly selected somata. 4, Individual somata show
highly reproducible [Ca®*]. transients in response to three pulses. B,
Oligomycin (2.5 ug/ml) (oligo) did not affect the second [Ca?*]. transient,
but the addition of 2 uM rotenone (rot) depressed the third transient. C,
Antimycin A (0.5 uM) (4A4) caused a similar depression of the response
in the presence of oligomycin. Under energy-deficient conditions, when in
the presence of rotenone minus oligomycin (D) or in the absence of
glucose (E), glutamate—glycine produces a large transient, followed by
immediate deregulation. Data are representative of at least four indepen-
dent experiments.

Manganese quenching of cytoplasmic fura-2 was monitored by alter-
nate excitation at 340 and 380 nm and emission at >505 nm. Emission
intensity corresponding to the isobestic point was calculated by interpo-
lation using the following algorithm: Fipeqic = {(2 X Figonm) +
F3g0nm)/3. Cells were incubated under nonperfusing conditions at 37°C
in the presence of 2.5 ug/ml oligomycin and 1 uM nifedipine, with the
further additions of 2 uM rotenone or 2 uMm ketamine, where indicated.
To each experiment, 100 uM MnCl, was added, followed by 100 um
glutamate—10 uM glycine.

#Ca?" content of cells. Coverslip-attached granule cells (7-9 d in vitro)
were removed from culture medium, transferred to 24-well plates, and
preincubated for 30 min at 37°C in 350 ul of incubation medium lacking
Mg?*. Oligomycin (8 wg/ml) and rotenone (5 uM) were added to one
series of experiments 2 min before addition of 100 um NMDA plus 10
uM glycine and 1 uMm nifedipine. *CaCl, (6000 Bq/well) was added 20
sec before addition of the agonist. At specified times, individual cover-
slips were removed from their wells and rapidly washed three times with
ice-cold incubation medium containing 1.2 mm MgCl,, 1 mm EGTA, and
1.3 mM unlabeled CaCl,. “*Ca>" associated with the cells was counted by
liquid scintillation counting. Results reported are the mean * SEM of
four independent experiments.

Statistics. Each set of single cell responses shown is representative of at
least three independent experiments from different cell preparations.
Significance was assessed by unpaired-variance Student’s ¢ test (see
Fig. 3).
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RESULTS

Mitochondrial depolarization and glutamate-induced
cytoplasmic Ca?" transients

In the absence of selective cell-permeant inhibitors of the mito-
chondrial Ca** uniporter, the most common approach to estab-
lishing the functional role of mitochondrial Ca** accumulation
in neuronal Ca”" homeostasis has been to collapse AW, (Thayer
and Miller, 1990; Duchen and Biscoe, 1992; Friel and Tsien, 1994;
White and Reynolds, 1995; Budd and Nicholls, 1996a,b; Park et
al., 1996). Because AW, is the major component of the Ap driving
ATP synthesis, simple protonophore addition results in reversal
of the ATP synthase and rapid depletion of cytoplasmic ATP
(Duchen and Biscoe, 1992a; Budd and Nicholls, 1996a; Leyssens
et al., 1996). We have reported previously that the increased
[Ca*"], transients observed in the presence of protonophores
were a consequence of inhibited ATP-dependent Ca?" efflux
from the cell rather than inhibited mitochondrial Ca*" seques-
tration (Budd and Nicholls, 1996a). Indeed, when granule cells
maintained by glycolytic ATP, i.e., in the presence of the ATP
synthase inhibitor oligomycin, are depolarized by the further
addition of a respiratory chain inhibitor, acute cytoplasmic Ca*"
responses to KCI (Budd and Nicholls, 1996a) and glutamate
(Budd and Nicholls, 1996b) are instead decreased.

The inference from these studies, that mitochondrial control of
plasma membrane Ca>" fluxes is more important than mitochon-
drial Ca?* sequestration itself in regulating cytoplasmic Ca?*
responses, has been questioned by a report (Khodorov et al.,
1996¢) in which granule cells were superfused under somewhat
different conditions, and addition of oligomycin plus the complex
111 inhibitor antimycin A resulted in an initial [Ca®*], transient in
response to glutamate that was essentially unchanged but was
followed by a secondary increase in [Ca®*],, similar to that seen
under conditions of ATP depletion (Budd and Nicholls, 1996a).
Because fundamentally opposite conclusions were reached in
these studies concerning the effect of mitochondria on neuronal
Ca®" homeostasis, it is important to resolve this discrepancy.

In Figure 1, [Ca®*]. responses are reported for granule cells
superfused under the conditions used by Khodorov et al. (1996¢).
Eighty percent of coverslips showed highly reproducible [Ca®*].
responses in individual somata to three 60 sec pulses of 100 um
glutamate—10 uM glycine with full subsequent recovery (Fig. 14);
these were used for the following experiments to avoid compli-
cations caused by acute glutamate excitotoxicity that was seen in
the remaining fraction of coverslips. In subsequent experiments,
the first pulse acted as a control, oligomycin was present during
the second pulse, and oligomycin plus rotenone (Fig. 1B) or
antimycin A (Fig. 1C) was present for the third pulse. Although
oligomycin did not affect the response of individual somata,
oligomycin plus rotenone (Fig. 1B) or oligomycin plus antimycin
A (Fig. 1C) substantially reduced the response to the subsequent
glutamate—glycine pulse. The only conditions in which we have
been able to reproduce the rapid secondary rise in [Ca®"], after
glutamate addition reported by Khodorov et al. (1996c) has been
when the respiratory chain is inhibited in the absence of oligo-
mycin (Fig. 1D) or when substrate is limiting (Fig. 1E), both of
which will result in ATP depletion.

To account for the counter-intuitive decreased cytoplasmic
Ca?" response in cells whose major Ca?" sink is inhibited, we
have investigated whether this is attributable to inhibited uptake
of Ca?" or to accelerated efflux across the plasma membrane. We
have observed previously that the total **Ca®* accumulation of
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Figure 2. Net accumulation of *Ca?* into NMDA-exposed cells is
decreased by mitochondrial depolarization. Cells were incubated in the
presence (@) or absence (O) of 8 pug/ml oligomycin plus 5 uM rotenone for
2 min before the addition of 100 um NMDA, 10 uM glycine, and 1 um
nifedipine (¢ = 0). “*Ca?* was added 20 sec before the agonist. Results
are the mean = SEM of four independent experiments.

granule cells exposed to glutamate for 20 min is decreased in cells
with depolarized mitochondria. Figure 2 shows that this is caused
by a rapid inhibition of net accumulation within 5 min of NMDA
receptor activation.

To determine whether the reduction in net **Ca?* accumula-
tion in the presence of the mitochondrial inhibitors was attribut-
able to an inhibition of the NMDA receptor, the rate at which
cytoplasmic fura-2 fluorescence is quenched by exogenous man-
ganous ions (Miyata et al., 1991) was determined in the presence
of oligomycin plus or minus rotenone. This technique has been
used extensively to monitor NMDA receptor activity in granule
cells (Simpson et al., 1995; Khodorov et al., 1996a; Savidge and
Bristow, 1997). Figure 3 shows that addition of Mn?* to the
extracellular medium initiated a slow quenching of fura-2 fluo-
rescence in oligomycin-treated cells. This rate was not inhibited
by MK-801 (data not shown). Addition of glutamate—glycine
increased the rate of quenching ninefold. No significant decrease
in the rate of glutamate-induced quenching was seen in cells
whose mitochondria were depolarized in the presence of both
rotenone and oligomycin (Fig. 3).

The Mn?* quench technique can detect a partial inhibition of
the NMDA receptor. Thus, the competitive antagonist ketamine
(2 uM), which reduced the initial [Ca*"], transient to the same
extent as that seen in the presence of oligomycin plus rotenone
(data not shown), produced a 30% inhibition in the rate of Mn?"
quenching. Thus, if mitochondrial depolarization were producing
its effects on [Ca "], by inhibiting NMDA receptor activity, this
would have been clearly detectable. Importantly, the residual
fluorescence of cells after exposure to Mn?* and glutamate was
not punctate; thus, there was no contribution to the cytoplasmic
[Ca?"]. response by fluorescence from any fura-2 accumulated
within the mitochondria. As a consequence, the influence of
mitochondrial depolarization on the cellular fluorescence cannot
be ascribed to a decrease in a mitochondrial signal.
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Figure 3. Mitochondrial depolarization does not inhibit the rate of
NMDA receptor-induced manganese quenching of fura-2. Cells were
incubated in the presence of 5 ug/ml oligomycin (control) or with the
further addition of 2 uM rotenone or 2 uM ketamine, as indicated. Where
indicated, 100 pM Mn?* and 100 um glutamate-10 um glycine were
added. *p < 0.05, statistically significant compared with the same condi-
tion in the absence of ketamine; n = 5.

Mitochondrial polarization and glutamate-induced
delayed [Ca?*], deregulation

When granule cells are exposed continuously to glutamate, a high
proportion of cells show a delayed failure of Ca®" homeostasis.
This DCD precedes and accurately predicts subsequent, predom-
inantly necrotic cell death (Tymianski et al., 1993). As reported
previously (Budd and Nicholls, 1996b), glutamate-induced DCD
also occurs in oligomycin-treated cells and thus cannot be as-
cribed to a failure of mitochondrial ATP synthesis, whereas
mitochondrial depolarization by the further addition of rotenone
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before glutamate greatly decreases DCD. Representative traces
are shown in Figure 4, 4 and B. The decreased initial transient in
the presence of rotenone—oligomycin is again apparent, after
which the cells maintain a stable plateau with only occasional cells
showing a rather sudden deregulation (Fig. 4B).

The net accumulation of “°Ca?* by glutamate-exposed cells
with polarized mitochondria is virtually complete within the first
5 min of glutamate exposure (Fig. 2, O). By then, [Ca®"], has
peaked and declined to an initially stable plateau (Fig. 44). Thus,
because neither free cytoplasmic Ca®" nor total cellular Ca®*
are changing at 5 min, this suggests that mitochondrial Ca®*
accumulation has reached a steady state by this time. To establish
whether the initial period of mitochondrial Ca®* loading during
the first 5 min of glutamate exposure initiates the sequence of
events leading to deregulation or whether chronic maintenance of
the mitochondria in the Ca?"-loaded state is necessary, the
mitochondria were subjected to delayed depolarization by the
further addition of rotenone after either 5 (Fig. 4C) or 35 min
(Fig. 4D) of glutamate exposure. Previous experiments have
shown that rotenone plus oligomycin causes AW, to decay within
60 sec (Budd and Nicholls, 1996a), while protons leak back into
the matrix.

In contrast to the transient spike of [Ca?*], that is seen when
the mitochondria within Ca?"-loaded cells suddenly release their
Ca?* to the cytoplasm (Budd and Nicholls, 1996a), after rote-
none addition, the [Ca®*], of individual cells falls to a lower
plateau level with no detectable spike but with a time course
consistent with the relatively slow depolarization of the mito-
chondrial membrane (Fig. 4C, inset). Because the Mn?* quench
rate is unaffected by mitochondrial depolarization (Fig. 3), it can
be concluded that the activity of the plasma membrane Ca?"
efflux pathways is enhanced such that the steady-state between
NMDA receptor-mediated uptake and efflux from the cell is
achieved at a lower bulk cytoplasmic free Ca>".

The proportion of cells treated with rotenone 5 min after
glutamate addition (Fig. 4C) that maintain a low [Ca®"]_ over the
next 60 min is not significantly different from those in which
rotenone is added before glutamate (Fig. 4B). In contrast, cells
whose mitochondria have remained Ca?*-loaded for 35 min
before rotenone addition show extensive deregulation, either at
the time of rotenone addition or shortly afterward (Fig. 4D). In
Figure 4, a good correlation is seen between the behavior of
individual cells before and after the delayed rotenone addition;
those with a low, stable [Ca®"], do not undergo deregulation
after rotenone, those with a rapidly rising [Ca®"], deregulate
immediately, and intermediate cells deregulate after a short de-
lay. The sudden deregulation of Ca®* after rotenone at 35 min
may be attributable to the release of Ca?" from the mitochon-
dria, overwhelming an already compromised Ca®* extrusion
mechanism. Thus, it appears that it is the duration for which the
mitochondria maintain an accumulation of Ca?™, rather than the
initial extent of Ca?" loading (or the duration of glutamate
exposure), that defines the sensitivity of the cells to subsequent
DCD. Figure 4, E-H, shows the frequency histograms of [Ca®*].
observed at 60 min in randomly selected cells on four to six
coverslips for each condition.

DCD is not controlled by [CaZ*],

Because the effect of mitochondrial depolarization is to lower the
initial peak and subsequent plateau of cytoplasmic free Ca®*
(Fig. 4B) and to decrease the extent of **Ca*" accumulation by
the cells (Fig. 2), it could be argued that the improved survival of
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Figure 4. DCD is controlled by the duration of mitochondrial polariza-
tion. Granule cells were incubated in the presence of 5 ug/ml oligomycin.
Two micromolar rotenone was added 2 min before (B), 5 min after (C),
or 35 min after (D) addition of 100 uM glutamate—10 uM glycine. Inset in
C shows the change in [Ca?"], produced by rotenone addition 5 min after
the amino acids. E-H, The frequency with which the indicated range of
[Ca>*]. is observed in individual somata 60 min after glutamate—glycine
addition, corresponding to experiments shown in A-D, respectively. Each
histogram contains the data from at least 130 somata and four indepen-
dent experiments. Lysed cells were characterized by a loss of fluorescence
and the disappearance of phase-bright somata.
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Figure 5. Mitochondrial depolarization is still neuroprotective in the
presence of elevated cytoplasmic Ca?*. Cells were incubated in the
presence of 5 pg/ml oligomycin and 2.6 mM external Ca?* and exposed
to 100 uM glutamate-10 um glycine for the indicated period in the
absence (A4) or presence (B) of 2 uM rotenone. Where indicated, 1 um
MK-801 was added. C, D, Frequency histograms of [Ca®"]. observed at
60 min in individual somata from a minimum of four independent
experiments under the same conditions in the absence (C) or presence
(D) of 2 uMm rotenone.

the cells was a consequence of a decreased cytoplasmic Ca®"
rather than a specific depletion of Ca®" from the mitochondrial
matrix. To distinguish these possibilities, the survival of cells was
compared in the presence of normal (1.3 mMm) and elevated (2.6
mwm) extracellular Ca*". In the presence of oligomycin and 2.6
mm Ca?", glutamate induced rapid and complete deregulation
(Fig. 54). In contrast, nearly all the cells survived elevated exter-
nal Ca®" for at least 60 min of glutamate exposure in the
presence of rotenone plus oligomycin (Fig. 5B), despite a sub-
stantial elevation in the [Ca®"], plateau to levels (470 + 23.9 nm;
n = 15) in excess of the initial plateau seen 10 min after glutamate
addition to oligomycin-treated cells in the presence of the normal
1.3 mm Ca?* (401 = 23.2 nM; n = 15) (Fig. 44). Thus, deregu-
lation is not a function of the cytoplasmic Ca®* elevation.

The retained viability of the cells in Figure 5B is indicated by
the ability of the NMDA receptor antagonist MK-801 to restore
the basal [Ca®"]. in the surviving cells (Fig. 5, compare 4, B). We
can thus conclude that a glutamate-induced elevation of cytoplas-
mic Ca>" is not acutely excitotoxic as long as the mitochondria
are depolarized.

The reversibility of ICD

In the absence of oligomycin, protonophore addition (Fig. 6A4) or
respiratory chain inhibition by antimycin A (Fig. 6B) or rotenone
(Fig. 6C) results in an acute failure of cytoplasmic Ca*" ho-
meostasis. Under these conditions, the glycolytic capacity of gran-
ule cells is insufficient to generate sufficient ATP to fuel the
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Figure 6. ICD under conditions of energy limitation: conditions for
reversal. Granule cells were incubated from ¢ = 0 in the presence of 1 uM
carbonyl cyanide p-trifluoromethoxyphenyl hydrazone (A), 1 uM antimy-
cin A (B), or 2 uMm rotenone (C-F). At 2 min, 100 uM glutamate—10 um
glycine were added. Where indicated, 5 pg/ml oligomycin (oligo) and/or
1 uM MK-801 and 2 mM Mg>" were added. Note that NMDA receptor
inhibition per se does not restore Ca®* homeostasis. Representative
experiments from a minimum of three independent experiments are
shown. Values in the insets represent the proportion of cells (mean *
SEM) showing recovery of [Ca**]. to <500 nM after 60 min of amino acid
exposure.

plasma membrane Na */K "-ATPase and Ca>*-ATPase and also
to drive the reversed mitochondrial ATP synthase (Budd and
Nicholls, 1996b). Because both acute and delayed Ca** deregu-
lation are reported as increases in [Ca®"]., it is important to
establish their mechanisms.

Acute deregulation of rotenone-treated cells is virtually imme-
diate after glutamate addition, well before the initial Ca®*
“spike” decays to a stable plateau (Fig. 6C). No recovery (at least
to levels detectable by fura-2, below ~2 um) occurs in the sub-
sequent hour. The acute Ca?" deregulation in the presence of
rotenone is glutamate-dependent, because rotenone-treated cells
maintain Ca®* homeostasis for at least 2 hr in the presence of
MK-801 (data not shown). However, although MK-801 reverses
the acute glutamate-evoked [Ca®"], elevation in granule cells
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Figure 7. Delayed calcium deregulation is not caused by Ca®* entry
through defined calcium channels. Granule cells were exposed to 100 um
glutamate—10 uM glycine at ¢ = 2 min. After 50 min, a population of cells
had deregulated. Ca?* channel antagonists were added sequentially,
where indicated by the dotted lines: (1) 1 uM nifedipine; (2) 5 um Conus
magnus toxin-M VIIC; (3) 1 uM 6-nitro-7-sulfamoyl-benzo[f]quinoxaline-
2,3-dione; and (4) 1 um MK-801. The [Ca>"]. responses of three repre-
sentative cells are shown: cell a had deregulated before addition of the
inhil;itors, cell b initiated deregulation, and cell ¢ recovered to a lower
[Ca*"].

incubated in the absence of respiratory chain inhibitors (Fig. 5B),
MK-801 fails to reverse the acute Ca>* deregulation in rotenone-
treated cells when added 5 min subsequent to glutamate (Fig.
6D). Possible explanations for this failure are that the cells have
suffered irreversible damage or that the energetic collapse trig-
gered by NMDA receptor activation is self-sustaining, even after
the receptor is inhibited. Addition of oligomycin 5 min after
glutamate allows a slow partial recovery of Ca?" homeostasis in
a subset of cells (Fig. 6F). Within the next hour, 45% of cells
recovered (defined as a [Ca®"]. <500 nm). Inhibition of both the
ATP synthase and the NMDA receptor 5 min after glutamate
resulted in an almost total restoration of Ca®* homeostasis (Fig.
6F). Two conclusions can be drawn. First, acute Ca*" deregula-
tion can be readily reversed. Second, inhibition of the ATP
synthase facilitates such reversal. The latter suggests that the
reversed ATP synthase continues to drain cytoplasmic ATP, even
after NMDA receptor inhibition.

The irreversibility of DCD

DCD occurs with the same facility after glutamate addition to
both control and oligomycin-treated cells (Budd and Nicholls,
1996b) and is thus not a consequence of a failure of the
oligomycin-sensitive ATP synthase. The rise in [Ca*"]_ has been
proposed to be primarily a consequence of failed Ca*" efflux
rather than accelerated Ca*" uptake (Khodorov et al., 1993).
Consistent with this, when Ca?" channel inhibitors, including
MK-801, are added sequentially to a coverslip whose individual
neurons are at different stages of deregulation (Fig. 7), it is found
that although cells maintain a stable plateau, they generally show
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a decreased [Ca?"]. on addition of the inhibitors (Fig. 7, trace c).
In contrast, cells that are apparently just about to deregulate (Fig.
7, trace b) and cells that have already deregulated (Fig. 7, trace a)
are not rescued.

Population ATP/ADP ratios decline in granule cells exposed to
glutamate in the presence or absence of oligomycin (Budd and
Nicholls, 1996b). Because ATP is required for two steps in
glycolysis, a decline in ATP below a critical threshold can lead to
an inhibition of glycolysis that could rapidly feed forward to
produce a sudden collapse in ATP production. Granule cells can
be maintained by glucose in the presence of oligomycin [in which
case, ATP generation is purely glycolytic (Fig. 4)] or in the
absence of oligomycin and glucose by the addition of lactate (Fig.
8A) or pyruvate (Fig. 8B), when ATP generation is purely by
oxidative phosphorylation. In the absence of any added substrate,
the cells deregulated within 5-10 min of glutamate addition (Fig.
1E). The response of cells in the presence of these nonglycolytic
substrates (Fig. 84,B) is remarkably similar to that in the pres-
ence of glucose, including a similar time course for DCD. Thus,
DCD is not a phenomenon that is seen only during glycolysis.
Furthermore, DCD in the presence of glucose cannot be reversed
by the subsequent addition of lactate plus pyruvate (Fig. 8C).
Because pyruvate, added directly or generated from lactate, is an
effective substrate for the in situ mitochondria (Schurr et al,
1997) and does not require ATP for its metabolism, its addition
(in the absence of oligomycin) might have reversed a delayed
deregulation that was a consequence of failed glycolysis.

DCD is not prevented by inhibitors of the
mitochondrial permeability transition

The mitochondrial permeability transition (MPT) is a permeabi-
lization of the inner membrane to solutes up to 1500 Da, which
can be observed with isolated mitochondria as a consequence of
Ca®" overload in the presence of phosphate under oxidizing
conditions (Zoratti and Szabo, 1995; Vercesi et al., 1997). The
MPT results in mitochondrial swelling, rupture of the outer
membrane, and release of cytochrome c. In isolated mitochon-
dria, the MPT is inhibited by cyclosporin A and N-methylval-4-
cyclosporin (Nicolli et al., 1996) and by bongkrekic acid, which
locks the adenine nucleotide translocator in the M-conformation
(Halestrap and Davidson, 1990). Most of the experimental evi-
dence for the MPT has come from liver or heart mitochondria or
from cellular systems from hepatocytes and astrocytes (Kristal
and Dubinsky, 1997). Figure 9 shows that preincubation of the
cells with 1 um cyclosporin A (Fig. 9B) or 1 uM N-methylval-4-
cyclosporin (Fig. 9C) for 5 min resulted in only a slight delay of
the onset of DCD. Increasing the concentration (up to 10 um) or
preincubation time (up to 30 min) for the cyclosporins failed to
produce more extensive protection (data not shown). Bongkrekic
acid (20 uMm preincubated for 5 min) also failed to delay DCD
significantly (data not shown).

DISCUSSION

The complexity of the interactions between mitochondria and the
rest of the cell during acute glutamate excitotoxicity has to date
hindered elucidation of the mechanism(s) responsible for DCD
preceding neuronal necrosis (Tymianski et al., 1993). In this
paper, we have separated three conditions under which mitochon-
dria influence glutamate-evoked [Ca®"].: during the initial re-
sponse to glutamate, during acute energy deficit, and during DCD
itself.

The acute subexcitotoxic [Ca®"], response of granule cells to
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Figure 8. DCD occurs in the presence of nonglycolytic substrates and is
not reversed by additional substrate. Granule cells were incubated in the
absence of glucose and the presence of 10 mm lactate (4), 10 mM pyruvate
(B), or 15 mm glucose (C). In each case, cells were exposed to 100 um
glutamate—10 uM glycine for the period indicated. C, At 30 min, 10 mM
lactate plus 10 mm pyruvate were added to provide additional mitochon-
drial substrate. Oligomycin was not present in these experiments.
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Figure 9. Cyclosporin A and N-methylval-4-cyclosporin fail to protect
cells against delayed calcium deregulation. Cells were exposed to 100 um
glutamate—10 uM glycine in the absence of oligomycin. 4, Control. Cells
were preincubated with 1 uMm cyclosporin A (B) or 1 uM N-methylval-4-
cyclosporin (C) for 5 min before addition of glutamate—-glycine.

glutamate is attenuated when mitochondria are depolarized (Fig.
1) under conditions that do not deplete cytoplasmic ATP (Budd
and Nicholls, 1996b). No effect on the entry of the Ca*" surro-
gate Mn?" can be detected (Fig. 3), and because both the total
4>Ca*" content of the cells (Fig. 2) and [Ca*"]. elevation (Fig. 1)
are decreased, this suggests that Ca?" efflux from the cell is
facilitated, allowing a kinetic balance between uptake and efflux
to be achieved at a lower indicated [Ca*®"].. Because rotenone—
oligomycin-induced depolarization also results in decreased KCI-
evoked cytoplasmic elevations (Budd and Nicholls, 1996a), it can
be concluded that mitochondria can influence the re-extrusion of
Ca®" entering via both NMDA receptors and voltage-activated
ion channels and that extrusion can be activated during the rising
phase of the fura-2 transient sufficiently rapidly to limit the peak
[Ca®"]..

The plasma membrane Na™ electrochemical gradient is de-
creased in the presence of glutamate as a consequence of plasma
membrane depolarization and cytoplasmic Na ™ elevation (Kie-
drowski et al., 1994). Under these conditions, Na */Ca®* exchange
would be thermodynamically incapable of extruding Ca?*, and
the plasma membrane Ca®"-ATPase must be considered the
dominant pathway of Ca®* extrusion from the cell (Khodorov et
al., 1995). In addition to requiring ATP, the activity of this
calmodulin-activated ion pump is highly dependent on the local
Ca?* concentration in its environment (Monteith and Roufoga-
lis, 1995; Werth et al., 1996) and will sense the high subplasmale-
mmal Ca®" concentration resulting from the activation of prox-
imal ion channels (Monteith and Roufogalis, 1995; Marsault et
al., 1997). The local Ca?" in this domain, monitored by recom-
binant targeted aequorin, can exceed ten times the bulk [Ca®*],
during ion channel activation (Marsault et al., 1997). The mito-
chondria within the small granule cell somata are located close to
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the plasma membrane (Van-Vliet et al., 1989), and it is possible
that they may compete for this local Ca?*, decreasing the activity
of the Ca®"-ATPase and allowing the bulk cytoplasmic [Ca®"],
detected by the Ca?" indicator to rise. Additionally, it is clear
that any restriction in ATP synthesis by respiratory inhibition
(Fig. 6) or substrate limitation (Fig. 1 E) enhances the cytoplasmic
Ca®" signals.

We reported previously that DCD was strongly inhibited when
mitochondria were depolarized before glutamate (Budd and Ni-
cholls, 1996b), and the results reported in Figure 4 extend this by
demonstrating that DCD is a function of the period for which the
mitochondria are polarized. Thus, the correlation reported by
Tymianski et al. (1993) between the duration of glutamate expo-
sure and the subsequent extent of DCD may be more accurately
restated as the duration for which mitochondria are Ca**-loaded.
An important control (Fig. 5) is that mitochondrial depolariza-
tion is protective, even in the presence of elevated external Ca*",
when the initial peak and plateau [Ca "], responses of rotenone —
oligomycin-pretreated cells (Fig. SB) are at least as great as those
seen in the presence of oligomycin and normal extracellular Ca®*
(Fig. 4A4). Thus, the protective effect of mitochondrial depolar-
ization is not related to its ability to maintain lower cytoplasmic
Ca*" concentrations.

Because we and most other groups rely heavily on measure-
ments of cytoplasmic free Ca®", it is important to establish the
distinction between DCD and the virtually ICD of cytoplasmic
Ca”" seen under conditions of acute energy limitation (Fig. 6)
when Ca?" extrusion from the cell will be inhibited. Glutamate-
induced ICD can be seen in these cells during substrate limitation
(Fig. 1E) and after the addition of protonophore (Fig. 64) or
respiratory chain inhibitors (Fig. 6B,C) in the absence of oligo-
mycin, when ATP synthase reversal rapidly depletes cytoplasmic
ATP (Budd and Nicholls, 1996b). Interestingly, although ICD is
induced by glutamate addition, it is not reversed by NMDA
receptor inhibition (Fig. 6 D) unless the ATP synthase is inhibited
(Fig. 6E,F). This suggests that ATP hydrolysis by the mitochon-
dria may deplete cytoplasmic ATP to the extent that the ATP-
requiring steps in glycolysis are unable to reactivate glycolysis
(Erecinska et al., 1996). Significantly, after an initial enhancement
caused by the Pasteur effect, glycolysis rapidly fails in rotenone-
treated isolated nerve terminals (Kauppinen and Nicholls, 1986).

Whereas ICD can be reversed by restoring metabolic compe-
tence, DCD cannot be reversed by NMDA receptor inhibition in
the presence (Fig. 54) or absence (Fig. 7) of oligomycin or by the
addition of alternative substrates, such as lactate or pyruvate (Fig.
8C). ATP generation by lactate-derived pyruvate is by oxidative
phosphorylation; thus, DCD cannot be ascribed to failed glycol-
ysis. Conversely, the ability to see DCD in the presence of
oligomycin eliminates a failure of oxidative phosphorylation.
Khodorov et al. (1996a) have reported no increase in the rate of
Ca”" entry into granule cells undergoing DCD, as determined by
Mn?*-induced fura-2 quenching, and this is consistent with our
failure to reverse or stop DCD by a cocktail of channel inhibitors
(Fig. 7).

The MPT can be readily observed with isolated mitochondria
incubated with Ca?" in the presence of phosphate and is facili-
tated by oxidative stress and inhibited by adenine nucleotides,
bongkrekic acid, oligomycin, and certain cyclosporin derivatives
(for review, see Zoratti and Szabo, 1995; Bernardi and Petronilli,
1996). Evidence for the involvement of the MPT in intact cells is
based primarily on the action of cyclosporin A. However, this
immunosuppressant, in complex with its cyclophilin, is a potent
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inhibitor of calcineurin (Sabatini et al., 1997) and will result in a
hyperphosphorylated state of a multiplicity of proteins. Thus,
although cyclosporin A inhibits glutamate-induced necrosis and
apoptosis in granule cells (Ankarcrona et al., 1996), this is attrib-
utable to calcineurin inhibition rather than inhibition of the
MPT. We observed only a marginal retardation of DCD with
cyclosporin A, the more selective N-methylval-4-cyclosporin, or
bongkrekic acid and thus have no convincing evidence for a
significant role for the MPT under these conditions. Specifically,
DCD occurs in the presence of each of these agents (Fig. 9); thus,
assuming their effectiveness in this preparation, DCD cannot be
a manifestation of the permeability transition. It should also be
borne in mind that oligomycin, which is present routinely in these
experiments, is also an inhibitor of the MPT (Nicholls and
Akerman, 1982).

What then is the mechanism of DCD and by extension acute
glutamate-induced neuronal necrosis? Failure of oxidative phos-
phorylation can be eliminated, because the phenomenon occurs
after the same delay in oligomycin-treated cells (Budd and Ni-
cholls, 1996b); this also argues against an inexorable rise in
cellular ATP demand, because oligomycin-treated cells have a
restricted ATP-generating capacity, relying entirely on glycolysis.
Failure of glycolysis itself is inconsistent with the inability of the
additional substrate lactate to rescue deregulating cells (Fig. 8).
Activation of Ca*" entry pathways is inconsistent with the failure
of a cocktail of channel inhibitors to affect the final rise in
[Ca*"]. (Fig. 7) and with the failure to observe enhanced Mn?"
quenching during DCD (Khodorov et al., 1996a). Release of
mitochondrial Ca®* stores caused by the MPT is inconsistent
with the ineffectiveness of three inhibitors of the permeability
transition (four including oligomycin) (Figure 9). A factor depen-
dent on an elevation in [Ca?"], can be eliminated, because cells
with depolarized mitochondria withstand a high cytoplasmic
Ca?* without undergoing DCD (Fig. 5). Almost by elimination,
one is forced to focus on inhibition of the plasma membrane
Ca?"-ATPase as a consequence of a process dependent on the
duration for which the closely adjacent mitochondria are polar-
ized and loaded with Ca®" (Fig. 4). It is notable that plasma
membrane efflux can cope with Ca®" released by depolarizing
mitochondria after 5 min (Fig. 4C) but not after 35 min (Fig. 4D).

Oxidative stress is an obvious candidate for this mechanism.
Enhanced superoxide generation by glutamate-exposed neurons
has been extensively reported (Lafon-Cazal et al., 1993; Culcasi
et al., 1994; Gunasekar et al., 1995), although assays involving the
generation of products whose fluorescence is dependent on AW,
(e.g., hydroethidine oxidation to ethidium monomer and
dihydrorhodamine-123 oxidation to rhodamine-123) may be am-
biguous under conditions that are associated also with mitochon-
drial depolarization (Budd et al., 1997). However, enhanced
mitochondrial superoxide generation per se may be insufficient to
induce DCD, because the protection afforded by the combination
of oligomycin and antimycin A (Nicholls and Budd, 1998), which
leads to enhanced superoxide generation (Budd et al., 1997), is
similar to that seen with rotenone-oligomycin, which does not
(R. F. Castilho and D. G. Nicholls, unpublished observations).
Finally, although the plasma membrane Ca?"-ATPase has been
reported to be very sensitive to oxidative damage (Zaidi and
Michaelis, 1998), definitive proof of oxidative damage to the
Ca?*-ATPase is still lacking.

Two additional studies have demonstrated the acute neuropro-
tective effect of mitochondrial depolarization. Sengpiel et al.
(1998) have recently reported that rotenone—oligomycin pro-
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tected primary rat hippocampal neurons from NMDA excitotox-
icity, whereas Stout et al. (1998) observed that protonophore
increased the cytoplasmic Ca?" responses of rat forebrain neu-
rons but decreased excitotoxicity. Thus, our observation may be
applicable to a variety of neurons.
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