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ABSTRACT

Mitochondrial Ca®™ uptake responds dynamically and sensi-
tively to changes in cytosolic Ca®™ levels and plays a crucial
role in sequestering the large Ca®* load induced by N-methyl-
p-aspartate (NMDA) receptor activation. However, the precise
interrelationships between NMDA receptor activation, cytosolic
Ca®" increase, and mitochondrial Ca®* uptake remain ob-
scure. To reliably, independently, and simultaneously detect
cytosolic and mitochondrial Ca®* concentration changes in the
same cell, we loaded primary striatal neurons with two Ca®*
indicators, calcium green 1N and rhod-2, and visualized the
fluorescence signals from single neurons with laser scanning
confocal fluorescence microscopy. In kinetic data analysis, only
calcium green signals from predefined cytosolic areas and
rhod-2 signals from predefined mitochondrial regions were
used, and attention was focused on the initial rapid rising phase

of the responses. When neurons were treated with 100 um
NMDA, increases of cytosolic and mitochondrial Ca®* showed
similar time courses and rates of change, and seemed to be
time-locked. In contrast, when neurons were treated with 100
um kainate, 50 mm KCI, or 0.3 um ionomycin, mitochondrial
Ca®" increases lagged behind cytosolic Ca®™ increases. These
data suggest that mitochondrial Ca®" uptake in response to an
increase of cytosolic Ca®" is faster and more tightly coupled
during NMDA receptor activation than during non-NMDA re-
ceptor or voltage-dependent Ca®* channel activation. This pro-
ficient mitochondrial Ca®* uptake may avert a large rise in
cytosolic Ca®* concentration in response to NMDA receptor
activation. Yet, it may lead to excessive Ca®" accumulation
inside mitochondria and render mitochondria susceptible to
Ca?* mediated injury.

Massive Ca®* influx through NMDA receptor channels
may be the primary mediator triggering glutamate-induced
neuronal death. Neurons survive when challenged by NMDA
in the absence of extracellular Ca®* or in the presence of
intracellular Ca®* chelators (Choi, 1987; Tymianski et al.,
1993); and the severity of glutamate neurotoxicity depends
on the transmembrane Ca®?" gradient (Tymianski et al.,
1993). A large rise in [Ca®']; resulting from Ca®" influx,
however, may not in itself be the primary determinant of
subsequent cell death, and all Ca®" influxes may not be
equally neurotoxic (Tymianski et al., 1993). Studies using
high affinity fluorescent Ca®" indicators (e.g., Fura-2,
Indo-1) to measure [Ca®"]; do not show a correlation between
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the magnitude of glutamate-induced [Ca®*]; increase and

degree of neurotoxicity (Tymianski et al., 1993; Wang and
Thayer, 1996). Wang and Thayer (1996) showed that the
amplitude of the glutamate-induced [Ca®*]; increase reached
a maximum at 30 um glutamate, a nontoxic concentration
with 5 min exposure, whereas maximal neurotoxicity was
elicited at glutamate concentrations > 300 um. Large rises in
[Ca®*]; evoked by non-NMDA glutamate receptor activation
or by voltage-gated Ca®* channels that were of equal mag-
nitude to those induced by NMDA receptor activation did not
result in extensive neuronal death (Tymianski et al., 1993).
Hartley et al. (1993) and Eimerl and Schramm (1994) showed
that glutamate-induced neurotoxicity correlates with Ca®*
load measured by “°Ca®" uptake, but not with [Ca®"], mea-
sured by Fura-2. The total amount of **Ca®" taken up into
cultured cerebellar neurons during toxic NMDA receptor ac-

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; FBS, fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; [Ca];, intracellular free calcium concentration; [Ca],, cystolic calcium concentration; [Ca],,, mitochondrial

calcium concentration; AM, acetoxymethyl.
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tivation is about 17 mM, which is 10,000 times the maximal
measured [Ca®"];. These data suggest that most of the Ca®*
taken up through the NMDA receptor is probably seques-
tered by subcellular organelles. The only organelle capable of
accumulating such massive amounts of Ca®* is the mitochon-
drion.

In addition to serving as the neuron’s primary source of
energy, mitochondria act as important buffers of cytosolic
Ca®* (Werth and Thayer, 1994) and help to prevent exces-
sive, prolonged elevation of [Ca®*];. The huge electrochemical
proton gradient across the inner mitochondrial membrane,
generated by active extrusion of protons along the electron
transport chain, provides a strong driving force for Ca®"
uptake through a Ca®"-selective uniporter. Mitochondrial
Ca®" uptake is sensitive to physiological changes in [Ca®"];,
is rapid and reversible, and has a huge capacity (Sparagna et
al., 1995; Jou et al., 1996; Trollinger et al., 1997; Babcock et
al., 1997). Inhibitors that disrupt mitochondrial Ca®* uptake
severely compromise clearance of cytosolic Ca?" after an
imposed elevation (White and Reynolds 1995, 1997; Wang
and Thayer 1996), leading to a huge increase in peak [Ca®"];
and prolonged recovery time to base-line. Several studies
indicate that mitochondrial Ca®" uptake plays a prominent
role in buffering the large Ca®* load induced by intense
glutamate receptor stimulation, and Ca®" entry into mito-
chondria may account for the poor correlation between glu-
tamate-induced neurotoxicity and glutamate-induced
changes in [Ca®*]; (Wang and Thayer 1996; White and Reyn-
olds 1995, 1997; Khodorov et al., 1996).

Excessive Ca®?" influx into mitochondria may result in
mitochondrial dysfunction (Schinder et al., 1996). Prominent,
sustained mitochondrial depolarization follows intense
NMDA receptor stimulation, and closely parallels the inci-
dence of neuronal death (Schinder et al., 1996; White and
Reynolds, 1996). Impaired ATP production (Wang et al.,
1994), increased generation of reactive oxygen species (Coyle
and Puttfarcken, 1993), and other detrimental processes
(e.g., opening of the permeability transitional pore) have also
been suggested to result from Ca®?"-mediated mitochondrial
injury after NMDA receptor stimulation. Substantial Ca®"
can be accumulated in mitochondria as a result of overload-
ing the matrix with Ca®"; this disrupts the structural and
functional integrity of the organelle (Garthwaite and Garth-
waite, 1986). Hence, mitochondria may be critical intracellu-
lar targets of injury after intense NMDA receptor stimula-
tion (White and Reynold, 1996) and, in this way, may act as
a plausible link between massive Ca®" influx and glutamate
neurotoxicity (Schinder et al., 1996).

Still, the unique relationships between NMDA receptor
activation, cytosolic Ca®* fluxes, and mitochondrial Ca®*
uptake remain obscure. Do mitochondria take up Ca®* at the
same rate, regardless of which cytosolic Ca®"* influx pathway
is activated? To explore this question, we loaded cultured
striatal neurons with two fluorescent Ca2" indicators, cal-
cium green and rhod-2, to independently and simultaneously
monitor cytosolic and mitochondrial Ca®" changes in the
same cell. After challenges with NMDA, kainate, KCI, or
ionomycin, we examined and compared cytosolic and mito-
chondrial Ca®* transients to determine the selectivity of
mitochondrial Ca®" uptake in response to different sources of
cytosolic Ca®* influx. Our results suggest that Ca®* entering
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through NMDA receptors has “privileged” access to mito-
chondria.

Materials and Methods

Primary striatal neuronal culture. Striata from brains of
Sprague-Dawley rat pups on embryonic day 17 were dissected and
dissociated as described previously (Peng et al. 1998). Dissociated
cells were plated onto 25-mm round glass coverslips (no. 1) precoated
with poly-D-lysine (0.5 mg/ml, overnight) at a density of 110,000 cells
per coverslip and maintained in 10% FBS/DMEM media in the
incubator with 5% CO, at 37°. To enhance the survival rate of this
low density neuronal culture, coverslips plated with confluent glial
cells were inverted and placed above the coverslips plated with
neurons. In this bilaminar system, the two coverslips were separated
by wax pegs so as not to have any direct contact between the two
coverslips. Two days after plating, cells were treated with 2 mm
cytosine arabinoside (Ara-C) in 2.5% FBS/N2/DMEM medium
(DMEM media with 2.5% FBS and 10% N2.1 nutrient) for the next 2
days to inhibit the growth of astrocytes. The culture media was then
replaced by serum-free N2/DMEM medium. Neurons were main-
tained in this medium for up to 16 days in culture. The neurons
employed for experiments were generally cultured for 9-12 days.

Fluorescent Ca®>* indicator loading. Glass coverslips with stri-
atal neurons were rinsed with HEPES-buffered salt solution (con-
taining 140 mM NaCl, 5.4 mm KCl, 1.8 mMm CaCl,, 0.8 mm MgCl,, 10
mM glucose, 10 mm HEPES, pH 7.4), then incubated in buffer solu-
tion containing 2 puM rhod-2/AM (Molecular Probes, Eugene, OR) at
25° for 6-10 min. Coverslips were rinsed again, then reincubated in
buffer solution containing 5 uM calcium green 1N/AM (Molecular
Probes) at 37° for 40-50 min. The coverslips were rinsed again and
maintained at room temperature in the buffer solution for an addi-
tional 20 min before the experiment.

Laser scanning confocal microscopy. Glass coverslips with
dye-loaded cells were mounted in a perfusion chamber and secured
on the stage of a Zeiss Axioskop microscope equipped with the
Insight Point laser scanning confocal system (Meridian Instru-
ments). Neurons were sequentially excited by the 488-nm line of an
argon laser (for calcium green) and the 568-nm line of a krypton laser
(for rhod-2) through a dual band dichroic mirror. The emitted fluo-
rescence signals from single neurons were filtered sequentially
through a 530/30-nm band pass filter (for calcium green) and a
605-nm long pass filter (for rhod-2) mounted on a rotating wheel and
were detected by an intensified charge-coupled device camera. The
confocal pinhole aperture ranged from 80 to 135 um. A 100X oil
immersion objective (1.4 NA) was used in all experiments. The flu-
orescence signals were digitized and images were stored in random
access memory. The time taken to acquire an image ranged from 0.15
to 0.4 sec. Each set of fluorescence images was recorded at a rate of
0.5 Hz. Each neuron studied represents a separate experiment using
a separate culture well and coverslip. Control experiments using
singly labeled cells demonstrated that our excitation and detection
scheme allowed no cross-talk between fluorophore-detection pair-
ings. That is, the calcium green signal was not detected in the rhod-2
channel, and the rhod-2 signal was not detected in the calcium green
channel.

Kinetic data analysis. As described previously (Peng et al.,
1998), the rhod-2 signal is highly localized in mitochondria, and as
described below, the calcium green signal is seen diffusely through-
out the cytoplasm. Therefore, to improve the specificity and signal-
to-noise ratio of our measurements, calcium green signals from pre-
defined cytosolic areas and rhod-2 signals from predefined
mitochondrial areas in single neurons were used for measurement of
signal intensity. Fluorescence intensities at a given time point were
normalized to base-line values (expressed as F/F,, where F, is the
base-line value) and plotted against time. In some experiments, to
better compare the time courses of the calcium green and rhod-2
fluorescence intensity changes, fluorescence was normalized and
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expressed as a percentage of the maximal increase [F(%max) = (F —
Fios)(Fpearc = Frase)) X 100%]. These normalized data were fitted to
single exponential equations that yielded rate constants (K) from
which ¢,,, values were calculated according to the equation ¢,,, =
0.693/K. The t,,, values were used to compare the rates of increase in
fluorescence intensity within and across experiments.

Stimulating agents. NMDA, kainate, and ionomycin (a calcium
ionophore), were added in HEPES-buffered salt solution. In the KCI
experiment, the HEPES buffer contained 50 mm KCl and 95 mM
NaCl, maintaining the original ionic strength and osmolarity.

Statistics. For each stimulus (e.g., NMDA), the ¢/, values for
cytosolic and mitochondrial Ca®* transients were calculated simul-
taneously for all replicate experiments by fitting the data to single
exponential equations using the Prism software package for Macin-
tosh (GraphPAD Software, San Diego, CA). The fits to the exponen-
tial equations of cytosolic versus mitochondrial fluorescence changes
for each stimulus were compared by two-tailed ¢ tests. Comparison of
fits across experiments (e.g., comparing the cytosolic ¢, for each
stimulus) was by analysis of variance with post hoc Bonferroni tests.

Results and Discussion

Concurrent imaging of cytosolic and mitochondrial
Ca®?* with calcium green and rhod-2. Most of the pub-
lished studies on the role of mitochondria in buffering cyto-
solic Ca®* loads have employed a single fluorescent Ca2"
indicator, such as Fura-2 or Indo-1, to monitor changes in
intracellular Ca®" concentration ([Ca®"],). These Ca®* indi-
cators can easily get into the cell and distribute not only in
the cytosol, but also into subcellular organelles, depending on
loading temperature and loading time. Changes in the fluo-
rescence signal from these Ca®* indicators in response to
Ca?" increases reflect changes in both the cytosol and the
organelles into which the indicators have partitioned. In this
study, to reliably, independently, and simultaneously detect
cytosolic and mitochondrial Ca®?" concentration changes in
the same cell, we used two fluorescent Ca2" indicators, cal-
cium green and rhod-2. Unlike most fluorescent Ca®" indi-
cators that carry negative charges, rhod-2/AM (cell mem-
brane-permeable form) contains one net positive charge. This
unique chemical feature allows it to accumulate selectively
into the highly negatively charged mitochondrial matrix.
Once inside the matrix, mitochondrial esterases cleave the
AM ester to liberate rhod-2 (membrane-impermeable free
acid form). However, when loaded at warm temperature
(37°), cytosolic esterases are active enough that the AM es-
ters are cleaved before rhod-2/AM can enter mitochondria.
This can lead to substantial cytosolic loading (unpublished
observations). At cooler loading temperatures, when enzy-
matic activity is slowed, the fluorophore esters can reach the
mitochondria before being hydrolyzed. We loaded rhod-2/AM
into striatal neurons at room temperature to favor mitochon-
drial loading, and used a low concentration of the indicator
(1-2 uMm), and a short loading time (5—10 min) to minimize
cytosolic loading. With this loading technique, we consis-
tently obtain strong mitochondrial rhod-2 signal and weak
cytosolic rhod-2 signal (Fig. 1A). We have previously pub-
lished a more detailed account of the characteristics and
selectivity of rhod-2 in monitoring mitochondrial Ca®" con-
centration changes (Peng et al. 1998).

Calcium green loading was performed after rhod-2 loading
had completed. The loading condition for calcium green is the
reverse of that for rhod-2, i.e., warm loading temperature
(37°), high concentration (5 um), and long loading time (40-50
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Fig. 1. Confocal fluorescence images of a striatal neuron loaded with two
Ca?" indicators, rhod-2 and calcium green. (Refer to Materials and Methods
for dye loading procedure and imaging technique.) A, Rhod-2 image. Rhod-2
fluorescence signals reside in highly localized, punctate areas which have
been demonstrated to be mitochondria. B, Calcium green image of the same
neuron. Calcium green fluorescence signals show a more uniform distribu-
tion. C, Superimposed rhod-2 and calcium green images. The intensity of the
fluorescence signal is indicated by the pseudo-color bar to the right in each
image. Scale bar, 5 um. In a typical experiment, circular regions of interest,
1-2 pm in diameter, were drawn in a mitochondrial region as defined by
high signal in the rhod-2 image (A) and a cytosolic region defined by uniform
calcium green signal and lack of rhod-2 signal (e.g., green areas in C). Signal
responses from these predefined regions of interest were used to generate
the data in this report.



min). Calcium green signal distributes throughout the cell
when loaded alone. However, its signal is weaker in mito-
chondrial areas when loaded after rhod-2 (Fig. 1b). The rea-
sons for this decreased signal in mitochondrial areas are
unknown, but unimportant for the present experiments. In-
stead of detecting the fluorescence signals nonspecifically
from the entire cell, as would occur with a microfluorimeter
or photomultiplier tube, we imaged the cell with confocal
microscopy and measured the calcium green fluorescence
intensity in predefined cytosolic areas and the rhod-2 fluo-
rescence intensity in predefined mitochondrial areas. This
method avoids unwanted crossover signals between calcium
green and rhod-2 in mitochondrial and cytosolic areas, and
increases the signal-to-noise ratio when independently mon-
itoring cytosolic and mitochondrial Ca®" concentration
changes. Fluorescence images were obtained with brief expo-
sure times (0.15-0.40 sec) at 2-sec intervals to avoid photo-
bleaching and phototoxicity while allowing adequate tempo-
ral resolution. In this report, fluorescence intensity changes
were not converted into Ca®" concentrations owing to the
controversy in using high affinity Ca®* indicators in estimat-
ing [Ca®"],. For example, Hyrc et al. (1997) suggested that
high affinity Ca®" indicators may underestimate [Ca®"],,
even at levels that seem to be within their range of detection.

Source specificity for fast mitochondrial Ca®** up-
take. Previous studies on glutamate- (or NMDA-) induced
Ca?" load buffering by mitochondria have focused on changes
in the magnitude of the peak [Ca®"]; transient and the re-
covery time to base-line [Ca®*]; levels that result from mito-
chondrial Ca®* uptake inhibition (White and Reynold, 1995,
1997; Wang and Thayer, 1996; Khodorov et al., 1996). That
there is a much greater Ca®" load induced by glutamate
compared with KCl-induced membrane depolarization was
suggested by the observation that inhibition of mitochondrial
Ca?" uptake markedly potentiated the peak [Ca®*]; and pro-
longed the recovery time after a glutamate challenge but not
after depolarization. In these experiments, the effects of mi-
tochondrial Ca®* uptake inhibition were inferred from
changes in [Ca®"]; measured with a single fluorescence indi-
cator, which primarily reflected cytosolic Ca?" concentration
([Ca%"],) changes. With this method, [Ca®*],, changes could
not be observed directly.

Using our method to directly, independently, and simulta-
neously detect mitochondrial and cytosolic Ca®" changes in
the same cell, we were interested in studying 1) the time
courses of cytosolic and mitochondrial Ca®* transients, and
2) whether mitochondrial Ca®* uptake elicited by NMDA
receptor activation is different from that induced by other
routes of Ca®" entry. Changes of [Ca®"], and [Ca®*]_, as
reflected by changes in calcium green and rhod-2 fluores-
cence from single striatal neurons treated with 100 um
NMDA, 100 um kainate, or 50 mm KCI are shown in Fig. 2.
(Most non-NMDA glutamate receptors have limited Ca®*
permeability and we did not perform ion substitution exper-
iments. Therefore, we cannot make firm conclusions as to
what proportion of the Ca®* entry elicited by kainate in these
experiments was because of secondary activation of voltage-
dependent Ca®* channels.) The calcium green and rhod-2
fluorescence intensity changes are overlaid to compare the
time courses of the [Ca®"]. and [Ca®"],, responses. In the
initial rising phase after all three stimuli, both [Ca®*],, and
[Ca®*], reached peak levels in less than 30 sec and remained

N-Methyl-p-Aspartate-Induced Mitochondrial Ca?* Uptake 977

at those levels in the continued presence of the stimulus. We
intentionally scaled the peak F/F, values of calcium green
and rhod-2 to the same height for better comparison of the
time courses. This does not indicate that [Ca®"]_, and [Ca®"],
are at the same absolute level. In fact, after stimulating
chromaffin cells co-loaded with calcium green and rhod-2
with electrical pulses, Babcock et al. (1997) estimated that
the peak levels of [Ca®*],, and [Ca®*], were different.

In Fig. 2, the [Ca®"],_ recovery time for the NMDA-induced
response is longer than those for kainate or KCI, an obser-
vation in accordance with what has already been reported by
others (White and Reynolds, 1995; Wang and Thayer, 1996).
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Fig. 2. Simultaneous monitoring of cytosolic and mitochondrial Ca®*
transients, as detected by changes in calcium green and rhod-2 fluores-
cence intensity, in single striatal neurons treated with (A) 100 um NMDA,
(B) 100 uM kainate, or (C) 50 mm KCI. Fluorescence intensity changes
were normalized and expressed as F/F, values, where F is the fluores-
cence intensity at base-line. Only one representative experiment from
each treatment group is shown. The recovery time to return to base-line
levels for NMDA-induced increases in cytosolic and mitochondrial Ca?*
are longer than those for kainate or KCI induced responses.
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White and Reynolds (1997) noted that the [Ca®*]; recovery
time is correlated with the magnitude of the Ca®?" load in-
duced by glutamate, and that the recovery of [Ca®"]; to base-
line after glutamate removal is critically regulated by release
of Ca®?" from mitochondrial stores. Hence, in the present
experiments, the longer [Ca®"], recovery time after NMDA
application most likely indicates a larger Ca®" load imposed
on mitochondria. Interestingly, [Ca®*],, recovery followed a
similar but more prolonged time course than [Ca®"], in all
cases. This more protracted [Ca®*]_, recovery was also noted
by Babcock et al. (1997) after electrical depolarization of
chromaffin cells. The mechanism and significance of this
phenomenon await further investigation.

Although it seems that NMDA receptor activation imposes
a larger Ca®* load on mitochondria than other stimuli, the
question remains as to whether mitochondria take up Ca®"
more efficiently in response to NMDA stimulation relative to
other Ca®" influx mechanisms. To address this issue we
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focused more closely on the initial rising phase of the Ca®"
response elicited by the various agonists. Fig. 3 shows the
average changes in cytosolic and mitochondrial fluorescence
levels during the first 16 sec after application of 100 um
NMDA, 100 um kainate, 50 mm KCI, or 0.3 uM ionomycin.
Because the maximal F/F, values of calcium green and
rhod-2 varied from cell to cell across experiments (White and
Reynolds, 1997; Peng et al.; 1998), fluorescence was normal-
ized, expressed as a percent of the maximal increase, and
fitted to exponential equations. The time needed to reach
50% of the maximal increase in fluorescence intensity (¢,,)
was used to compare the rate of increase in fluorescence
intensity across different experiments.

As shown in Figs. 3B and 4, during stimulation with
NMDA, the t,,, values of cytosolic and mitochondrial Ca®"
accumulation were virtually identical (2.71 = 0.09 versus
2.89 = 0.17 sec; n = 4; not significant). These data suggest
that mitochondrial and cytosolic Ca®" levels are time-locked
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in neurons treated with NMDA. In contrast, mitochondrial
Ca®* uptake lagged about 3 sec behind cytosolic Ca®* after
kainate stimulation (2.93 = 0.11 sec versus 6.15 = 0.25 sec;
n =4; p <0.0001) or KCI stimulation (2.86 *+ 0.15 sec versus
5.56 = 0.29 sec; n = 4; p < 0.0001) (Figs. 3 and 4). The
apparently slower mitochondrial Ca®" uptake responses in
the kainate and KCI treatment groups are probably not the
result of a slower cytosolic Ca®" increase, because 1) the
calcium green t,,, values for NMDA, kainate, and KCI1 were
very similar and did not differ statistically from one another
(Figs. 3A and 4), and 2) analysis of variance of the mitochon-
drial ¢,,, values showed that the mitochondrial response to
NMDA was significantly faster than with other stimuli (p <
0.001). Note that we did not use lower concentrations of
NMDA,; therefore, we do not know whether there would be a
lag in mitochondrial Ca®?" uptake with less intense receptor
stimulation. On the other hand, 100 uMm is not a saturating
concentration of NMDA in terms of receptor activation or
neurotoxicity (Verdoorn and Dingledine, 1988; McNamara
and Dingledine, 1990), so it is unlikely that the fast mito-
chondrial Ca®* uptake we observed is because of saturation
of the NMDA receptors.

Is fast mitochondrial Ca®* uptake specific to NMDA recep-
tor stimulation? To further address this question, we treated
neurons with another type of stimulus, the Ca®" ionophore
ionomycin, and determined the kinetics of the mitochondrial
Ca?" uptake response. A low dose of ionomyecin (0.3 uM) was
used in an effort to let Ca®* penetrate the plasma membrane
selectively. This ionophore caused a somewhat slower in-
crease in cytosolic Ca®* than the other stimuli (4.27 + 0.23
sec; n = 4), but this did not reach statistical significance.
Unlike the NMDA receptor stimulation, the mitochondrial
Ca?" uptake response to ionomycin lagged substantially be-
hind the cytosolic response (10.70 = 0.52 sec; p < 0.0001)
Together, these data clearly demonstrate that mitochondrial
Ca®" uptake induced by NMDA receptor activation is differ-
ent from that induced by a non-NMDA agonist, voltage-
dependent Ca®* channel activation, or a Ca®* ionophore.

Fast mitochondrial Ca®" uptake in response to NMDA
receptor activation may have both adaptive and detrimental
consequences. Under physiological conditions, rapid mito-
chondrial Ca®* uptake may act to stimulate mitochondrial
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Fig. 4. t,,, values for cytoplasmic and mitochondrial Ca®" transients
induced by NMDA, kainate, KCl, and ionomycin. The cytosolic ¢,,, values
for the various stimuli did not differ statistically, nor did the cytosolic and
mitochondrial responses to NMDA differ. In contrast, for kainate, KCI,
and ionomycin, the mitochondrial t,,, was substantially greater than the
corresponding cytosolic response. Error bars, 95% confidence intervals;
%% p < 0.0001.
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respiration and energy production, and it is well documented
that fast mitochondrial Ca®* uptake occurs in other systems.
Babcock et al. (1997) reported that chromaffin cell mitochon-
dria can take up Ca®" rapidly; more than half of mitochon-
drial Ca®" uptake is accomplished while cytosolic Ca®* entry
elicited by electrical depolarization is still in progress. Troll-
inger et al. (1997) observed rapid mitochondrial free Ca2*
transients during each contractile cycle in rhod-2-loaded rab-
bit cardiac myocytes. The averaged transient showed a half
rise time of about 65 msec with a total of 300 msec to rise
from base-line to peak fluorescence. These observations dem-
onstrate that mitochondria can rapidly take up physiological
concentrations of Ca%2". Moreover, fast mitochondrial Ca%"
uptake probably helps to prevent a large rise in cytosolic
Ca?" after NMDA receptor stimulation, and it helps to shape
the [Ca®"]; response. However, this accelerated mitochon-
drial Ca®* uptake induced by NMDA may permit excessive
mitochondrial Ca®* accumulation and render mitochondria
more susceptible to Ca®*-mediated injury. Thus, what is
probably a protective mechanism may become a toxic mech-
anism during excessive or prolonged NMDA receptor activa-
tion.

Potential mechanisms. Sparagna et al. (1995) demon-
strated that Ca®" can be sequestered into mitochondria by
two distinct modes, a rapid uptake (high conductivity) mode
of very short duration, followed by a slower uptake (low
conductivity) mode, which has the characteristics of the
uniporter. Could this rapid mode of mitochondrial Ca®* up-
take be responsible for the NMDA-induced fast mitochon-
drial Ca®" uptake observed in this report? If so, why is this
rapid uptake mode activated selectively by NMDA but not by
kainate or membrane depolarization? Polyamines may pro-
vide the answer. Sparagna et al. (1995) showed that the rapid
mode of mitochondrial Ca®" uptake can be activated specif-
ically by polyamines, especially spermine. Spermine and
spermidine are selectively released from striatum by NMDA
receptor activation, but not by kainate or quisqualate (Fage
et al., 1992). Interestingly, Siddiqui and Igbal (1994) ob-
served that NMDA receptor-mediated “°Ca®* fluxes can be
blocked by a polyamine synthesis inhibitor. Porcella et al.
(1991) and Kish et al. (1991) showed that a polyamine syn-
thesis inhibitor is neuroprotective against NMDA-induced
brain damage in vivo. These observations suggest that the
specificity of the NMDA-induced mitochondrial response may
be dictated via second messenger activation. In this scenario,
activation of NMDA receptors, but not other receptors, may
increase local intracellular concentrations of polyamines that
would then activate the rapid mode of mitochondrial Ca®*
uptake. This possibility is under investigation.

An alternative explanation to be considered is that the
NMDA receptor simply allows more calcium to enter the
neuron in a shorter period of time than other stimuli. Studies
of **Ca®* uptake (Hartley et al., 1993; Eimerl and Schramm,
1994) and experiments using low affinity Ca®* indicators
(Hyrce et al., 1997) support this idea. Because the mitochon-
drial uniporter has a relatively low affinity, it is more effi-
cient at higher cytosolic Ca®?" levels. However, this would not
seem to be an adequate explanation for the complete lack of
a lag phase in NMDA-induced mitochondrial Ca®* uptake. It
is also necessary to consider the possibility that mitochondria
are simply in closer proximity to NMDA receptors than other
routes of Ca®" entry.
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Regardless of the mechanisms, it is clear that Ca®* loads
that enter the cytoplasm during NMDA receptor stimulation
have more rapid, or “privileged” access to mitochondria. This
likely accounts for the selectivity of NMDA receptor activa-
tion in producing mitochondrial damage via Ca®*-dependent
generation of free radicals and collapse of mitochondrial
membrane potential.
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