
Maturation of neurons in culture is accompanied by

significant changes in their responses to stimulation of

glutamate receptors [1, 2]. In a culture of young neurons

(6�9 DIV) glutamate (Glu) application (usually 100 µM

Glu for 15�20 min) causes transient increase in intracel�

lular free Ca2+ ([Ca2+]i) and weak mitochondrial depolar�

ization (MD) (see for review [2, 3]) in most neurons.

After Glu removal [Ca2+]i and mitochondrial potential

(∆Ψm) return to the basal level. In most mature neurons

in culture, Glu causes biphasic responses and higher

[Ca2+]i values and MD are preserved after Glu removal [1,

4]. Study of neuron populations [5] and individual neu�

rons [6] revealed a correlation between cell inability to

restore low [Ca2+]i in the post�glutamate period and their

subsequent death. Studies of the relationship between the

secondary increase in [Ca2+]i and strong MD of mature

neurons and their energy status revealed that Glu�

induced biphasic effects of [Ca2+]i and MD typical for
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Abstract—Maturation of primary neuronal cultures is accompanied by an increase in the proportion of cells that exhibit

biphasic increase in free cytoplasmic Ca2+ ([Ca2+]i) followed by synchronic decrease in electrical potential difference across

the inner mitochondrial membrane (∆Ψm) in response to stimulation of glutamate receptors. In the present study we have

examined whether the appearance of the second phase of [Ca2+]i change can be attributed to arachidonic acid (AA) release

in response to the effect of glutamate (Glu) on neurons. Using primary culture of rat cerebellar granule cells we have inves�

tigated the effect of AA (1�20 µM) on [Ca2+]i, ∆Ψm, and [ATP] and changes in these parameters induced by neurotoxic con�

centrations of Glu (100 µM, 10�40 min). At ≤10 µM, AA caused insignificant decrease in ∆Ψm without any influence on

[Ca2+]i. The mitochondrial ATPase inhibitor oligomycin enhanced AA�induced decrease in ∆Ψm; this suggests that AA may

inhibit mitochondrial respiration. Addition of AA during the treatment with Glu resulted in more pronounced augmenta�

tion of [Ca2+]i and the decrease in ∆Ψm than the changes in these parameters observed during independent action of AA;

removal of Glu did not abolish these changes. An inhibitor of the cyclooxygenase and lipoxygenase pathways of AA metab�

olism, 5,8,11,14�eicosatetraynoic acid, increased the proportion of neurons characterized by Glu�induced biphasic increase

in [Ca2+]i and the decrease in ∆Ψm. Palmitic acid (30 µM) did not increase the percentage of neurons exhibiting biphasic

response to Glu. Co�administration of AA and Glu caused 2�3 times more pronounced decrease in ATP concentrations

than that observed during the independent effect of AA and Glu. The data suggest that AA may influence the functional state

of mitochondria, and these changes may promote biphasic [Ca2+]i and ∆Ψm responses of neurons to the neurotoxic effect of

Glu.
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mature cells could be induced in young neurons by

removal of glucose from the medium [7, 8].

It was demonstrated previously that decrease in glu�

cose concentration and prolongation of incubation in

glucose free medium caused Glu�induced Ca2+�depend�

ent arachidonic acid (AA) release in neuron culture or

brain slices [9�12]. In neurons, AA is formed during Glu�

induced activation of various phospholipase A2 (PLA2)

subtypes [13]. Rat cerebellar granule cells express Ca2+�

dependent PLA2�β [14]. In ischemic brain, marked

amounts of palmitic (PA) and stearic acids have been

detected in addition to AA [15]. Palmitic and stearic acids

can form a Ca2+�permeable pore in phospholipid mem�

branes [16, 17] and cyclosporin A�insensitive pore in the

inner mitochondrial membrane [18, 19], and AA acceler�

ates this pore formation [20].

Free fatty acids, especially in combination with Ca2+

influx into cells, can significantly influence mitochondri�

al functioning. They increase ion conductance of mito�

chondrial membranes [21�24], block respiratory chain

Complex I [25, 26], and induce formation of the perme�

ability transition pore [27].

In the present study we have investigated whether

exogenous AA and PA can increase the proportion of

neurons responding to Glu with biphasic increase in

[Ca2+]i and decrease in ∆Ψm.

MATERIALS AND METHODS

Procedures for preparation of primary cultures of rat

cerebellar granule cells have been described previously

[28]. Buffers containing Glu, AA, PA, and also inhibitors

of respiratory chain and H+�ATPase were prepared just

before use. Intracellular concentrations of free Ca2+

([Ca2+]i) were measured using low affinity fluorescent

Ca2+ indicator fura�2FF (TefLabs, USA). It allows

changes of micromolar [Ca2+]i to be detected. The indi�

cator was administered as the acetoxymethyl ether (fura�

2FF/AM; 6 µM, 50 min, 23�25°C), mixed with the non�

ionic detergent Pluronic F�127 (0.02%; Molecular

Probes, USA). Changes of [Ca2+]i were expressed as ratio

of fura�2FF fluorescence intensity obtained under excita�

tion at 340 and 380 nm (F340/F380).

Changes of ∆Ψm were evaluated using the potential�

sensitive fluorescent probe rhodamine 123 (rh123, 3�

4 µg/ml, 15�17 min), which stained the cells after loading

with the Ca2+ indicator. The measurements were carried

out at 25�28°C in buffer containing 145 mM NaCl,

5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM D�glu�

cose, 20 mM Hepes; pH value of 7.4 was adjusted with

1 M NaOH. For Glu washing, we used calcium�free solu�

tion containing 2 mM MgCl2 and 0.1 mM EGTA. For

demonstration of neuronal mitochondrial Ca2+ accumu�

lation during Glu action and also for detection of rh123

signal magnitude corresponding to maximal MD, the

protonophore FCCP (carbonyl cyanide p�trifluo�

romethoxyphenylhydrazone) (1 µM), was added at the

end of experiment. The maximal fura�2FF signal was cal�

ibrated by adding ionomycin (1 µM) followed by increase

in Ca2+ concentration in the buffer up to 10 mM.

Solutions containing AA and PA were prepared 1�2 min

before use: stock solution of these acids in ethanol were

added as rapid injections from micropipettes or microsy�

ringes into a glass vial with buffer under constant stirring

with a magnetic stirrer. AA (10 mM ethanol solution) was

kindly supplied by V. V. Bezuglov. Other chemicals were

purchased from Sigma (USA).

The system for signal registration from individual

cells included a xenon lamp of 175 W (Sutter Instrument,

USA), the inverted fluorescent microscope Axiovert�200

(Zeiss, Germany) with 20x/0.75 quartz lens, 12�byte

CCD camera SnapCool�fx (Roper Scientific, USA). The

light from the lamp passed through interference filters of

340 and 380 nm for fura�2FF and 486 nm for rh123,

respectively; these filters were placed into a filter wheel,

which moved them each 50�100 msec. For all filters the

bandpass half�width was ~10 nm. The exciting light of

these wavelengths passed via a liquid light guide into the

input port to the microscope and then to a dichroic mir�

ror with threshold wavelength of 485�505 nm.

Fluorescence of fura�2FF and rh123 passed through

interference filters of 505�535 and 515�565 nm, respec�

tively. The emission light filters were placed into a second

filter wheel positioned just before the CCD�camera; they

were synchronously moved together with excitation light

filters by the filter wheel drive mechanism LB 10�2S

(Sutter Instrument). Camera images were treated in the

real time mode using MetaFluor and MetaFluor Analyst

programs (Universal Imaging Corporation, USA).

Intracellular ATP levels were assayed by

luciferin–luciferase chemiluminescence following the

supplier’s protocol (Sigma), using the Anthos Lucy�1

microplate luminometer (Anthos Labtech Instruments,

Austria) in 96�well plates. Each experimental point repre�

sents a mean of three plates. Measurements were carried

out using 7 DIV cultures grown on different days.

RESULTS

Effects of arachidonic and palmitic acids on Glu�
induced changes of Ca2+ and ∆∆ΨΨm. Changes in [Ca2+]i and

∆Ψm observed during the treatment of primary culture of

rat cerebellar granule cells (CGC) with 100 µM Glu (15�

25 min) can be subdivided into two types (Fig. 1, a and d).

The major population of neurons responds to Glu appli�

cation with rapid increase in [Ca2+]i followed by the

decrease to some steady�state level exceeding the resting

cell [Ca2+]i (Fig. 1a). Removal of Glu by washing in a cal�

cium free buffer restored the initial level of [Ca2+]i and

∆Ψm. However, in a small proportion of neurons the pri�
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mary transitory changes of [Ca2+]i and ∆Ψm were then fol�

lowed by a second phase of increase in [Ca2+]i accompa�

nied by synchronous strong MD. The magnitude of the

secondary [Ca2+]i increase varied depending on the Ca2+

indicator employed and the type of neuronal culture from

10 to 50 µM [29�31].

In young cultures (6�9 DIV) the proportion of neu�

rons exhibiting biphasic increase in [Ca2+]i and MD usu�

ally does not exceed 10�15% (n = 584). In 66% of neu�

rons (47 of 71 cells, five cultures) demonstrating the

biphasic type of response to Glu, high values of [Ca2+]i

and MD were observed during 15�25 min after Glu

removal (post�glutamate plateau). The remaining 34% of

neurons restored (completely or partially) [Ca2+]i during

15�25 min of the post�glutamate period. Addition of

FCCP (1 µM, 3�5 min) after Glu removal by washing

with calcium�free buffer caused total mitochondrial

depolarization (Fig. 1d). The neurons exhibiting the sec�

ond phase of [Ca2+]i increase followed by normalization

of low [Ca2+]i in the post�glutamate period were charac�

terized by strong increase in [Ca2+]i immediately after

FCCP addition. Delay or lack of [Ca2+]i increase was

found only in those neurons which did not exhibit the

second Glu�induced phases of [Ca2+]i and ∆Ψm.

Addition of AA (final concentration of 20 µM) to

CGC caused the increase in [Ca2+]i and MD which ter�

minated by ∆Ψm collapse and [Ca2+]i plateau after 20�

25 min (not shown). So in subsequent experiments we

employed AA concentrations (≤10 µM) which did not

induce changes in [Ca2+]i in the absence of Glu (Fig. 1, b

and c). In 87% of neurons (75 of 86 cells, two cell cul�

tures) subsequent addition of 100 µM Glu in the presence

of AA caused rapid increase in [Ca2+]i and strong MD

(Fig. 1, b and e). In most neurons there was no clearly

detectable intermediate decrease in [Ca2+]i, which was

usually observed between the end of the first phase and

the beginning of the second one (Fig. 1, a and d). Washing

of cells subjected to combined treatment with Glu and

10 µM AA for 15�20 min did not restore [Ca2+]i and ∆Ψm

to the level observed in the resting neurons. Such loss of

[Ca2+]i and ∆Ψm restoring capacity in the post�glutamate

period is typical for “old” neurons (�14 DIV) [2].

For evaluation whether AA influences [Ca2+]i and

∆Ψm in Glu�pretreated cells characterized by already

increased [Ca2+]i, we added AA 10 min after the onset of

the Glu effect. In such mode of experiment AA applica�

tion caused sharp increase in [Ca2+]i and strong MD (Fig.

1, c and f). Subsequent exposure of cells to Glu and AA

Fig. 1. Effect of arachidonic acid (AA) on changes in [Ca2+]i (a�c) and ∆Ψm (d�f) induced by glutamate (100 µM; –Mg2+ + 10 µM glycine)

in primary culture of rat cerebellar granule cells. Changes in [Ca2+]i are given as the ratio of fluorescence intensity of fura�2FF during exci�

tation at 340 and 380 nm (F340/F380); ∆Ψm changes are given as the ratio of rh123 fluorescence intensity during excitation at 486 nm to

the fluorescence value in the beginning of experiment (F486/Fo). AA concentration was 10 µM.
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for 10 min resulted in appearance of [Ca2+]i plateau in

almost all neurons. Removal of Glu by cell washing did

not abolish this [Ca2+]i plateau. Moreover, the neurons

retaining low [Ca2+]i level during the period of concerted

action of Glu and AA were characterized by [Ca2+]i

increase in the post�glutamate period.

To evaluate the specificity of the effect of AA in

modulation of Glu�induced [Ca2+]i and ∆Ψm neuronal

responses, we have used palmitic acid (PA). Selection of

PA as the reference compound for AA is explained by the

fact that both acids predominate in the spectrum of fatty

acids formed during Glu�induced toxicity of neurons in

the central nervous system [15]. PA can form a Ca2+ per�

meable pore in phospholipid membranes and in mito�

chondrial membranes as well [16�20]. However, although

PA concentration was three times higher than that of AA,

treatment of neurons with PA using the protocol

employed for AA caused insignificant changes of [Ca2+]i

and ∆Ψm in response to Glu compared with correspon�

ding control (Glu without PA). Lack of PA effect on ∆Ψm

and [Ca2+]i may be attributed to poor insertion of this acid

into cell membranes and poor PA penetration into cells.

For example, PA addition to phospholipid vesicles in

Ca2+ containing buffers resulted in Ca2+ binding to PA;

this prevented PA insertion into the membranes [19]. So,

we have examined the PA effect on neurons in Ca2+�free

buffer. Incubation of CGC with PA (30 µM for 10 min) in

the Ca2+�free buffer did not influence either [Ca2+]i or

∆Ψm (data not shown). However, it should be taken into

consideration that mitochondrial pore formation by PA

requires the presence of Ca2+ in the mitochondrial matrix

[18, 19]. So we also repeated PA addition to CGC after

the treatment with Glu (when mitochondria contain Ca2+

[2]). PA was added during Glu removal by washing in the

Ca2+�free buffer; however, in these experiments PA also

did not cause MD and release of Ca2+ from mitochondria

into the cytosol. Subsequent addition of FCCP (1 µM) to

neurons in the Ca2+�free buffer was accompanied by

sharp MD in all neurons and rapid increase in [Ca2+]i in

most of them. This suggests that PA does not influence

[Ca2+]i and ∆Ψm even when mitochondrial matrix is

loaded with Ca2+.

In cells AA can undergo oxidative metabolism [32],

so we have investigated the effect of lipoxy�/cyclooxyge�

nase inhibition of the changes in [Ca2+]i and ∆Ψm

induced by Glu in the presence of AA. In these experi�

ments, we used relatively low concentration of AA

(3 µM), which caused insignificant changes in cell

responses to the treatment with Glu compared to corre�

sponding control (data not shown). 5,8,11,14�Eicosate�

traynoic acid (ETYA) (30 µM), the inhibitor of lipoxy�/

cyclooxygenase metabolism of AA, did not influence neu�

ronal changes in [Ca2+]i and ∆Ψm induced by the treat�

ment with Glu. Combined application of AA and ETYA

significantly increased the proportion of neurons exhibit�

ing the second phase of [Ca2+]i increase and strong MD.

This suggests that AA rather than putative products of its

metabolism (at least in the lipoxy�/cyclooxygenase oxida�

tion pathway) modulate neuronal responses to the treat�

ment with Glu.

Comparison of the effect of AA and mitochondrial poi�
sons on ∆∆ΨΨm. Since combined effects of Glu and AA (irre�

spectively to the order of their addition) share similarity

with the combined effect of Glu with protonophore or

mitochondrial respiration inhibitor [28], we compared

the effect of AA on ∆Ψm with the effects of protonophores

DNP or FCCP, and mitochondrial respiration inhibitor

cyanide (Fig. 2). Depolarization of CGC induced by AA

(10 µM) and registered by changes in rh123 fluorescence

(Fig. 2a) was relatively small but comparable with depo�

larization induced by 3 mM NaCN (Fig. 2, a and c) or

low concentration of DNP (8 µM) (Fig. 2b). Higher dose

of DNP (200 µM) and FCCP (1 µM) inducing total MD

caused 3�4 times more pronounced increase in rh123 flu�

orescence than AA. Combined addition of AA and F1F0�

ATP synthase/ATPase inhibitor oligomycin (Oligo,

2.5 µg/ml) resulted in sharp depolarization, which was

comparable to MD caused by FCCP (Fig. 2a). Addition

Fig. 2. Changes in ∆Ψm in primary culture of rat cerebellar granule cells treated with the protonophores DNP (200 and 8 µM) and FCCP

(1 µM), AA (10 µM), Oligo (2.5 µg/ml), and mitochondrial respiration inhibitor cyanide (NaCN, 3 mM).
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of Oligo alone causes hyperpolarization of neuronal mito�

chondria due to blockade of proton flow through ATP

synthase [3]. In contrast to AA�induced depolarization,

the partial depolarization induced by low concentration

of DNP was insensitive to Oligo (Fig. 2b). Combined

addition of cyanide with Oligo (Fig. 2c) caused total MD

as in the case of combined treatment with AA plus Oligo

(Fig. 2a). The data of Fig. 2 suggest that the effect of AA

on the mitochondrial potential of neurons may be attrib�

uted to inhibition of mitochondrial respiration rather

than protonophore properties of this acid. However, use

of low concentrations of NaCN (0.5 mM) and DNP

(8 µM) revealed that combination of the mitochondrial

respiration inhibitor and the protonophore can cause

stronger MD than the arithmetic sum of the individual

responses to these agents (data not shown). Such syner�

gistic action was also found in the case of cyanide plus AA

and also AA plus low DNP concentration.

Effect of AA on intracellular ATP level in primary cul�
ture of rat cerebellar granule cells. Previously we [28] and

others [33] have demonstrated that uncouplers and

inhibitors of mitochondrial respiration decreased intra�

cellular ATP content in CGC. Combination of these

agents with Glu caused more pronounced decrease in

ATP content. So for additional experimental validation of

the hypothesis that AA can act as an uncoupler and

inhibitor of mitochondrial respiration in neurons, we

investigated the effect of AA alone and in combination

with Glu on the level of intracellular ATP.

Figure 3 shows results of one experiment on ATP

assay in CGC treated with Glu and AA alone and with

their combination. Glu (100 µM, 30 min) decreased ATP

level by 30�50% compared to control, whereas combined

action of Glu with AA decreased ATP content to 15�20%

of control. This value is at least two times lower than it

would be in the case of the additive actions of these agents.

DISCUSSION

The significant increase in the proportion of neurons

characterized by large augmentation of [Ca2+]i during

combined action of Glu and AA compared with the effect

of Glu alone can be attributed to several reasons. First, a

whole�cell clamp study on the isolated neurons revealed

that AA (10 µM) caused about two�fold potentiation of

current through NMDA receptors [34, 35] even at satu�

rating agonist concentrations [35]. Potentiation appeared

as a result of channel opening without changes in con�

ductivity, and it was not mediated by putative products of

AA oxidation. Under our experimental conditions the

effect of AA on the Glu�induced increase of [Ca2+]i was

more pronounced in the presence of ETYA (30 µM), the

inhibitor of lipoxy�/cyclooxygenase pathways of AA oxi�

dation. This is consistent with results of electrophysiolog�

ical measurements on the role of AA rather than products

of its metabolism [35].

Lack of an effect of PA on [Ca2+]i and ∆Ψm suggests

that the AA effect cannot be attributed to its detergent

properties. The critical micelle concentration of PA is

approximately one order of magnitude less than that of

AA and the partition coefficient for distribution between

membrane and aqueous phase is even higher in PA com�

pared with AA [36]. So if the AA effects on cells were

related with micelle formation and their detergent action

on cell membranes, PA effects would be more pro�

nounced than those of AA. However, in reality we did not

observed prevalence of PA over AA effects.

The second reason for impairment of deregulation of

Ca2+ homeostasis in CGC culture may be related to direct

action of AA on mitochondria functioning. AA is a

protonophore, and protonophore�induced strong MD

preventing or at least significantly reducing Ca2+ accumu�

lating capacity of mitochondria significantly increased

Glu�induced increase in [Ca2+]i [2, 3]. Studies on rat

brain submitochondrial particles revealed that AA can

inhibit Complex I of the respiratory chain [25].

Respiration inhibitors causing small MD may also pro�

mote collapse of potential after Glu addition or cause

augmentation of Glu�induced increase in [Ca2+]i [2]. In

both cases a [Ca2+]i plateau was preserved in most cells for

10�15 min of the post�glutamate period until removal of a

protonophore or respiration blocker [28]. This so�called

immediate [Ca2+]i deregulation can be induced by ATP

deficit caused by conformational transition of ATP syn�

thase into ATPase [37]. Thus, strong MD (Fig. 1, e and f)

and significant increase in [Ca2+]i caused by the com�

bined action of Glu and AA (Fig. 1, b and c) can be attrib�

uted to both protonophore effect of AA and its inhibition

of the respiratory chain. Dual action of AA on respiration

of isolated rat brain mitochondria has been demonstrated

earlier [38, 39]. A reasonable question arises: whether

inhibition predominates or one should take into consid�

eration both mechanisms of depolarization in the case of

Fig. 3. Effects of Glu (100 µM), AA (10 µM), and their combina�

tion on the intracellular ATP content ([ATP]) (% of control).

Cells were incubated with Glu and AA at room temperature for

30 min; ATP content was determined by the method of

luciferin–luciferase chemiluminescence.
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a neuronal culture? At concentrations �10 µM AA alone

can cause small MD, which is significantly increased by

addition of Oligo (Fig. 2a). The same effect was observed

during application of Oligo with cyanide (Fig. 2c).

However, the combination of Oligo plus low concentra�

tion of DNP was ineffective (Fig. 2b). It is possible that

incubation of CGC culture with 10 µM AA for 10 min is

sufficient for conformational transition of mitochondrial

ATP synthase into the ATPase, required for maintenance

of ∆Ψm by using ATP. The conformational transition of

ATP synthase may occur during the increase in ∆Ψm up

to –120 mV [40], or during inhibition of respiratory chain

enzymes. Relatively small increase in rh123 fluorescence

during the action of AA alone (Figs. 1f and 2a) indicates

that conformational transition of ATP synthase into

ATPase does not occur due to sharp decrease in ∆Ψm.

The effect of AA on intracellular ATP (Fig. 3) was

comparable to previously reported independent effects of

cyanide or DNP [28]. Combination of AA and Oligo had

minor influence on ATP level (data not shown). Perhaps,

in the absence of stimulation of neurons by Glu and with

functionally competent glycolysis a short�term mito�

chondrial dysfunction (for 10�15 min) insignificantly

alters the level of intracellular ATP.

The third reason underlying impairments of calcium

homeostasis in neurons during concerted action of AA

and Glu may consist in formation of a low selectivity

non�classic permeability transition pore in the inner

mitochondrial membrane. In contrast to classic mito�

chondrial permeability transition pore the latter is char�

acterized by: a) insensitivity to cyclosporin A; b) Sr2+ may

be as effective as Ca2+ in formation of this non�classic

pore but it cannot induce the classic pore. Among satu�

rated fatty acids, palmitic and stearic acids were the most

potent inducers of the non�classic pore [18, 19].

Unsaturated free fatty acids were one order of magnitude

slower in formation of the non�classic pore of low selec�

tivity. However, if mitochondria accumulated significant

amounts of Ca2+ (or Sr2+) unsaturated fatty acids would

also induce the non�classic pore [20]. Moreover, in con�

trast to other unsaturated fatty acids, AA potentiated PA

effect under co�application of these acids. Under our

conditions, PA concentrations exceeding those of AA did

not cause any potentiation effect on Glu�induced Ca2+

entry and MD. So, it seems unlikely that this mechanism

dominates at least in CGC.

Glu�induced augmentation of free fatty acids [10,

11] may thus play a dual role. On one hand, free fatty

acids may feed the tricarboxylic acid cycle and thus com�

pensate for pyruvate deficiency, for example in the case of

glucose deprivation. On the other hand, AA may inhibit

the mitochondrial respiratory chain and at higher con�

centrations it may also increase proton leak via the inner

mitochondrial membrane [41, 42] and decrease ATP syn�

thesizing capacity of mitochondria and their ability to

accumulate Ca2+ excess from cytosol.

Results of the present study suggest that free fatty

acids, especially AA, may be an important factor respon�

sible for appearance of the second phase of [Ca2+]i

increase and strong MD during stimulation of neuronal

culture with glutamate.

This work was supported by the Russian Foundation

for Basic Research (grants 02�04�49037 and 02�04�

49100), Scientific Schools (00�15�97916), Russian

Ministry for Industry and Science (grant NSh

20205.2003.4), and Physiological Society of the United

Kingdom.

Authors are grateful to V. V. Bezuglov, K. R. Birikh,

A. D. Vinogradov, G. D. Mironova, and T. P.

Storozhevykh for constructive criticism and helpful

advices during experimental work and preparation of the

manuscript for publication.

REFERENCES

1. Adamec, E., Didier, M., and Nixon, R. A. (1998) Brain

Res. Dev. Brain Res., 108, 101�110.

2. Khodorov, B. (2004) Progr. Biophys. Mol. Biol., 86P, 279�351.

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

315�360.

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

R. (1999) J. Physiol. (London), 519, 451�466.

5. Limbrick, D. D., Churn, S. B., Sombati, S., and de

Lorenzo, R. J. (1995) Brain Res., 690, 145�156.

6. Kiedrowski, L. (1999) Mol. Pharmacol., 56, 619�632.

7. Vergun, O., Han, Y. Y., and Reynolds, I. J. (2003) Exp.

Neurol., 183, 682�694.

8. Mikhailova, M. M., Bolshakov, A. P., Surin, A. M., Pinelis,

V. G., and Khodorov, B. I. (2003) Biol. Membr. (Moscow),

20, 446�448.

9. Lazarewicz, J. W., Salinska, E., and Wroblewski, J. T.

(1992) Adv. Exp. Med. Biol., 318, 73�89.

10. Lazarewicz, J. W., Wroblewski, J. T., Palmer, M. E., and

Costa, E. (1988) Neuropharmacology, 27, 765�769.

11. Lazarewicz, J. W., Wroblewski, J. T., and Costa, E. (1990)

J. Neurochem., 55, 1875�1881.

12. Williams, R. J., Murphy, N., Glowinski, J., and Premont, J.

(1995) J. Neurochem., 65, 241�249.

13. Sun, G. Y., Xu, J., Jensen, M. D., and Simonyi, A. (2004)

J. Lipid Res., 45, 205�213.

14. Shirai, Y., and Ito, M. (2004) J. Neurocytol., 33, 297�307.

15. Yasuda, H., Kishiro, K., Izumi, N., and Nakanish, M.

(1985) J. Neurochem., 45, 168�172.

16. Mironova, G. D., Gateau�Roesch, O., Levrat, C.,

Gritsenko, E., Pavlov, E., Lazareva, A. V., Limarenko, E.,

Rey, C., Louisot, P., and Saris, N. E. (2001) J. Bioenerg.

Biomembr., 33, 319�331.

17. Agafonov, A., Gritsenko, E., Belosludtsev, K., Kovalev, A.,

Gateau�Roesch, O., Saris, N. E. L., and Mironova, G. D.

(2003) Biochim. Biophys. Acta, 1609, 153�160.

18. Sultan, A., and Sokolove, P. M. (2001) Arch. Biochem.

Biophys., 386, 37�51.

19. Mironova, G. D., Gritsenko, E., Gateau�Roesch, O.,

Levrat, C., Agafonov, A., Belosludtsev, K., Prigent, A. F.,



870 SURIN et al.

BIOCHEMISTRY  (Moscow)   Vol.  71   No.  8   2006

Muntean, D., Dubois, M., and Ovize, M. (2004) J.

Bioenerg. Biomembr., 36, 171�178.

20. Sultan, A., and Sokolove, P. M. (2001) Arch. Biochem.

Biophys., 386, 52�61.

21. Skulachev, V. P. (1996) Q. Rev. Biophys., 29, 169�202.

22. Skulachev, V. P. (1998) Biochim. Biophys. Acta, 1363, 100�124.

23. Ricquier, D., and Bouillaud, F. (2000) Biochem. J., 345,

161�179.

24. Nicholls, D. G. (2001) Biochem. Soc. Trans., 29, 751�756.

25. Morii, H., Takeuchi, Y., and Watanabe, Y. (1991) Biochem.

Biophys. Res. Commun., 178, 1120�1126.

26. Loskovich, M. V., Grivennikova, V. G., Cecchini, G., and

Vinogradov, A. D. (2005) Biochem. J., 387 (Pt. 3), 677�683.

27. Scorrano, L., Penzo, D., Petronilli, V., Pagano, F., and

Bernardi, P. (2001) J. Biol. Chem., 276, 12035�12040.

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

Sorokina, E. G., Yuravichus, A. I., Borodin, A. V.,

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

Biol. Membr. (Moscow), 18, 419�430.

29. Brustovetsky, N., and Dubinsky, J. M. (2000) J. Neurosci.,

20, 103�113.

30. Hyrc, K., Handran, S. D., Rothman, S. M., and Goldberg,

M. P. (1997) J. Neurosci., 17, 6669�6677.

31. Stout, A. K., and Reynolds, I. J. (1999) Neuroscience, 89,

91�100.

32. Kogteva, G. S., and Bezuglov, V. V. (1998) Biochemistry

(Moscow), 63, 4�12.

33. Budd, S. L., and Nicholls, D. G. (1996) J. Neurochem., 67,

2282�2291.

34. Elshanskaya, M. V., Sobolevsky, A. I., and Khodorov, B. I.

(2002) Biol. Membr. (Moscow), 19, 93�108.

35. Miller, B., Sarantis, M., Traynelis, S. F., and Attwell, D.

(1992) Nature, 355, 722�725.

36. Meves, H. (1994) Progr. Neurobiol., 43, 175�186.

37. Castilho, R. F., Hansson, O., Ward, M. W., Budd, S.

L., and Nicholls, D. G. (1998) J. Neurosci., 18, 10277�

10286.

38. Hillered, L., and Chan, P. H. (1988) J. Neurosci. Res., 19,

94�100.

39. Hillered, L., and Chan, P. H. (1988) J. Neurosci. Res., 20,

451�456.

40. Cortassa, S., Aon, M. A., Marban, E., Winslow, R. L., and

O’Rourke, B. (2003) Biophys. J., 84, 2734�2755.

41. Wojtczak, L., and Schonfeld, P. (1993) Biochim. Biophys.

Acta, 1183, 41�57.

42. Klingenberg, M. (2001) IUBMB Life, 52, 175�179.


