
The Na+/Ca2+ exchanger of plasma membrane (PM)

is fundamentally important for regulation of intracellular

concentrations of Na+ ([Na+]i) and Ca2+ ([Ca2+]i) in the

central nervous system under both normal (release of

neurotransmitters, cell migration and differentiation) and

pathologic conditions (neurodegeneration, glutamate

neurotoxicity) [1, 2]. In brain neurons three isoforms of

K+�independent exchangers (NCX1�3) and three iso�

forms of K+�dependent exchangers (NCKX2�4) have

been found, the expression of which in culture depends

on [Ca2+]i and activity of protein phosphatases, in partic�

ular, calcineurin [3, 4]. The expression of these isoforms

is the most pronounced in nerve cell loci where [Ca2+]i is

markedly changing, e.g., near pre� and postsynaptic

membranes [5]. Stimulation of glutamate receptors

induces in neurons a transitory calcium signal, which is

mainly caused by the Ca2+ entry into the cells via the N�

methyl�D�aspartate (NMDA) subtype of glutamate

channels. However, an excess exposure to glutamate, e.g.,

on disorders of its reversed uptake by nerve cells under

conditions of brain ischemia/hypoxia, resulted in irre�

versible elevation of cytosolic [Ca2+]i (the so�called

delayed calcium deregulation (DCD)) and death of the

neurons [6�9]. The literature data on the role of

Na+/Ca2+ exchange in maintenance of the basal level of

[Ca2+]i and its recovery after the exposure to glutamate
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Abstract—In the present work, the forward and/or reversed Na+/Ca2+ exchange in cerebellar granular cells was suppressed

by substitution of Na+
o by Li+ before, during, and after exposure to glutamate for varied time and also using the inhibitor KB�

R7943 of the reversed exchange. After glutamate challenge for 1 min, Na+
o/Li+ substitution did not influence the recovery

of low [Ca2+]i in a calcium�free medium. A 1�h incubation with 100 µM glutamate induced in the neurons a biphasic and

irreversible [Ca2+]i rise (delayed calcium deregulation (DCD)), enhancement of [Na+]i, and decrease in the mitochondrial

potential. If Na+
o had been substituted by Li+ before the application of glutamate, i.e. the exchange reversal was suppressed

during the exposure to glutamate, the number of cells with DCD was nearly fourfold lowered. However, addition of the

Na+/K+�ATPase inhibitor ouabain (0.5 mM) not preventing the exchange reversal also decreased DCD in the presence of

glutamate. Both exposures decreased the glutamate�caused loss of intracellular ATP. Glucose deprivation partially abolished

protective effects of the Na+
o/Li+ substitution and ouabain. KB�R7943 (10 µM) increased 7.4�fold the number of cells with

the [Ca2+]i decreased to the basal level after the exposure to glutamate. Thus, reversal of the Na+/Ca2+ exchange reinforced

the glutamate�caused perturbations of calcium homeostasis in the neurons and slowed the recovery of the decreased [Ca2+]i

in the post�glutamate period. However, for development of DCD, in addition to the exchange reversal, other factors are

required, in particular a decrease in the intracellular concentration of ATP.
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are rather contradictory. Inhibition of Na+
o/Cai

2+

exchange by substitution of extracellular Na+
o by organic

cations or Li+, which are unable to bind with the trans�

port site of the exchanger and, thus, be replaced by Cai
2+

or Cao
2+ [10], caused an increase in the basal [Ca2+]i

and/or deceleration of its recovery after activation of hip�

pocampal neurons, nucleus basalis, Purkinje cells, and

granular cells of the cerebellum in works [11�18], while

no effect was recorded in works [19�22]. Inhibition of the

exchanger by synthetic compounds, such as bepridil [18,

23], KB�R7943, SEA0400, amiloride derivatives, etc.,

also did not clarify this question.

Thus, in the culture of hippocampal and cortical

neurons or hippocampal slices the inhibitor KB�R7943 of

reversed Na+/Ca2+ exchange decreased the calcium

deregulation of neurons caused by glutamate or hypox�

ia/hypoglycemia and their death [24�26]. In contrast, in

[27, 28] inhibition of the exchanger by amiloride or

SEA0400, its proteolysis, or suppression of expression

aggravated the damage of the brain and neurons in both in

vitro and in vivo models of ischemia. These contradictions

might be explained by the ability of the exchanger to

transfer Ca2+ in a bidirectional way: the so�called forward

(replacement of one Cai
2+ by three Na+

o and decrease in

[Ca2+]i) and reversed (replacement of three Nai
+ by one

Cao
2+ and increase in [Ca2+]i) [1, 10]. The electrogenic

movement of Na+ and Ca2+ (outward or inward to the

cell) mainly depends on the transmembrane gradient of

Na+ concentrations and membrane potential, and to acti�

vate the exchange it is necessary to increase [Ca2+]i and

bind Cai
2+ with the intracellular regulatory site of the

exchanger [1, 10]. Therefore, the effect of inhibition of

Na+/Ca2+ exchange depends on the direction of Ca2+

transfer: into the cell or out of it. During glutamate chal�

lenge, a rapid reversal of the exchange is possible because

not only Ca2+ but also Na+ enters the neurons via gluta�

mate receptor channels and causes depolarization of the

PM [18, 29].

The purpose of the present work was to clarify by

what mode, forward or reversed, the Na+/Ca2+ exchanger

operates in cerebellar neurons before, during, and after

exposure to glutamate for varied times, or, in other words,

whether this exchange protects the cells or aggravates

their damage by glutamate. To answer the question, the

Na+/Ca2+ exchange was inhibited differently: i) replacing

Na+
o by Li+ before, during, and after the exposure to glu�

tamate; ii) pharmacologically, using the inhibitor KB�

R7943 of the reversed Na+/Ca2+ exchange. The Na+/Ca2+

exchanger was shown to be not involved in the mainte�

nance of the basal [Ca2+]i level and releasing Ca2+ from

the cells after both short� and long�term toxic action of

glutamate. When functioning by the reversed mode, the

exchanger promotes an increase in [Ca2+]i during the

exposure to glutamate and slows the recovery of [Ca2+]i

homeostasis in the post�glutamate period. However, for

emergence of DCD, in addition to the exchange reversal

and high [Ca2+]i, other factors are also required, includ�

ing a decrease in the intracellular concentration of ATP.

MATERIALS AND METHODS

In the experiments we used a seven�nine�day�old

primary culture of granular cells from the cerebellum iso�

lated from one�week�old Wistar rats (the culture prepara�

tion is described in detail in [30]). [Ca2+]i and [Na+]i and

mitochondrial membrane potential (∆Ψm) were measured

using a system of image analysis consisting of an Axiovert�

200 inverted fluorescence microscope (Zeiss, Germany),

wheel with light filters, CCD chamber (SnapCool�fx,

USA), and Metafluor software (Universal Imaging Corp.,

USA). The neurons were incubated in a cultural medium

with corresponding fluorescence probes: high affinity

Fura�2 (Kd = 225 nM) or low affinity Fura�2FF (Kd =

5 µM) to measure [Ca2+]i (5 µM, 40 min), SBFI to meas�

ure [Na+]i (8 µM, 1 h), and Rh123 to record ∆Ψm (3 µM,

15 min). Then the culture medium was replaced by a salt

buffer (pH 7.4) of the following composition (in mM):

NaCl (130), KCl (5.6), CaCl2 (1.8), MgCl2 (1.0), HEPES

(20), glucose (5); the glass with the cells was placed into a

0.2�ml perfusion chamber mounted on the microscope

table. The solutions in the perfusion chamber were

changed several times for each exposure of the cells. The

experiments were performed at 23�25°C. In solutions

without Na+, NaCl was fully substituted by 130 mM LiCl

(pH of the solution was adjusted to 7.4 with LiOH). For

excitation of Fura�2, Fura�2FF, and SBFI, light filters

were used with the wavelength of 340 and 380 nm, and for

Rh123 a filter with 490 nm was used (illumination for 20�

100 msec, the dark phase for 10�20 sec). The emission fil�

ter passed the spectrum of 505 ± 15 nm for Fura�2, Fura�

2FF, and SBFI and 535 ± 10 nm for Rh123. The fluores�

cence ratio F340/F380 characterized changes in [Ca2+]i or

[Na+]i in individual cells. To determine absolute values of

[Na+]i, on termination of the experiments the cultures

were successively incubated in solutions (pH 7.2) with the

Na+ concentration from 0 to 120 mM (with equimolar

substitution with potassium gluconate) (in mM): glu�

conate (120), Cl− (20), Ca2+ (1.8), Mg2+ (1.0), HEPES

(20). These solutions also contained ouabain (200 µM) to

suppress the Na+/K+�ATPase activity of PM and the

Na+/H+ ionophore monensin (10 µM) [18, 29]. Changes

in ∆Ψm were expressed in percent relative to the baseline

fluorescence of Rh123 taken as 100%.

To determine the ATP level, the cells were planted

into 24�well plates. Seven�eight days later, the culture was

washed twice with salt buffer at room temperature and

incubated for 1 h with glutamate under conditions pre�

scribed by the protocol. ATP was extracted with 2%

trichloroacetic acid cooled to 0°C in the presence of

2 mM EDTA, neutralized with solution of 3 M

KOH/1.5 M Tris, and centrifuged at 3000 rpm. In
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aliquots of the supernatant, the level of ATP was deter�

mined by chemiluminescence using luciferin–luciferase

(40 µl into each sample, Labsystems analytical kit) with a

Lucy�1 luminometer (Antos, Austria). No less than three

determinations were performed for each specimen in five�

six independent experiments. The content of ATP was

expressed in % relative to the control taken as 100%.

The resulting images were processed using the

MetaFluor Analyst Program (USA) and the Prizma

Program, with Student’s t�test. The probes and reagents

were from Sigma, Labsystems, Invitrogen, and Fluka

(USA).

RESULTS

Effect of inhibition of Na+
o/Cai

2+ exchange on basal
level of [Ca2+]i and its recovery after short�term exposure
to glutamate. The substitution of Na+

o with Li+ in 92% of

the neurons (n = 218 cells, nine independent experi�

ments) did not affect the basal level of [Ca2+]i, and in the

other cells there was a weak and transitory elevation of

[Ca2+]i (not shown). These data are consistent with cur�

rent concepts and can be explained by a low affinity of the

exchanger for intracellular Ca2+: Km varies from 0.2 to

2 µM Ca2+ [1, 31].

In the experiments presented in Fig. 1a the cells were

several times supplemented with 20 µM glutamate +

2 µM glycine (without Mg2+) for 100 sec. After every

challenge, the cells were washed in a calcium�free solu�

tion containing calcium buffer EGTA (100 µM) to pre�

vent a possible secondary entry of Ca2+ into the neurons

by reversed Nai
+/Cao

2+ exchange or via NMDA channels.

All solutions contained the inhibitor cyclopiazonic acid

(10 µM) of the endoplasmic reticulum Ca2+�ATPase. To

quantitatively characterize the recovery of the basal

[Ca2+]i, we determined the time (t) of the ratio F340/F380

lowering to 50% of the maximal level achieved on expo�

sure to glutamate (Fig. 1b). In the control (the first and

third glutamate challenge, Fig. 1a) t was, on average,

14.5 ± 3.6 sec (Fig. 1b, n = 96 cells, four independent

experiments). The recovery of [Ca2+]i upon substitution

of Na+
o with Li+ in the post�glutamate period was virtual�

ly the same as the recovery in the control (t = 12.8 ±

2.8 sec). Because the effect of the exchanger inhibition

could be compensated by enhanced uptake of Ca2+ by

mitochondria, the protonophore dinitrophenol (DNP,

300 µM) was added into the solution before the next

applications of glutamate. DNP induced depolarization

of the mitochondrial membrane and prevented the Ca2+

uptake by the mitochondria. DNP caused a slight

increase in [Ca2+]i as a result of Ca2+ release from the

mitochondria and/or entry of external Cao
2+. The

response to glutamate in the presence of DNP was, on

average, 12% higher than in the control (p < 0.05). After

the exposure to glutamate, [Ca2+]i decreased nearly

Fig. 1. a) Recovery of the basal [Ca2+]i level in the cerebellar cells

after short�term glutamate challenges (Glu, 20 µM). The figure

presents the result of one experiment (n = 12 neurons, M ± m),

and similar data were obtained in the other three independent

experiments. b) The average time of decrease in F340/F380 to 50%

of the normal response to glutamate under the following condi�

tions: 1) control; 2) Na+
o/Li+ substitution; 3) control + DNP; 4)

Na+
o/Li+ substitution + DNP (n = 96 cells, M ± m, four inde�

pendent experiments). * p < 0.05 with respect to the control. c)

Increase in [Na+]i in the cerebellar neurons in response to the

3�min application of glutamate (Glu) in the concentration of 5

and 100 µM. In the figure the results of one experiment are pre�

sented (n = 18, M ± m), similar data were obtained in two other

independent experiments.
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twofold more slowly than in the control (Figs. 1a and 1b),

but this effect was similar in both the Na+
o�containing

medium and upon the Na+
o/Li+ substitution (t = 28.3 ±

2.6 and 27.7 ± 3.9 sec, respectively).

These data suggested that the decrease in [Ca2+]i

after the exposure to glutamate should be mainly caused

by the mitochondrial uptake of Ca2+ and its ejection out�

wards by Ca2+�ATPase of PM, while the exchanger was

not involved in the Ca2+ release. In particular, this could

be due to a rapid increase in [Na+]i in the presence of glu�

tamate which suppressed the Cai
2+ exchange for Na+

o.

Figure 1c shows the change in [Na+]i upon 3�min appli�

cation of glutamate in two concentrations, 5 and 100 µM.

The initial [Na+]i was 6.7 ± 2.6 mM (n = 79 cells, three

independent experiments). Glutamate at the concentra�

tion of 5 µM induced, on average, a 2.5�fold increase in

[Na+]i and at the concentration of 100 µM caused nearly

an eightfold increase, to 49.3 ± 7.2 mM. It should be

emphasized that [Na+]i remained high for 5�10 min after

the removal of glutamate from the solution (Fig. 1c).

Effect of inhibition of the forward and/or reversed
Na+/Ca2+ exchange on [Ca2+]i during and after the toxic
action of glutamate. In was earlier shown [7�9, 32] that a

prolonged incubation of neurons with 100 µM glutamate

induced an irreversible increase in [Ca2+]i and [Na+]i and

a decrease in the mitochondrial membrane potential

(∆Ψm). Our experiments were designed to find out

whether the Na+/Ca2+ exchange in neurons was preferen�

tially realized by the forward or reversed mode during and

after the prolonged toxic action of glutamate.

Glutamate caused a biphasic [Ca2+]i rise: after a slight

primary increment of [Ca2+]i in 71.7 ± 8.0% of the neu�

rons a differently delayed secondary increase in [Ca2+]i

was recorded which was associated with a pronounced

decrease in ∆Ψm, i.e., the development of DCD (Fig. 2, a

and b). Such neurons failed to recover the basal levels of

[Ca2+]i and ∆Ψm after the abolishment of glutamate. To

elucidate, whether the secondary increase in [Ca2+]i was

caused by the external Cao
2+ exchange for intracellular

Nai
+, we measured [Na+]i in the presence of glutamate

Fig. 2. Changes in [Ca2+]i (a), mitochondrial potential ∆Ψm (b), and [Na+]i (c) in individual neurons during and after the exposure to 100 µM

glutamate (Glu). The enhanced fluorescence of Rh123 indicates a decrease in ∆Ψm. [Ca2+]i and ∆Ψm were measured concurrently in the

same cells, while [Na+]i was determined in the sister culture. [Ca2+]i was recorded using the low affinity probe Fura�2FF. d) The biphasic

change in ∆Ψm (gray line) in the neuron in response to glutamate is accompanied by a monophasic change in [Na+]i (black line).
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(Fig. 2c, sister cultures). In all cells changes in [Na+]i were

monophasic, and the appearance of DCD was not accom�

panied by a decrease in [Na+]i, i.e. the release of Na+ from

the cells. In the post�glutamate period no recovery of

[Ca2+]i, [Na+]i, and ∆Ψm took place in the overwhelming

majority of the neurons with DCD (Fig. 2, a�c). When

[Na+]i and ∆Ψm were measured in the same cells (Fig. 2d),

the decrease in ∆Ψm simultaneous with the emergence of

DCD was not accompanied by pronounced changes in

[Na+]i. These data suggested that the secondary increase

in [Ca2+]i should not be caused by the Ca2+ entry into the

cells in exchange for intracellular Na+. But the question of

the contribution of the exchanger to disorders in the cal�

cium homeostasis of neurons during the toxic action of

glutamate is still open. Does the exchanger remove Ca2+

from the cells or promote its accumulation in the cytosol

and mitochondria (the reversal of exchange)?

To elucidate whether the exchanger operates by the

forward mode in the presence of glutamate, Na+
o was

replaced by lithium for 5 min initially in the first phase of

the [Ca2+]i increase and then in the second phase (Fig. 3).

This substitution, which inhibited the forward Na+
o/Cai

2+

exchange, caused no additional increase in [Ca2+]i, either

in the first phase of the [Ca2+]i rise or during the DCD.

Figure 3a presents changes in [Ca2+]i in two typical neu�

rons, with DCD (black line) and without DCD (gray line)

(altogether n = 486 cells, five independent experiments).

In the first phase the inhibition of Na+
o/Cai

2+ exchange

resulted in a slight transitory increase in [Ca2+]i in 14% of

the cells, and in the other cells [Ca2+]i decreased or did

not change. The substitution of Na+
o for lithium during the

secondary increase in [Ca2+]i either did not affect [Ca2+]i

or slightly decreased it. During the substitution of Na+
o by

Li+ in the solution, [Na+]i was considerably decreasing in

all cells, with DCD and without it (Fig. 3b, sister culture

which was concurrently stained with Rh123 to follow the

development of DCD). The Na+ return into the solution

was associated with increase in [Na+]i. The transitory

increase in [Ca2+]i and the concurrent decrease in [Na+]i

indicated that this increase was due to a transitory

enhancement of the reversed Nai
+/Cao

2+ exchange. It is

known that Li+ not only inhibits the forward component

of the exchanger but also strengthens the reversed one,

because univalent cations (Li+ > K+ = Rb+ > NH4
+)

enhance the affinity of the transport site of the exchanger

for external Ca2+ [10]. In our experiments the increase in

the reversal was transitory, obviously owing to the gradual

decrease in the perimembrane [Na+]i (Fig. 3b). If the

[Ca2+]i rise were caused by suppression of the Ca2+

release, the [Ca2+]i rise would be steady.

Thus, the exchanger loses the ability to release Ca2+

from the cerebellar neurons during long�term exposure to

glutamate. This conclusion is consistent with calculations

of Czyz et al. [33] that the shift in equilibrium potentials

on PM for Ca2+ and Na+ during exposure to high concen�

trations of glutamate or NMDA inevitably results in the

exchange reversal, notwithstanding a very high [Ca2+]i.

In the experiments presented in Fig. 4 we compared

the development of DCD in experiments corresponding

to three protocols (four�five independent experiments per

protocol): in the first protocol the inhibitor KB�R7943 of

the reversed exchange was used [34], in the second proto�

col Na+
o was replaced by Li+ before addition of glutamate,

and in the third protocol the glutamate�containing solu�

tion was supplemented with the inhibitor ouabain

(0.5 mM) of PM Na+/K+�ATPase. The preliminary sub�

stitution of Na+
o by Li+ prevented the glutamate�induced

increase in [Na+]i and, consequently, during the exposure

to glutamate suppressed not only the forward Na+
o/Cai

2+

exchange but also the reversed Nai
+/Cao

2+ exchange. In

contrast, ouabain preserved the high [Na+]i during the

exposure to glutamate and theoretically had to enhance

Fig. 3. Effect of 5�min Na+
o/Li+ substitution on changes in [Ca2+]i (a) and [Na+]i (b) in individual cerebellar cells during their incubation

with glutamate. The black line shows the neuron with DCD, the gray line corresponds to the neuron without DCD.
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or, at least, not affect the reversed exchange. Figure 4 (a�

d) shows the changes in [Ca2+]i recorded under these con�

ditions, and the table presents number of the neurons

with DCD in percent of the total number of neurons in

the image on the 10th and 40th min from the beginning of

the glutamate action. KB�R7943 (10 µM) was added to

the cells before introduction of glutamate (Fig. 4a) and

also on the 10th min after it (Fig. 4b) to prevent a possi�

ble inhibition by this compound of the Ca2+ entry through

the NMDA channels [35]. KB�R7943 did not affect the

number of neurons with DCD but increased 7.4�fold (p <

0.001 with respect to glutamate) the number of neurons

which succeeded in recovery of the basal [Ca2+]i in the

post�glutamate period (compare Figs. 2a and 4a). The

removal of external Na+ decreased the number of neurons

with DCD nearly fourfold, to 15.8 ± 4.9% (Fig. 4c and

table). Against the expectation, ouabain also lowered the

number of such neurons 1.5�fold, as compared to the

number of the cells with DCD exposed only to glutamate

(Fig. 4d and table).

Thus, the KB�R7943�induced suppression of the

exchange reversal did not decrease the number of neurons

with DCD, whereas the Na+
o/Li+ substitution before the

application of glutamate displayed a protective effect.

Ouabain, unable to suppress the reversed Na+/Ca2+

exchange, also had a protective effect. It seems that in

addition to high [Ca2+]i, which can be attributed to the

Na+/Ca2+ exchange reversal, other factors are important

for development of DCD, first of all a decrease in the

intracellular concentration of ATP. It was shown [36] that

the veratridine�caused increase in [Na+]i in isolated nerve

terminals enhanced hydrolysis of ATP with the plasma

membrane Na+/K+�ATPase, and this promoted a rapid

depolarization of mitochondria and increase in [Ca2+]i.

We supposed that the effects of ouabain and Na+
o/Li+ sub�

stitution on the development of DCD should be similar

because they both decreased the activity of the plasma

membrane Na+/K+�ATPase, whereas lithium on

entrance into the cell activated the Na+�pump an order of

magnitude more weakly than sodium [37]. Na+/K+�

ATPase is the main consumer of ATP in the nerve cell

[38]; therefore, ouabain and Na+
o/Li+ substitution which

suppress hydrolysis of ATP by Na+/K+�ATPase can pre�

vent the development of DCD.

After the exposure to glutamate for 1 h (Fig. 5), the

ATP level was, on average, 48.1% decreased, and this is

Fig. 4. Changes in [Ca2+]i in individual neurons in response to glutamate (Glu) in the presence of the inhibitor KB�R7943 of the reversed

Na+/Ca2+ exchange (a, b) under conditions of preliminary Na+
o substitution by Li+ in the solution (c) or incubation with ouabain (d).
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consistent with the available data [9, 39]. Incubation with

ouabain and Na+
o/Li+ substitution lowered the ATP loss

caused by glutamate, on average, by 32.7 and 51.9%,

respectively (p < 0.05, as compared to the effect of gluta�

mate alone).

Effect of glucose deprivation on development of DCD
during exposure to glutamate. Because the Na+

o/Li+ sub�

stitution and ouabain lowered the glutamate�caused loss

of ATP (Fig. 5), it was interesting to determine whether

the glucose deprivation markedly decreasing the ATP

stores in the nerve cells [39] would abolish the protective

effect of ouabain and the Na+
o/Li+ substitution on the

development of DCD. The table presents the numbers of

neurons with DCD on the 10th and 40th min from the

beginning of the glutamate action in the solutions where

glucose was equimolarly replaced by 2�deoxy�D�glucose.

In the glucose�free medium, the number of neurons with

DCD was sharply increased and reached nearly 100% by

the 40th min of the incubation with glutamate. The num�

ber of cells with DCD under conditions of the Na+
o/Li+

substitution in the glucose�free medium also was

increased, but reached the level observed in the glucose�

containing medium only by the 40th min of the exposure

to glutamate. A similar effect on the number of neurons

with DCD in the presence of ouabain was observed in the

glucose�free medium (table). Thus, a decrease in the ATP

level in the presence of glutamate is the most significant

factor for the DCD development, and this decrease is

partially caused by the increase in the Na+/K+�ATPase

activity and enhancement of ATP hydrolysis.

DISCUSSION

Our studies have shown that the Na+/Ca2+ exchang�

er is not involved in maintenance of [Ca2+]i in resting

granular cells of the cerebellum and loses the ability to

release Ca2+ outwards after both short� and long�term

toxic challenge with glutamate. During the exposure, the

exchanger is working in the reversed mode and enhances

DCD. This is proved by the following findings: i) inhibi�

tion of the forward exchange failed to affect the [Ca2+]i at

rest and the rate of the [Ca2+]i lowering in the calcium�

free medium after the removal of glutamate (Fig. 1); ii)

KB�R7943�induced inhibition of the reversed exchange

improved 7.4�fold the recovery of [Ca2+]i in the post�glu�

tamate period (Fig. 4). Thus, the reversal of the Na+/Ca2+

exchange is concluded to slow down the recovery of the

basal level of [Ca2+]i. It seems that the reversal is caused

by glutamate which, in addition to the [Ca2+]i rise,

induces an increase in [Na+]i which is maintained for

rather a long time after the removal of glutamate (Fig. 1c)

and also depolarization of PM and intracellular acidosis

[9, 18, 40]. In the presence of glutamate, [Na+]i increases

through Na+ entry via ionotropic glutamate channels [40]

and also as a result of the Na+ transport together with glu�

tamate into the cell by protein carriers of glutamate and

glycine [41]. The decrease in the transmembrane Na+

gradient, depolarization of PM, and acidosis inhibit the

forward mode of the Na+/Ca2+ exchange and concurrent�

ly enhance the reversed mode [1, 10]. Similar data on the

Fig. 5. Changes in the ATP concentration (in % of control) upon

1�h incubation of cultures under the following conditions: 1) con�

trol; 2) glutamate (100 µM); 3) Na+
o/Li+ substitution; 4) gluta�

mate + preliminary Na+
o/Li+ substitution; 5) ouabain (0.5 mM); 6)

glutamate + ouabain (0.5 mM); * p < 0.05 and ** p < 0.01 with

respect to control; # p < 0.05 with respect to glutamate; n = five�

six cultures for each column. [ATP] was determined using

luciferin–luciferase chemiluminescence.
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effect of KB�R7943 on the rate of the [Ca2+]i decrease

after the mechanical stimulation of astrocytes were

obtained in work [42]. KB�R7943 can partially inhibit

Ca2+ entry through the NMDA and depot�regulated

channels of PM [35, 43], but in our experiments the addi�

tion of the antagonist of NMDA receptors into the wash�

ing solution did not affect the decrease in [Ca2+]i after the

long�term exposure to glutamate [30].

During the exposure to glutamate the Na+/Ca2+

exchange also seems to be reversed, or at least the major�

ity of the exchanger molecules, possibly certain isoforms

NCX1 or NCKX, are working in this mode [4, 25, 44].

This was indicated by the findings that the inhibition of

[Ca2+]i release by the Na+
o/Li+ substitution during the cell

incubation with glutamate did not affect [Ca2+]i or

induced a slight transitory increase in [Ca2+]i with subse�

quent decrease (Fig. 3a). These changes in [Ca2+]i can be

associated with two opposite effects of the Na+
o removal

on the neurons. On one hand, the forward exchange is

suppressed and the reversed one is enhanced [10], and on

the other hand, Li+ lowers the current through the

NMDA channels more strongly than Na+ [45, 46], possi�

bly owing to inhibition of phosphorylation of subunit

NR2B of the NMDA receptor [47]. The short�term

increase in [Ca2+]i upon the Na+
o/Li+ substitution during

the incubation with glutamate (Fig. 3a) seemed to be

caused by enhancement of the reversed Nai
+/Cao

2+

exchange. This increase was short�term because of a

gradual decrease in [Na+]i (Fig. 3b) which could be due

to: i) exchange of intracellular Na+ for extracellular Ca2+

and H+; ii) termination of the Na+ entry into the cells

during the continuous pumping outwards by Na+/K+�

ATPase; iii) entry of Nai
+ into the mitochondria through

mediation of the Na+/H+ antiporter or mitochondrial

Na+/Ca2+ exchange [48].

The other significant conclusion of the present work

is that reversal of the Na+/Ca2+ exchange is an important

but insufficient condition for appearance of the second

phase of the [Ca2+]i increase, i.e. DCD. In the works of

Kiedrowski et al. [4, 33] it was supposed that reversal of

the Na+/Ca2+ exchange could provide for not only the

maintenance of the high level of [Ca2+]i plateau during

the exposure to glutamate (on the gradual inactivation of

the NMDA channels) but also Ca2+ accumulation in

mitochondria with their subsequent depolarization

resulting in the secondary increase in [Ca2+]i and death of

the neurons. However, our findings suggest that, in addi�

tion to the high [Ca2+]i, for development of DCD a

decrease in the ATP level is necessary. These finding are

as follows: i) no dependence was revealed by concurrent

determinations of [Na+]i and ∆Ψm between the decrease

in ∆Ψm simultaneous with the second phase of the

increase in [Ca2+]i and change in [Na+]i (Fig. 2d); ii) the

inhibitor KB�R7943 of the reversed exchange did not

affect the number of cells with DCD (table); iii) glucose

deprivation significantly enhanced the number of cells

with DCD in the absence of the reversed Nai
+/Cao

2+

exchange (Na+
o/Li+ substitution performed before the

application of glutamate, Fig. 4c and table). The pro�

nounced suppression of development of DCD upon the

Na+
o/Li+ substitution (table) does not contradict the

above�presented data. As it has been said earlier, Li+ can

decrease the probability of the glutamate channel loca�

tion in the open state, and this, in addition to the inhibi�

tion of the exchange reversal, can explain the positive

effect of the Na+
o/Li+ substitution on the development of

DCD. It should be emphasized that ouabain, unable to

affect the reversal, displayed a similar protective effect

(Fig. 4d and table). Ouabain (0.5�1 mM) slightly

increased the current entering through the NMDA chan�

nels [49] and had almost no influence on the 45Ca2+ entry

into the cerebellar neurons during the action of NMDA,

whereas in the presence of Li+ the 45Ca2+ entry was

decreased nearly twofold [33].

The decrease in the number of cells with DCD upon

the incubation with ouabain or in sodium�free solution

could be caused by a decrease in ATP hydrolysis as a

result of inhibition of Na+/K+�ATPase (Fig. 5). Ouabain

(0.5 mM) seems to inhibit all known isoforms of the sodi�

um pump in the brain. The activity of Na+/K+�ATPase

(mainly λ2/λ3 isoforms) increases during the first minutes

of exposure to glutamate and/or in brain ischemia [50,

51], and this is likely to be one of main reasons for the

glutamate�induced decrease in the ATP level. We have

recorded the total changes of ATP level in cultures, but in

some perimembrane pools of neurons the ATP level can

decrease much more strongly. The maintenance of the

perimembrane ATP can promote the Ca2+ release out�

wards by Ca2+�ATPase of PM [36]. ATP can also influ�

ence other mechanisms initiating DCD. Thus, there is a

hypothesis that the secondary increase in [Ca2+]i correlat�

ing with the depolarization of mitochondria is caused by

release of the Ca2+ taken up from the depolarized mem�

branes via the uniporter channel or the produced perme�

ability transition pore [8, 30, 32, 52]. Cytosolic ATP

inhibits Ca2+ release from mitochondria [53�55]. We have

observed that ouabain decelerates the protonophore

FCCP�stimulated Ca2+ release from mitochondria after

exposure to glutamate [56]. Similar data on inhibition of

the Ca2+ release from mitochondria of cerebellar granular

cells stimulated with NMDA in the presence of ouabain

were obtained in [33]. Because the glucose deprivation

considerably enhanced the number of neurons with DCD

(table), a decrease in the loss of ATP, e.g. in the presence

of ouabain, could increase the resistance of mitochondria

to the glutamate�induced stress.

Thus, we conclude that the Na+/Ca2+ exchange is

not involved in the Ca2+ release from the cerebellar neu�

rons during and after exposure to glutamate. Dysfunction

and/or reversal of the Na+/Ca2+ exchange facilitates the

increase in [Ca2+]i and has a significant pathogenic signif�

icance in the post�glutamate period because of decelera�
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tion of recovery of the [Ca2+]i homeostasis. However, the

exchange reversal alone is insufficient for development of

delayed calcium deregulation. In addition to Ca2+, other

factors associated with the Na+ entry are required:

changes in the activity of Na+/K+�ATPase, lowering of

ATP level, inhibition of the Na+/H+ exchange, intracel�

lular acidosis, generation of free radicals or nuclear fac�

tors of apoptosis, etc. [57, 58].

In the present work we studied the contribution of

the exchanger to [Ca2+]i regulation on a model of patho�

logical conditions, i.e. the time of exposure to glutamate

was much more longer than the time of nervous impulse

conduction. The exchanger is also likely to play a certain

role in mechanisms of enhancement of synaptic transmis�

sion under physiological conditions due to functioning in

a reversed mode upon activation of the glutamate recep�

tors. The delayed recovery of the low level of [Ca2+]i can

increase the release of mediators in synaptic terminals.

Prospects for further studies may be associated with elab�

oration of specific agents capable of selective inhibition of

individual isoforms of the exchanger.

The authors are grateful to B. I. Khodorov and A. M.

Surin for useful consultations.

This work was supported by the Russian Foundation

for Basic Research, project No. 05�04�49481.

REFERENCES

1. Blaustein, M., and Lederer, W. (1999) Physiol. Rev., 79,

764�854.

2. Brini, M., Mani, S., and Carafoli, E. (2002) Ann. N. Y.

Acad. Sci., 976, 376�381.

3. Li, L., Guerini, D., and Carafoli, E. (2000) J. Biol. Chem.,

275, 903�910.

4. Kiedrowski, L., Czyz, A., Baranauskas, G., Li, F.�X., and

Lytton, J. (2004) J. Neurochem., 90, 117�128.

5. Canitano, A., Papa, M., Boscia, F., Castaldo, P., Sellitti,

S., Taglialatela, M., and Annunziato, L. (2002) Ann. N. Y.

Acad. Sci., 976, 394�404.

6. Tymianski, M., Charlton, M. P., Carlen, P. L., and Tator,

C. H. (1993) Brain Res., 607, 319�323.

7. Khodorov, B. I., Pinelis, V. G., and Viktorov, I. V. (1998)

Vestn. Ros. Akad. Med. Nauk, 8, 41�45.

8. Duchen, M. (2000) J. Physiol., 529, 57�68.

9. Nicholls, D. G., and Budd, S. L. (2000) Physiol. Rev., 80,

315�360.

10. DiPolo, R., and Beauge, L. (2006) Physiol. Rev., 86, 155�

203.

11. Tatsumi, H., and Katayama, Y. (1993) J. Physiol., 464, 165�

181.

12. Mironov, S. L. (1995) Neuropharmacology, 34, 1123�1132.

13. Wang, G. J., and Thayer, S. A. (1996) J. Neurophysiol., 76,

1611�1621.

14. Lee, S.�H., Kim, M.�H., Park, K. H., Earm, Y. E., and Ho,

W.�K. (2002) J. Neurosci., 22, 6891�6899.

15. Mattson, M. P., Guthrie, P. B., and Kater, S. B. (1989)

FASEB J., 3, 2519�2526.

16. Koch, R. A., and Barish, M. E. (1994) J. Neurosci., 14,

2585�2593.

17. Rojas, H., Ramos, M., Mijares, A., and DiPolo, R. (2003)

Jap. J. Physiol., 53, 259�269.

18. Kiedrowski, L., Wroblewski, J. T., and Costa, E. (1994)

Mol. Pharmacol., 45, 1050�1054.

19. Fierro, L., DiPolo, R., and Llano, I. (1998) J. Physiol.

(London), 510, 499�512.

20. Randall, R. D., and Thayer, S. A. (1992) J. Neurosci., 12,

1882�1895.

21. Duchen, M. R., Valdeolmillos, M., O’Neill, S. C., and

Eisner, D. A. (1990) J. Physiol., 424, 411�426.

22. Doi, A., Kakazu, Y., and Akaike, N. (2002) J.

Neurophysiol., 87, 1694�1702.

23. Storozhevykh, T., Sorokina, E., Vinskaya, N., Pinelis, V.,

Vergun, O., Fayuk, D., Sobolevsky, A., and Khodorov, B.

(1996) Int. J. Neurosci., 88, 199�214.

24. Hoyt, K. R., Arden, S. R., Aizenman, E., and Reynolds, I.

J. (1998) Mol. Pharmacol., 53, 742�749.

25. Kiedrowski, L. (2007) J. Neurochem., 100, 915�923.

26. Breder, J., Sabelhaus, C. F., Opitz, T., Reymann, K. G.,

and Schroder, U. H. (2000) Neuropharmacology, 39, 1779�

1787.

27. Pignataro, G., Gala, R., Cuomo, O., Tortiglione, A.,

Giaccio, L., Castaldo, P., Sirabella, R., Matrone, C.,

Canitano, A., Amoroso, S., Di Renzo, G., and

Annunziato, L. (2004) Stroke, 35, 2566�2570.

28. Bano, D., Young, K. W., Guerin, C. J., Rizzuto, R., and

Carafoli, E. (2005) Cell, 120, 275�285.

29. Pinelis, V., Segal, M., Greenberger, V., and Khodorov, B.

(1994) Biochem. Mol. Biol. Int., 32, 475�482.

30. Khodorov, B. I., Storozhevykh, T. P., Surin, A. M.,

Sorokina, A. G., Yuryavuchus, A. I., Borodin, A. V.,

Vinskaya, N. P., Khaspekov, L. G., and Pinelis, V. G. (2001)

Biol. Membr., 18, 419�430.

31. Reeves, J. P., and Condrescu, M. (2003) J. Gen. Physiol.,

122, 621�639.

32. Vergun, O., Keelan, J., Khodorov, B. I., and Duchen, M.

R. (1999) J. Physiol., 519, 451�466.

33. Czyz, A., Baranauskas, G., and Kiedrowski, L. (2002) J.

Neurochem., 81, 379�389.

34. Iwamoto, T., Watano, T., and Shigekawa, M. (1996) J. Biol.

Chem., 271, 391�397.

35. Sobolevsky, A. I., and Khodorov, B. I. (1999)

Neuropharmacology, 38, 1235�1242.

36. Chinopoulos, C., Tretter, L., Rozsa, A., and Adam�Vizi, V.

(2000) J. Neurosci., 20, 2094�2103.

37. Glitsch, H. G. (2001) Physiol. Rev., 81, 1791�1821.

38. Ames, A. (2000) Brain Res. Rev., 34, 42�68.

39. Mikhailova, M., Bol’shakov, A., Surin, A., Pinelis, V. G.,

and Khodorov, B. I. (2003) Biol. Membr., 20, 446�448.

40. Dingdledine, R., Borges, K., Bowie, D., and Traynelis, S.

F. (1999) Pharmacol. Rev., 51, 7�61.

41. Rose, C. R., and Ransom, B. R. (1996) J. Neurosci., 16,

5393�5404.

42. Floyd, C. L., Gorin, F. A., and Lyeth, B. G. (2005) Glia,

51, 35�46.

43. Arakawa, N., Sakaue, M., Yokoyama, I., Hashimoto, H.,

Koyama, Y., Baba, A., and Matsuda, T. (2000) Biochem.

Biophys. Res. Commun., 279, 354�357.

44. Yu, S. P., and Choi, D. W. (1997) Eur. J. Neurosci., 9, 1273�

1281.



Na+/Ca2+ EXCHANGE IN CEREBELLAR NEURONS TREATED WITH GLUTAMATE 759

BIOCHEMISTRY  (Moscow)   Vol.  72   No.  7   2007

45. Karkanias, N. B., and Papke, R. L. (1999) J. Neurophysiol.,

81, 1506�1512.

46. Nahum�Levy, R., Tam, E., Shavit, S., and Benveniste, M.

(2002) J. Neurosci., 22, 2250�2560.

47. Hashimoto, R., Fujimaki, K., Jeong, M. R., Christ, L., and

Chuang, D. M. (2003) FEBS Lett., 538, 145�148.

48. O’Rourke, Cortassa, S., and Aon, M. A. (2005) Physiology,

20, 303�315.

49. Reines, A., Pena, C., and de Lores Arnaiz (2001)

Neurochem. Int., 39, 301�310.

50. Marcaida, G., Kosenko, E., Minana, M. D., Grisolia, S.,

and Felipo, V. (1996) J. Neurochem., 66, 99�104.

51. Inoue, N., Soga, T., and Kato, T. (1999) Neuroreport, 10,

3289�3293.

52. Nicholls, D. G. (2004) Curr. Mol. Med., 4, 149�177.

53. Crompton, M. (1999) Biochem. J., 341, 233�249.

54. Litsky, M. L., and Pfeiffer, D. R. (1997) Biochemistry, 36,

7071�7080.

55. Vergun, O. (2007) Biol. Membr., 24, 43�49.

56. Storozhevykh, T. P., Sorokina, E. G., Vinskaya, N. P.,

Chernyak, B. V., and Pinelis, V. G. (2003) in Reception and

Intracellular Signalization [in Russian], Proc. Int. Conf.,

Pushchino, pp. 195�197.

57. Chinopoulos, C., and Adam�Vizy, V. (2006) FEBS J., 273,

433�450.

58. Lopina, O. D. (2001) Biochemistry (Moscow), 66, 1122�1131.

59. Annunziato, L., Pignataro, G., and Di Renzo, G. F. (2004)

Pharmacol. Rev., 56, 633�654.


