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Wang, Guang Jian and Stanley A. Thayer. NMDA-induced cal-
cium loads recycle across the mitochondria inner membrane of hip-
pocampal neurons in culture. J Neurophysiol 87: 740—749, 2002;
10.1152/jn.00345.2001. Mitochondria sequester N-methyl-p-aspartate
(NMDA)-induced Ca?* loads and regulate the shape of intracellular
Ca?" concentration ([Ca?"];) responses in neurons. When isolated
mitochondria are exposed to high [Ca?*] Ca®" enters the matrix via
the uniporter and returns to the cytosol by Na'/Ca®* exchange.
Released Ca?" may re-enter the mitochondrion recycling across the
inner membrane dissipating respiratory energy. Ca®* recycling, the
continuous uptake and release of Ca?" by mitochondria, has not been
described in intact neurons. Here we used single-cell microfluorimetry
to measure [Ca?"]; and mitochondrially targeted aequorin to measure
matrix Ca?* concentration ([Ca®*],,,) to determine whether Ca®*
recycles across the mitochondrial inner membrane in intact neurons
following treatment with NMDA. We used ruthenium red and CGP
37157 to block uptake via the uniporter and release via Na*/Ca?™"
exchange, respectively. As predicted by the Ca?* recycling hypoth-
esis, blocking the uniporter immediately following challenge with 200
M NMDA produced arapid and transient increase in cytosolic Ca®*
without a corresponding increase in matrix Ca®*. Blocking mitochon-
drial Ca?" release produced the opposite effect, depressing cytosolic
Ca®* levels and prolonging the time for matrix Ca®* levels to re-
cover. The Ca®" recycling hypothesis uniquely predicts these recip-
rocal changes in the Ca?" levels between the two compartments.
Ca®" recycling was not detected following treatment with 20 uM
NMDA. Thus Ca®" recycling across the inner membrane was more
pronounced following treatment with a high relative to alow concen-
tration of NMDA, consistent with a role in Ca?"-dependent
neurotoxicity.

INTRODUCTION

Mitochondria are able to sequester large amounts of Ca?™*
(Blaustein et al. 1978; Gunter et al. 1994; Lehninger 1967)
and thus regulate the shape of [Ca*]; responses in neurons
(David 1999; Friel and Tsien 1994; Tang and Zucker 1997,
Thayer and Miller 1990; Werth and Thayer 1994), including
neurons stimulated with glutamate and NMDA (Nicholls
and Ward 2000; Peng and Greenamyre 1998; Wang and
Thayer 1996; White and Reynolds 1995). Ca?" is taken up
by mitochondria via a ruthenium-red-sensitive uniporter
driven by the proton electrochemical gradient (AW = —180
mV). Ca’" exits the mitochondrion via a Na*/Ca?" ex-
change process, and Na' is removed from the matrix

by Na*/H" exchange. Thus there are separate routes for
Ca’" uptake and release, both driven by AW present on the
inner membrane (Nicholls and Ferguson 1992).

Ca’* uptake into the mitochondrion has numerous con-
sequences (Duchen 1999). Increases in [Ca®*],,, stimulate
the tricarboxylic acid cycle coupling energy demand to ATP
production (McCormack et al. 1990). Elevated [Ca®'],
may open the mitochondrial permeability transition pore,
producing Ca?"-induced Ca?"-release from mitochondria
or, in the high-conductance mode, cell death (Ichas and
Mazat 1998; Miller 1998). Sequestration of Ca" into mi-
tochondria buffers potentially toxic Ca®* loads, although it
may also produce deleterious effects (Castilho et al. 1999;
Stout et al. 1998). Increases in [Ca?*],,, accelerates electron
transport (McCormack et al. 1990) and stimulates the pro-
duction of reactive oxygen species (Castilho et al. 1999;
Chacon and Acosta 1991). Released Ca®* may re-enter the
mitochondrion potentially setting up a futile Ca?" cycle
across the inner mitochondrial membrane. The simultaneous
uptake and release of Ca®", defined here as Ca?* recycling,
has been described in studies with isolated mitochondria
(Crompton et al. 1976) where it was shown to dissipate
respiratory energy (Crompton and Heid 1978). Sequential
movement of Ca®" through the mitochondrial Ca®* cycle
(uniporter — matrix — Na*/Ca?" exchange) has been ob-
served in intact neurons (Friel and Tsien 1994; Werth and
Thayer 1994), but Ca®* re-cycling across the inner mem-
brane has not been described. Because mitochondria in situ
are in close contact with endoplasmic reticulum (Rizzuto et
al. 1998) and plasmalemma (Montero et al. 2000) Ca®*
channels, they may experience extremely high Ca?* and
Na® concentrations that promote Ca®" recycling.

We determined whether Ca?* recycling occurs in intact
hippocampal neurons challenged with N-methyl-p-aspartate
(NMDA). Changes in both [Ca®"]; and [C&?"],,, Were mea-
sured directly, enabling us to determine whether NMDA-in-
duced Ca®" loads shifted between the mitochondrial and ;:%/
tosolic compartments. Pharmacological blockade of Ca™"
fluxes across the inner membrane elicited reciprocal changesin
[Ca®*],,, and [Ca?™]; that were consistent with Ca®" recycling
across the mitochondrial inner membrane following exposure
to high concentrations of NMDA.
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METHODS
Materials

Materials were obtained from the following suppliers: Indo-1 and
Indo-5F, Molecular Probes, Eugene OR; Dulbecco’s modified Eagle’s
medium and B27 supplement, GIBCO, Grand Island, NY; heat-
inactivated iron supplemented calf serum, Hyclone Laboratories, Lo-
gan, UT; NuSerum 1V, Collaborative Research, Bedford, MA; super-
oxide dismutase, Boehringer-Mannheim Biochemicals, Indianapolis,
IN; SMI 81 and SMI 311, Sternberger Monoclonals, Baltimore, MD;
Ham's F-12, catalase, tetrodotoxin and all other reagents, Sigma/RBI,
St. Louis, MO.

Cell culture

Astrocyte-poor, neuron-rich hippocampal cultures were prepared
using methods similar to those described previously (Wang et al.
1994, 1998). Fetuses were removed on embryonic day 17 from
maternal Sprague-Dawley rats anesthetized with CO, and killed
by decapitation. Hippocampi were dissected and placed in Ca®*
and Mg®"-free N-2-hydroxyethypiperazine-N’ -2-ethanesulfonic acid
(HEPES)-buffered Hanks' salt solution (HHSS), pH 7.45. HHSS was
composed of thefollowing (in mM): 20 HEPES, 137 NaCl, 1.3 CaCl ,,
0.4 MgsO,, 0.5 MgCl,, 5.0 KCI, 0.4 KH,PO,, 0.6 Na,HPO,, 3.0
NaHCO,, and 5.6 glucose. Cells were dissociated by triturating
through a 5-ml pipette and then a flame-narrowed Pasteur pipette. The
neurons were grown in a humidified atmosphere of 10% CO,-90% air
at 37°C. Cultureswereinitially plated at adensity of 100,000 cells per
well onto 25-mm round coverglasses (#1) that had been coated with
poly-p-lysine (0.1 mg/ml) and washed with H,O. The initial medium
was an 80:10:10 (vol/vol) mixture of Dulbecco’s modified Eagle’'s
medium, Ham's F-12, and heat-inactivated iron supplemented calf
serum, containing 2 mM glutamine, 25 mM HEPES, 24 units/ml
penicillin, and 24 ug/ml streptomycin. After 24 h in vitro, cell
proliferation was inhibited by the addition of 5 uM cytosine arabino-
side to the media. On the third day of culture, the medium was
completely removed and replaced with 90% minimal essential me-
dium, 10% NuSerum IV, 2 mM glutamine, 5 mM HEPES, containing
10 wg/ml superoxide dismutase, 1 ug/ml catalase, 11 mM tota
glucose, and 9.3 mM total sodium bicarbonate, plus 2% B27 supple-
ment. Medium was not changed subsequently. To prevent evaporation
of water, culture dishes were kept on “wet dishes’ containing a filter
paper that was always kept wet. Cells were used after they were in
culture for 11-15 days. Cultures were characterized using immuno-
cytochemical methods as previously described (Wang et al. 1998).
The percentage of astrocytes in these cultures was determined by
counting cell nuclei, labeled with bisbenzamide, yielding total cells,
and GFAP-positive cells (astrocytes) in five randomly chosen optical
fields (X20 objective) per coverdip using cultures at 2-3 wk. Sev-
enty-nine GFAP-positive cells were found among the 4,534 cells
counted in three separate experiments (1-3 coverslips per experi-
ment). Thus these cultures contained ~2% astrocytes. Neurons were
positively identified using a cocktail of antineurofilament monoanti-
bodies, SMI 81 and SMI 311. In three separate experiments (total of
6 coverdlips), we found that 94 + 1% (mean + SE) of total cellswere
positively labeled by the anti-neurofilament antibody cocktail. The
rest of cellsin these experiments were either astrocytes or neurons that
could not be positively identified because they werein an aggregate or
were weakly labeled.

[Ca®™]; measurement

Cells were loaded with Indo-1 or Indo-5F by incubationin 2 uM of
the acetoxymethy! ester form of the dye for 45 min at 37°C in HHSS
containing 0.5% bovine serum albumin. Coverdlips with loaded cells
were mounted in a flow-through chamber for viewing (Thayer et al.
1988). The superfusion chamber was mounted on an inverted micro-

scope and cells were superfused with HHSS at a rate of 1-2 ml/min
for 15 min prior to starting an experiment. The bath was completely
exchanged within 10 s. [Ca®*]; was determined with a previously
described dual-emission microfluorimeter (Wang and Thayer 1996).
The optical settings for Indo-1 and Indo-5F were the same. For
excitation, the light from a 75-W xenon arc lamp was passed through
a 350 (10)-nm band-pass filter (Omega Optical, Brattleboro, VT),
reflected off of a dichroic mirror (380 nm) and through a X70
phase-contrast oil-immersion objective (Leitz, numerical aperture
1.15). Emitted light was sequentially reflected off of dichroic mirrors
(440 and 516 nm) through band-pass filters [405 (20) and 495 (20)
nm, respectively] to photomultiplier tubes operating in photon-count-
ing mode (Thorn EMI, Fairfield, NJ). Cells were illuminated with
transmitted light (580-nm long pass) and visualized with a video
camera placed after the second emission dichroic. Recordings were
defined spatially with a rectangular diaphragm. The 5-V photomuilti-
plier output was integrated by passing the signal through an eight-pole
Bessel filter at 2.5 Hz. This signal was then input into two channels of
an A/D converter (Indec Systems, Sunnyvale, CA) sampling at 1 Hz.

After completion of each experiment, the microscope stage was
adjusted so that no cells or debris occupied the field of view defined
by the diaphragm, and the background light levels were determined
(typically <5% of cell counts). Autofluorescence from cells that were
not loaded with dye was undetectable. Records were later corrected
for background and converted to [Ca®*]; by the equation [Ca?*]; =
KiB(R — Rin)/(Rnax — R), in which R is the 405/495-nm fluores-
cence ratio. The dissociation constants (Kg) used for Indo-1 and
Indo-5F were 225 and 473 nM, respectively, and 3 was the ratio of
emitted fluorescence at 495 nm in the absence and presence of
cacium. R, Ryax @nd B were determined in ionomycin-permeabil-
ized cells in calcium-free (1 mM EGTA) and 5 mM Ca&" buffers.
Values of R, Rmax @nd B for Indo-1 were 0.25, 2.3, and 3.5, and for
Indo-5F were 0.21, 1.64, and 4.5, respectively.

[Ca®™],, measurement

Measurement of intramitochondrial Ca®* ([Ca?*],,,,) was achieved
using the Ca®" -sensitive photoprotein aequorin targeted to the mito-
chondrion of hippocampal neurons (Cobbold and Lee 1991; Padua et
al. 1998; Rizzuto et al. 1993). The apoaequorin gene fused to the
mitochondrial targeting sequence from subunit V111 of cytochrome C
oxidase (COXVIII) was excised from plasmid mtAeg-pM T2 (Rizzuto
et a. 1993). The gene was inserted into shuttle plasmid pAdRSV4
behind the RSV promoter (Bohn et al. 1999). The RSVmtAeq ex-
pression cassette was then incorporated into a recombinant adenovirus
by the Gene Transfer Vector Core at the University of lowa.

After 11-15 days in culture, hippocampal neurons were infected
with adenovirus carrying the mitochondrial apoaequorin expression
construct by adding 0.3 X 10' to 1 X 10 viral particles to each
culture well in 1.5 ml medium and incubated at 37°C. After 24 h, the
infection medium was removed and the cells were washed in the same
volume of growth medium overnight. The apoaequorin protein was
reconstituted to form aequorin by incubating transfected cells in
serum-free DMEM containing 5 wM coelenterazine f at 37°C for
1-1.5 h prior to the experiment.

The custom-built luminescence detection system employed here
was described previously (Padua et al. 1998). After the apoaequorin
protein was reconstituted to aequorin, a coverslip with attached neu-
rons was mounted in a stainless steel perfusion chamber and raised to
within 10 mm of an inverted photomultiplier tube (Thorn Instru-
ments). The cells were superfused with HHSS for =10 min prior to
starting the experiment to wash out any excess coelenterazine. Lumi-
nescence was quantified with a Thorn EMI CT 1 counting board
installed in a microcomputer sampling at 1 Hz.

On binding Ca?*, aequorin emits a photon and its coelenterazine
prosthetic group is irreversibly oxidized, rendering the aequorin in-
capable of further luminescent reactions with Ca®*. Thus increasing
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Ca®" levelswill increase the rate of aequorin decay. To correct for the
consumption of aequorin, neurons were lysed at the end of the
experiment in H,O containing 12.6 mM Ca&" to discharge any
remaining aequorin. Total aequorin counts available during the ex-
periment were determined by integrating photon counts over the entire
experiment including lysis. This enabled calculating the fractional rate
of aequorin decay («) from the equation o = (photon counts/s)/counts
remaining (Cobbold and Lee 1991). The —og («) is proportional to
log [Ca®"],, and was thus used to report changes in [Ca®' ],
although the indicator was not calibrated for absolute values of
[C&" ],y [Ca®F], recordings were filtered digitally with a three-
point moving average.

RESULTS

NMDA-induced changes in [Ca?*]; and [Ca®*],,

Changes in [Ca®"]; were induced in hippocampal neurons
grown in primary culture by 60-s exposure to either high (200
M) or low (20 wM) concentrations of NMDA and measured
with either the high-affinity Ca?" indicator, Indo-1 (K4 = 225
nM) or the low-affinity Ca?* indicator, Indo-5F (K, =473
nM). Peak [Ca®"]; values induced by 20 uM NMDA were
similar regardless of whether they were recorded with Indo-1
or Indo-5F. The peak 20 uM NMDA-induced [Ca?*]; increase
reported by Indo-1 was 518 = 47 nM (n = 6), and the peak
value measured with Indo-5F was 517 = 128 nM (n = 6). With
200 uM NMDA, the amplitude of the [Ca®"]; increase re-
ported by Indo-5F tended to be greater than that reported by
Indo-1. Indo-1 reported an increase in [Ca®*]; of 818 + 211
nM (n = 6), and Indo-5F reported an increase of 1,396 + 392
nM (n = 5). The difference between Indo-1 and Indo-5F in the
measurement of large increases of [Ca?*], was more pro-
nounced when cells were stimulated with 200 uM NMDA in
the presence of 1 uM carbonyl cyanide p-(trifluoro-methoxy)
phenylhydrazone (FCCP) plus 1 uM oligomycin, a treatment
that increases the amplitude of NMDA-induced [Ca?*]; re-
sponses (Wang and Thayer 1996). Following this treatment,
Indo-1 reported an increasein [Ca ], to 1,122 = 209 nM (n =
10), and Indo-5F measured a significantly larger increase to
2,017 = 424 nM (n = 6; P < 0.05). These results indicated
that Indo-5F was a more suitable indicator than Indo-1 for the
measurement of large increases in [Ca2+]i, such as those €lic-
ited by 200 uM NMDA. Accordingly, in the following exper-
iments, we used Indo-1 to measure 20 uM NMDA-induced
[Ca?*]; changes and Indo-5F to measure 200 uM NMDA-
induced [Ca?"]; changes.

Direct measurement of the calcium concentration within the
mitochondrial matrix was achieved by transferring the apoae-
quorin gene fused to a mitochondria targeting sequence to
hippocampal neurons with an adenoviral vector. A similar
approach was used to successfully report [Ca? ], in hista-
mine/ATP-stimulated Hela cells (Rizzuto et al. 1998), in pyru-
vate dehydrogenase-deficient human fibroblasts (Padua et al.
1998), and in chromaffin cells stimulated by depolarization
(Montero et al. 2000). Here we used this technique to record
intramitochondrial calcium changesin primary cultures of hip-
pocampal neurons stimulated with NMDA. Figure 1, A and B,
shows [Ca?*],,, responses induced by 20 and 200 uM NMDA,
respectively. Corresponding single-cell [Ca?*]; responses are
shown in Fig. 1, C and D. The shape of the [Ca?*'], and
[Ca?*],,, waveforms were similar. Because [Ca®']; was mea-
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FG. 1. N-methyl-p-aspartate (NMDA)-induced changes in [C&?*]; and
[Ca?™], in cultures of hippocampal neurons. A and B: [Ca?"],,, responses
were induced by 60-s exposure to 20 or 200 uM NMDA asindicated by o and
u, respectively. Intramitochondrial Ca®* changes were recorded in populations
of hippocampal neurons using the mitochondrially targeted aequorin-based
luminescent technique described in MeTHoDs. [Ca®™],,, is presented as —log a
which is proportional to log [Ca?"],,,.. C and D: [Ca®*]; responses induced by
60-s exposure to 20 and 200 uM NMDA. The 20 uM NMDA-induced [Ca®*],
response was recorded using the high-affinity Ca®* indicator, Indo-1. The 200
M NMDA-induced [Ca®"]; response was recorded using the low-affinity
Ca* indicator, Indo-5F. [Ca?*]; was recorded and calibrated as described in
METHODS. Traces are representative of 5 recordings.

sured in single cells and [Ca?*],,, was recorded from a popu-
lation of cells, an exact temporal comparison of these two types
of responses was not attempted, although the recording cham-
ber and the method of drug application for both instruments
were identical. In experiments in which 200 and 20 uM
NMDA were applied during the same recording, the high
concentration of NMDA produced a significantly greater in-
creasein [Ca®*]; (200 uM response/20 uM response = 1.68 +
0.15, n = 5) and [Ca®"],,, (200 uM response/20 uM re-
sponse = 1.7 = 0.3, n = 7; P < 0.05, paired t-test).

FCCP blocked NMDA-induced [Ca?*],,, changes and
enhanced [Ca®*]; responses

Cellswere treated with the mitochondria poisons FCCP and
oligomycin to provide a functional assessment of the targeting
of aequorin to mitochondria. Exposing hippocampal neuronsto
200 uM NMDA for 1 min at 10- to 15-min intervals elicited
reproducible increases in [Ca?*]; (Fig. 2A) and [C&® '], (Fig.
2C). The second [Ca®"]; response was 92 + 4% (n = 5) of the
first and the second [Ca” "], response 86 + 5% (n = 6) of the
initial response. Pretreatment with 1 uM FCCP and 1 uM
oligomycin for 5 min inhibited the mitochondrial response by
56 + 6% (n = 6, P < 0.01; Fig. 2D), but enhanced the [Ca®"];
response by approximately twofold (Fig. 2B). The [Ca®'],
increase induced by the first 200 uM NMDA stimulus was

J Neurophysiol « VOL 87 « FEBRUARY 2002 « WWW.jN.Org

LT0Z ‘vZ AInC uo $°€£°022°0T Aq /610 ABojoisAyd-uly/:dny woly papeojumod



http://jn.physiology.org/

MITOCHONDRIA RECYCLE NMDA-INDUCED Ca®*" LOADS 743

B
1500 3000r m—FCCP + Oligomycin
2000}
S o000}
£
“© 1000}
O, s00t
oL
o = - =200 pM NMDA - - =200 uM NMDA
C ~ D 291
20 FCCP + Oligomycin
— 25
3 25)
o)
30|
=3 3.0b
£ 35}
N 350
m . | al
S 4.0
5| N W 4.0}
- - =200 pM NMDA - - =200 uM NMDA
L ) 1 1 1 ). 1 L L 1 L 1 L 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (sec)

FiG. 2. Carbonyl cyanide p-(trifluoro-methoxy) phenylhydrazone (FCCP) i

ncreased the amplitude of [Ca?*]; responses but

decreased the amplitude of [Ca?*],,, responses in hippocampal neurons stimulated with 200 uM NMDA. A and C: 200 uM

NMDA-induced [Ca?*]; and [C&?*],,,, responses in control cells. The NMDA st

imulus was applied for 1 min at the time indicated

(w). B and D: pretreatment with 1 uM FCCP plus 1 uM oligomycin for 5 min enhanced the [Ca?"]; response, but inhibited the

[C&?*],,, response induced by 200 uM NMDA. [Ca?"]; was measured using the

low-affinity Ca?* indicator Indo-5F. [Ca®*],,,, Was

recorded as described in meTHODS. Note that a small elevation in [Ca?"]; induced by 1 uM FCCP plus 1 uM oligomycin in B was
not accompanied by an increase in the corresponding [Ca?*],,, trace in D. Traces are representative of 5-6 recordings.

849 + 145 nM, and in the presence of FCCP plus oligomycin,
the NMDA-induced [Ca®*]; response increased to a peak value
of 2,017 = 424 nM (n = 6, P < 0.01). In addition, FCCP and
oligomycin produced a small increase in basal [Ca®"]; to
193 = 26 nM (n = 6) when applied to these cells. Thisincrease
in [Ca®"]; was not accompanied by an increase in [Ca?" ],
(Fig. 2, B and D).

Twenty micromolar NMDA also elicited three reproducible
[Ca*], (Fig. 3A) and [C&"],, (Fig. 3C) responses in hip-
pocampal neurons. The second [Ca?*]; response was 90 + 2%
(n = 6) of thefirst, and the second [Ca” "], response was 93 +
4% (n = 5) of the first. FCCP plus oligomycin enhanced the
[Ca?™]; response induced by 20 uM NMDA by 78 + 30%
(n =5, P < 0.01; Fig. 3B). The [C&a’ "], increase evoked by the
first 20 uM NMDA stimulus was 412 = 87 nM, and in the
presence of FCCP and oligomycin, [Ca?*]; reached a peak
value of 765 + 143 nM. FCCP inhibited the 20 uM NMDA-
induced [Ca?*],,, response by 75 + 8% (n = 6, P < 0.01;
Fig. 3D).

Mitochondrial Na*/Ca?* exchange was pronounced
following large but not small Ca?" loads

CGP 37157 inhibits Na*/Ca?*exchange across the inner
mitochondrial membrane (Cox et a. 1993). This drug also has
some Ca®" channel blocking activity; thus for selective effects
on mitochondria, it was found that application after the stim-

J Neurophysiol « VOL 87 « Fi

ulus altered [Ca?"]; recovery kinetics in a manner consistent
with slowed release of Ca?* from the mitochondrial matrix
(Baron and Thayer 1997; White and Reynolds 1997).

In this set of experiments, we used a similar protocol to
study the effects of CGP 37157 on NMDA-induced changesin
[Ca?*], and [Ca®*],,,. Application of 3 uM CGP 37157 for 3
min following the NMDA stimulus did not significantly affect
the amplitude of the 200 uM NMDA-induced [Ca®']; re-
sponse. The amplitude of the second response normalized to
thefirst response in control cellswas 92 + 4% (n = 5; Fig. 2A)
versus 89 + 2% (n = 5) in CGP 37157-treated cells (Fig. 4A).
CGP 37157 reduced the duration of the recovery phase that
followed 200 uM NMDA-induced [Ca®"]; increases (Fig. 4A).
The recovery phase was quantified by measuring the width of
the response at 15% of the net [Ca"]; increase (horizontal line
in Fig. 4A). Relative to the initia response (125 + 17 s), the
width was significantly reduced (P < 0.01) in CGP 37157-
treated cells (102 + 8 s; Fig. 4A), consistent with the idea that
Ca®" release from mitochondria contributed to the [Ca?™],
during recovery. Removal of CGP 37157 caused an immediate
risein [Ca®"]; (Fig. 4A), suggesting that Ca?* trapped within
the mitochondria was released on removal of the drug. The
amplitude of this [Ca?"]; transient was 65 + 33 nM (n = 5),
and it recovered slowly during a subsequent 10-min wash
period (Fig. 4A). This secondary rise in [Ca?*]; was not ob-
served in control experiments (n = 5; Fig. 2A).
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FG. 3. Opposite effects of FCCP on [Ca?"]; and [Ca? ], in hippocampal neurons exposed to 20 uM NMDA. A and C: 20 uM
NMDA-induced [Ca?*]; and [Ca®*],, responses in control cells. NMDA was applied for 1 min as indicated (). B and D:
pretreatment with 1 uM FCCP plus 1 uM oligomycin for 5 min (a) enhanced the [Ca®*];, but inhibited the [Ca?*],,, responses
induced by 20 uM NMDA. [Ca?"]; responses were measured with Indo-1. Note the expanded [Ca®"]; scale in this figure relative
to that in Fig. 2. [Ca®"],,,, was recorded as described in METHODS. The small elevation in [Ca?*]; induced by 1 uM FCCP plus 1
M oligomycin in B was not accompanied by an increase in the corresponding [Ca®*],,,, recording in D. Traces are representative

of 5-6 recordings.

Twenty micromolar NMDA also elicited three reproducible
[Ca?*], responses (Fig. 4B). The [Ca?*]; recovered to baseline
more rapidly following 20 versus 200 uM NMDA (compare
Fig. 4, B with A). Application of 3 uM CGP 37157 for 3 min
had no effect on the amplitude of 20 uM NMDA-induced
[Ca?*]; response which was 94 + 4% (n = 6) of the initial
control response gFig. 3A). Drug treatment did not change the
width of the Ca®* recovery phase of the 20 uM NMDA-
induced [Ca?"]; response (100 + 10 s; n = 6) relative to the
initial response (94 = 8 s; n = 6), and removal of CGP 37157
did not produce a secondary rise in [Ca®"]; (n = 5, Fig. 4B).
Thus CGP 37157 altered [Ca®"]; recovery kinetics following
high but not low concentrations of NMDA.

Three consecutive applications of 200 uM NMDA induced
reproducible increases in [Ca?*],,, (Fig. 2C). The amplitude of
the second response was 86 + 5% and its width 104 + 5%
relative to the first response (n = 6, P > 0.05). Application of
3 uM CGP 37157 for 3 min immediately following the NMDA
stimulus had no effect on the amplitude of the response, which
peaked prior to drug application (78 + 5%) and was similar to
control (86 + 5%). CGP 37157 prolonged the [Ca? "], recov-
ery (Fig. 4C). The width of the response was significantly
longer in the presence of CGP 37157 (294 + 52 ) relative to
the initial response (154 = 21 s, n = 7, P < 0.01; Fig. 4C).

Removal of CGP 37157 did not produce a detectable changein
[Ca®*],, (Fig. 4C). Thus CGP 37157 exerted opposite effects
on[Ca "], and [Ca®*],,,; it accelerated the recovery of [Ca?'];,
but slowed the recovery of [Ca?*],,.

Repetition of the preceding experiments with CGP 37157 in
hippocampal neurons treated with 20 uM NMDA showed that
application of 3 uM CGP 37157 for 3 min after the stimulus
neither changed the amplitude nor the recovery of the [Ca?*],,,,
response (Fig. 4D). The width in the absence of drug (96 *=
10 s, n = 5; Fig. 3B) was similar to that observed in the
presence of CGP 37157 (85 = 4 s, n = 7; Fig. 4D). No changes
in [Ca®*],,, Were observed after CGP 37157 was removed (Fig.
4D). The lack of effect of CGP 37157 on [C&a?*],,, and [Ca? ]
responses elicited by 20 uM NMDA suggests that the rate of
Ca’" efflux from the mitochondrion via Na"/Ca?* exchange
was dependent on the size of the preceding Ca?" load.

Blocking the mitochondrial Ca®* uniporter increased
[Ca?"]; following 200 uM but not 20 M NMDA

If Ca®* was recycling across the inner mitochondrial mem-
brane, then blocking Ca?* uptake into mitochondria would be
predicted to increase cytosolic Ca?". To test this hypothesis,
we used ruthenium red, an effective inhibitor of the mitochon-
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FIG. 4.

Inhibition of mitochondrial Na*/Ca?* exchange differentially affects recovery from small vs. large NMDA-induced

Ca* loads in hippocampal neurons. A: application of 3 uM CGP 37157 for 3 min following 200 uM NMDA (60 s) accelerated
the recovery of the [Ca?*]; response. After CGP 37157 was removed, a secondary rise in [Ca?*]; occurred due to the release of
inhibition of mitochondrial Na*/Ca?" exchange. C: CGP 37157 slowed the recovery of the [Ca?*],,, response following 200 uM
NMDA (60 s). A secondary risein [Ca?*],,, was absent in C. Insets: the recovery of response 1 (R1) and response 2 (R2) overlaid
from the same recordings. B and D: CGP 37157 did not change the recovery kinetics of [Ca2*]; and [Ca?"],,,, responses induced
by 20 uM NMDA (60 s). The [Ca?*]; responses induced by 20 and 200 uM NMDA were recorded using Indo-1 and Indo-5F,
respectively. [Ca?*],,, was recorded as described in MeTHODS. Horizontal lines indicate the width of the responses at 15% of net

amplitude. Traces are representative of 5-6 recordings.

drial Ca?* uniporter when applied to isolated mitochondria
(Moore 1971). The use of this compound for inhibition of Ca?*
influx into mitochondria in intact cells is less straightforward.
Several reports have effectively blocked changes in [Ca?'],,
inintact cells with ruthenium red (Peng and Greenamyre 1998;
Tan et a. 1998; Trollinger et a. 2000; Velasco and Tapia
2000), but interpretation of these results is complicated by the
poor membrane permeability of this compound and its action
on multiple Ca?™ entry pathways (Griffiths 2000; Malecot et
a. 1998). The experiments described in the following text
required the use of the rather high ruthenium red concentration
of 100 uM, presumably because of poor membrane permeabil-
ity. Because this concentration would be expected to exert
nonselective actions on Ca®* entry pathways, we employed a
protocol in which the drug was applied after the NMDA
stimulus when Ca?* entry had ceased. Note that any nonse-
lective effects on Ca?* channels would lower [Ca®*];, in
contrast to the increase predicted by the Ca®* recycling hy-
pothesis. Ruthenium red did not affect indicator fluorescence

as shown by analysis of the intensity values recorded during
application of 100 uM ruthenium red.

Application of 100 uM ruthenium red for 3 minimmediately
following the 200 uM NMDA stimulus induced an immediate
upstroke in [Ca?']; that exceeded the peak value of the
NMDA-induced [Ca?*]; response by 337 + 43 nM (n = 11;
Fig. 5A). As shown by the arrows in Fig. 5A, a clearly visible
[Ca?™]; deflection was elicited by application of ruthenium red.
The peak value of the ruthenium red-induced [Ca?*]; response
was 147 = 6% (n = 11) of the initial control response (P <
0.01). A similar ruthenium red-induced [Ca?"]; spike was also
observed when Indo-1 was used as indicator (n = 5). Thus
ruthenium red caused an increase in [Ca®"]; that exceeded the
NMDA-induced [Ca?*]; response. Moreover, despite an in-
crease in peak [Ca?*];, ruthenium red did not impair the
recovery of the [Ca®"]; response. Following a 3 min exposure
to ruthenium red, the NMDA-induced [Ca?*]; response (R2 in
Fig. 5A) had recovered by 95% (n = 11). This was not
significantly different from control which had also recovered
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FIG. 5. Ruthenium red increased [Ca?*]; following 200 uM NMDA but not 20 uM NMDA in hippocampal neurons.
A: application of 100 uM ruthenium red for 3 min following 200 uM NMDA (60 s) evoked an increase in [Ca?*]; (arrows).
C: application of 100 uM ruthenium red for 3 min following 200 uM NMDA (60 s) did not cause an upstroke in [Ca?*],.,. Insets:
the peak of response 1 (R1) overlaid on response 2 (R2). Ruthenium red did not cause a upstroke in [Ca?*]; (B) or [C&® ], (D)
following 20 uM NMDA (60 s). [Ca?*]; responses induced by 20 uM and 200 uM NMDA were recorded using Indo-1 and
Indo-5F, respectively. [Ca?*],,, was recorded as described in METHODS. Traces are representative of 5-11 recordings.

by 95% over 3 min (n = 5, Fig. 2A), suggesting that the
increase in [Ca?*]; induced by ruthenium red was not due to
the impairment of Ca®" extrusion mechanisms.

To further address this question, we tested the effect of
ruthenium red on the 20 uM NMDA-induced [C&?']; re-
sponse. As shown in Fig. 5B, application of 100 M ruthenium
red for 3 min did not cause a further increase in [Ca®'],
following the 20 uM NMDA stimulus (n = 5, Fig. 5B), which
was not significantly different from control cells (Fig. 3A; P >
0.05). Ruthenium red also failed to affect the response when
Indo-5F was used as indicator (n = 5). This result suggested
that like CGP 37157, the effect of ruthenium red depended on
the size of the NMDA-induced Ca®" load.

In addition to ruthenium red, we have performed experi-
ments with RU360, an oxygen-bridged dinuclear ruthenium
red derivative that is a more specific but more labile inhibitor
of the mitochondrial Ca®" uniporter (Matlib et a. 1998; Ying
et al. 1991). In two of five cells, application of 100 uM RU360

after 200 uM NMDA stimulus produced a small, but clearly
visible, increase in [Ca?*]; over the 200 uM NMDA-induced
[Ca®"]; responses. The reason why ruthenium red produced a
more pronounced and more reproducible effect than RU 360 is
likely due to the poor stability of RU 360. In spite of attempts
to prevent its oxidation, we could not perform more than a
single experiment from avial of RU 360. Thus we carried out
these studies with ruthenium red. To overcome the poor mem-
brane permeability of this compound, we used a high drug
concentration in a protocol in which nonselective effects on
Ca?* influx would not influence the outcome of the experi-
ment.

Application of 100 uM ruthenium red for 3 min following
200 uM NMDA had no apparent effect on [Ca®'],,,, (Fig. 5C).
Of particular interest was the absence of a [Ca? ], upstroke
on ruthenium red application (n = 7). The amplitude of the
second [Ca?*],,, response in ruthenium red-treated cells was
91 * 2% (n = 7) of thefirst response (Fig. 5C), similar to that
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recorded in untreated cells (86 = 5%, n = 6; Fig. 2C). Because
the same treatment induced a significant increase in [Ca?*];
(Fig. 5A), this result suggests that ruthenium red blocked Ca®*
entry into mitochondria. Application of 100 uM ruthenium red
for 3 min following 20 uM NMDA did not alter the [Ca®*],,,
response (Fig. 5D). The amplitude of the second [Ca?*],
response in ruthenium red-treated cells was 90 + 5% (n = 9),
similar to control (93 = 4%, n = 5; Fig. 2D).

DISCUSSION

Isolated mitochondria bathed in micromolar concentrations
of Ca®" will take up and release calcium in a futile cycle that
dissipates energy (Crompton and Heid 1978; Crompton et al.
1976). This is the first report to show that the futile cycle
occurs in intact cells. This was made possible by recording
Ca’" levelsin both the cytoplasm and the mitochondrial matrix
in paralel. We find particularly compelling the observation
that under conditions during which Ca?* was purportedly
cycling, that blocking Ca?* uptake produced an effect opposite
to that resulting from blocking Ca?" release from the mito-
chondria. Furthermore, the blockers produced opposite effects
on [Ca®"]; versusthe [Ca?*],,,. The Ca?™ recycling hypothesis
uniquely predicts these reciprocal changes in Ca" levels
within the two compartments.

We uncoupled mitochondria with FCCP in combination
with oligomycin to functionally assess the mitochondrial |o-
calization of aequorin in hippocampal neurons. The mitochon-
drial poisons inhibited the [Ca®*],,, response but enhanced the
[Ca?*]; response, confirming that in our experiments aequorin
was successfully targeted to mitochondria. The FCCP-induced
inhibition of the NMDA-induced [Ca?"],,,, response was not
complete. FCCP inhibited the 20 uM NMDA-induced
[Ca?™],,, response by 76% and inhibited the 200 uM NMDA-
induced [Ca®"],, response by 56%. The remaining FCCP-
insensitive component of the [Ca?*],,, response could result
from asmall contamination of cytosolic aequorin or Ca?* may
enter the mitochondria in the presence of FCCP and oligomy-
cin driven by the large NMDA-induced Ca®" gradient. Con-
sistent with the later idea was the more complete FCCP-
mediated inhibition of the 20 uM relative to the 200 uM
NMDA-induced response. Although we cannot rule out the
possibility of a small contamination of cytosolic aequorin in
our cells, this contamination, if it exists, would not likely
influence our conclusions because [Ca?*]; and [Ca®'],
change in opposite directions in experiments with CGP 37157
and ruthenium red. However, aegquorin in the cytoplasm could
contribute to the inability to detect a decrease in [Ca?']
during application of ruthenium red. Aequorin reconstituted
with coelenterazine f is sensitive to Ca?* changes between
~30 and 3,000 nM (Shimomura et a. 1993). Some groups
have estimated that [Ca®*],,, reaches levels in the millimolar
range near the mouths of Ca2* channels (Montero et al. 2000).
Thus it is possible that [Ca?*],,,, was under reported for some
mitochondria possibly affecting the magnitude of the changes
we described but not the primary conclusions.

CGP 37157 is an effective inhibitor of Na"/Ca®" exchange
across the inner mitochondrial membrane (Cox et al. 1993).
We have noted that at concentrations needed to inhibit the
exchanger in intact neurons that CGP 37157 also inhibits Ca?™*
influx across the plasma membrane (Baron and Thayer 1997)

consistent with its benzothiazepine (diltiazem-like) structure
(Cox et a. 1993). Thus the most effective protocols for using
CGP 37157 iniintact cells apply the drug after the stimulus and
Ca?* influx has ceased (White and Reynolds 1997). We at-
tribute the effects of CGP 37157 on the 200 uM NMDA-
induced response to its inhibition of mitochondrial Na*/Ca?*
exchange during Ca®* recycling across the inner membrane.
CGP 37157 trapped Ca? " inside the mitochondrion, preventing
it from contributing to the cytosolic Ca?* pool and thus accel-
erating the recovery of [Ca2"];. Ca2* release from mitochon-
dria into the cytosol resumed after remova of CGP 37157,
resulting in a secondary risein [Ca®"];. In parallel experiments
in which intramitochondrial calcium was measured by mito-
chondrially targeted aequorin, CGP 37157 was shown to pro-
long the recovery of the [Ca®"],,, response, confirming that the
effects of CGP 37157 on [Ca&?"]; were indeed due to its
inhibition of mitochondrial Na*/Ca?* exchange. Moreover,
we showed that the effects of CGP 37157 were dependent on
the intensity of the NMDA stimulus. The drug produced pro-
nounced effects on 200 uM NMDA-induced [Ca®*]; and
[Ca®"], responses but did not cause a detectable change in
responses evoked by 20 uM NMDA. Presumably, mitochon-
dria act in the “Ca®" uptake mode” when challenged with the
more modest 20 uM NMDA stimulus (Colegrove et al. 2000a).
Larger NMDA-evoked Ca?" loads evoked greater Ca?" recy-
cling across the inner mitochondrial membrane.

Ruthenium red is an effective inhibitor of the mitochondrial
uniporter (Moore 1971). The drug was applied after the
NMDA stimulus to avoid nonspecific effects on Ca?™" influx
pathways and to study its actions after the establishment of a
large Ca?" load. Application of ruthenium red following 200
uM NMDA evoked a transient upstroke in [Ca®*];. This in-
crease in [Ca?"]; did not result from Ca?" influx because 100
uM ruthenium red had no effect on 20 uM NMDA-induced
[Ca?*]; responses and tends to block, not activate, Ca?" per-
meable channels. Ruthenium red did not appear to affect plas-
malemma Ca®" extrusion mechanisms, such as the Ca®'-
ATPase and Na'/Ca?* exchanger, because after the initial
ruthenium red-induced [Ca?"]; upstroke, recovery of [Ca®'];
was not impaired. The lack of effect on the 20 uM NMDA-
induced response also argues for action on low-affinity mito-
chondrial Ca?* buffering. However, inhibition of Ca?" efflux
across the plasmalemma would be predicted to increase
[Ca?*]; during continued release of Ca?" from an intracellular
store such as the mitochondrion. Ruthenium red is known to
inhibit Ca®" release from the endoplasmic reticulum via the
ryanodine receptor (Xu et al. 1999) although it is unlikely that
blocking Ca?*-induced Ca?* release could produce an increase
in [C&?"];. There are precedents for using ruthenium red to
inhibit the uniporter in intact cells. Application of 150 uM
ruthenium red to a hippocampal cell line treated with glutamate
reduced the production of reactive oxygen species and im-
proved survival (Tan et al. 1998). Ruthenium red was shown to
selectively block the mitochondrial uniporter in intact cardiac
myocytes at 10 uM if sufficient time was allowed for the
poorly permeant drug to enter the cell (Trollinger et al. 2000).
The Ca®" recycling hypothesis predicts that ruthenium red
would accelerate the recovery of [Ca?*],, in the paradigm
used in this study. Our failure to observe this change might
result from Ca?" buffering in the matrix, the brevity of the
response, or simply the difficulty in quantifying subtle in-
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creases in [Ca?'],,, recovery kinetics. The results presented
here demonstrate that Ca?* entry and release from mitochon-
dria occur simultaneously and that this process was more
pronounced following exposure to high concentrations of
NMDA.

The effects of CGP 37157 and ruthenium red were observed
in hippocampal neurons treated with 200 uM NMDA but not
in neurons treated with 20 uM NMDA. Mitochondria take up
significant Ca?™" into the matrix in response to both stimuli but
recycling was only apparent following 200 uM NMDA. This
observation is consistent with mitochondria exhibiting net up-
take following 20 uM NMDA and simultaneous Ca?* uptake
and release following 200 uM NMDA. These observations are
consistent with a computer model of mitochondrial Ca?" trans-
port (Colegrove et a. 2000b). Because 200 uM NMDA istoxic
to neurons, whereas 20 uM NMDA is much less toxic (Sattler
et al. 1999), the results are consistent with the idea that Ca®*
recycling across the mitochondrial inner membrane contributes
to NMDA-induced neurotoxicity. This conclusion is supported
by experiments with isolated mitochondria that found that
Ca®" cycled across the inner membrane only when mitochon-
dria were exposed to large, potentialy toxic Ca®" levels
(Crompton et a. 1976).

In cells that are exposed to glutamate or NMDA, Ca?™*
recycling across the mitochondrial inner membrane might oc-
cur continuously. The rapid uptake and release of Ca?* into the
matrix allows increased energy demands signaled by increases
in [Ca?"]; to stimulate ATP production via dehydrogenases
that sense [Ca®*],,, (McCormack et a. 1990). However, the
physiological role of continuous recycling of Ca?* across the
inner membrane is less clear. We observed recycling only
when large potentially toxic Ca®" loads were applied to hip-
pocampal neurons suggesting that it may be a pathological
process. A futile recycling of Ca?* dissipates energy in iso-
lated mitochondria (Moore 1971) although the magnitude of
the energy drain in intact cells is not known. Both ATP
depletion and the production of reactive oxygen species have
been detected in neurons exposed to glutamate and NMDA
(Ankarcronaet al. 1995; Lafon-Cazal et al. 1993), although the
reasons for these changes are not certain. Na*-induced Ca?*
release from neurona mitochondria during hypoxia suggests a
mitochondrial contribution to stroke damage (Zhang and Lip-
ton 1999). Increased production of superoxide by the mito-
chondrial electron transport chain may be responsible for hy-
perglycemia-induced tissue damage (Nishikawa et a. 2000).
These studies suggest that mitochondria contribute to toxicity
in an active way, an idea supported by the temporary protection
from glutamate-induced necrosis afforded by dissipating the
mitochondrial membrane potential (Nicholls and Ward 2000;
Stout et al. 1998).

In conclusion, NMDA-induced Ca?* loads were taken up
and released across the mitochondrial inner membrane in hip-
pocampal neurons, creating a futile Ca?* cycle. The Ca?*+
recycling process was associated with a toxic concentration of
NMDA and may contribute to glutamate-induced neuronal
death. Mitochondrial Ca®" cycling might deplete ATP and
generate toxic concentrations of reactive oxygen species. The
elaborate Ca?™ transport system in the mitochondrion provides
numerous potential targets for pharmacologic intervention in
glutamate neurotoxicity.
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