Neurochem Res (2015) 40:1188-1196
DOI 10.1007/s11064-015-1579-0

CrossMark

@

ORIGINAL PAPER

Influence of Glucose Deprivation on Membrane Potentials
of Plasma Membranes, Mitochondria and Synaptic Vesicles in Rat

Brain Synaptosomes

Sviatlana V. Hrynevich' - Tatyana G. Pekun' - Tatyana V. Waseem'* -

Sergei V. Fedorovich'

Received: 14 January 2015/Revised: 2 April 2015/ Accepted: 8 April 2015/Published online: 17 April 2015

© Springer Science+Business Media New York 2015

Abstract Hypoglycemia can cause neuronal cell death
similar to that of glutamate-induced cell death. In the
present paper, we investigated the effect of glucose re-
moval from incubation medium on changes of mitochon-
drial and plasma membrane potentials in rat brain
synaptosomes using the fluorescent dyes DiSC3(5) and JC-
1. We also monitored pH gradients in synaptic vesicles and
their recycling by the fluorescent dye acridine orange.
Glucose deprivation was found to cause an inhibition of
K*-induced Ca”"-dependent exocytosis and a shift of mi-
tochondrial and plasma membrane potentials to more
positive values. The sensitivity of these parameters to the
energy deficit caused by the removal of glucose showed the
following order: mitochondrial membrane poten-
tial > plasma membrane potential > pH gradient in sy-
naptic vesicles. The latter was almost unaffected by
deprivation compared with the control. The pH-dependent
dye acridine orange was used to investigate synaptic
vesicle recycling. However, the compound’s fluorescence
was shown to be enhanced also by the mixture of mito-
chondrial toxins rotenone (10 uM) and oligomycin (5 pg/
mL). This means that acridine orange can presumably be
partially distributed in the intermembrane space of mito-
chondria. Glucose removal from the incubation medium
resulted in a 3.7-fold raise of acridine orange response to
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rotenone + oligomycin suggesting a dramatic increase in
the mitochondrial pH gradient. Our results suggest that the
biophysical characteristics of neuronal presynaptic endings
do not favor excessive non-controlled neurotransmitter
release in case of hypoglycemia. The inhibition of exocy-
tosis and the increase of the mitochondrial pH gradient,
while preserving the vesicular pH gradient, are proposed as
compensatory mechanisms.

Keywords Synaptosomes - Hypoglycemia - Membrane
potential - PH gradient - Mitochondria - Synaptic vesicles

Introduction

Hypoglycemia is a common consequence of diabetes
mellitus treatable by insulin [1-3]. About 25-30 % of pa-
tients suffer from hypoglycemic episodes according to
certain assessments [3]. Non-compensated severe hypo-
glycemia promptly leads to coma, depression of electrical
activity of the brain and death [2-4]. However, recurrent
hypoglycemia can lead to adverse events as well. It causes
cognitive performance impairment, mood disorders and
selective neuronal cell death in different brain regions [3].
Characteristics of hypoglycemia-induced neuronal cell
damage closely resemble those of excitotoxic glutamate-
induced death [2, 3, 5]. Furthermore, hypoglycemia was
reported to be averted by application of N-methyl-p-as-
partate (NMDA)—receptor antagonists [6]. Glucose de-
privation can be wused as an in vitro model for
hypoglycemia [7-9].

Withdrawal of energy substrates from incubation
medium caused a fast decrease of mitochondria potential in
cultured cortical neurons and isolated neuronal presynaptic
endings termed synaptosomes [7, 8]. This treatment also
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produced the decrease of plasma membrane potential,
although the effect was less pronounced [7, 8]. It is well
known that the mitochondrial proton-motive force (ApH™)
includes two components, membrane potential (AY) and
pH gradient across the inner membrane of mitochondria
(ApH) [10-12]. It was proposed that the decrease of AY
during hypoglycemia can be compensated by the increase
of ApH [7], however experimental evidence supporting this
assumption is still lacking.

In addition to mitochondria, neuronal presynaptic ter-
minals contain synaptic vesicles, another type of organelles
having electrochemical and pH gradients across the vesi-
cular membrane [13-15]. They have acid intravesicular
pH, which are generated by V-ATPase. Providing that
synaptic vesicles have considerably higher surface/volume
ratio over mitochondria or presynaptic terminals [15], an
energy deficit would be expected to cause a more rapid
dissipation of ion gradients in this organelle. Dissipation of
the pH gradient across the synaptic vesicle membrane in-
hibits neurotransmitter uptake and depletes their cytosolic
pool. Moreover, this can induce neurotransmitter efflux via
plasma membrane transporters [16—18]. This phenomenon
can potentially underlie excitotoxic brain damage during
hypoglycemia.

In the present paper, we tested the hypothesis that the
main biophysical characteristics of neuronal presynaptic
endings upon glucose deprivation favor excessive non-
controlled neurotransmitter release followed by the death
of neighboring neurons due to excitotoxicity.

Isolated neuronal presynaptic endings termed synapto-
somes were used as the main object. They preserved many
properties of intact terminals including synaptic vesicle
recycling, calcium-dependent neurotransmitter release and
have the same ion gradients [15, 19, 20].

The plasma membrane potential was monitored by the
fluorescent dye DiSC3(5) [21], the mitochondrial potential
was determined by the fluorescent dye JC-1 [22], synaptic
vesicle recycling and pH gradients across internal mem-
branes were measured by the fluorescent dye acridine or-
ange [14].

Materials and Methods
Materials

Oligomycin, 3,3'-dipropylthiadicarbocyanine [DiSC3(5)],
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), an-
timycin A, bafilomycin Al were purchased from Sigma (St.
Louis, MO, USA). 4-(2-Hydroxyethyl)piperazine-N’-1-
ethanesulfonic acid (HEPES) was obtained from Merck
(Darmstadt, Germany). Acridine orange was obtained from

Serva  (Heidelberg, Germany). 5,5,6,6'-tetrachloro-
1,1’,3,3'-tetraethylbenzimidazolo-carbocyanine iodide (JC-
1) and rotenone were obtained from Calbiochem (La Jolla,
CA, USA). Tris(hydroxymethyl)aminomethane (tris) was
obtained from BDH (Poole, UK).

Synaptosomes Preparation

Synaptosomes were isolated from brain hemispheres of
12-16-week-old male Wistar rats according to Hajos [23].
Stock suspensions of synaptosomes (10 mg/mL) were
prepared in medium A (composition in mM: 132 NaCl, 5
KCl, 10 glucose, 1.3 MgCl,, 1.2 NaH,PO,, 15 HEPES, 5
tris, pH 7.4, 310 mOsm/l) and kept on ice. Animal ex-
periments were carried out in accordance with EU Direc-
tive 2010/63/EU.

Hypoglycemia Model

The incubation of synaptosomes in medium A without
glucose for 30 min at 37 °C was used as the hypoglycemia
model. Pellet was resusupended in glucose-free medium A
for these experiments. Synaptosomes were transferred to
ice after 30 min incubation and used within 2 h. Glucose-
free medium was used throughout the fluorescence
measurements.

Determination of Intrasynaptosomal Mitochondria
Membrane Potential

The membrane potential of intrasynaptosomal mitochon-
dria was detected by the fluorescent dye JC-1 according to
Chinopoulos et al. [22] with modifications according to
Pekun et al. [24].

Synaptosome purification was carried out in calcium-
free medium A and the pellet was resuspended in the same
medium (protein concentration of 5 mg/mL). The suspen-
sion was incubated for 30 min at 37 °C in the presence of
10 pg/mL dye. Extracellular dye was washed once by
sedimentation and the final pellet was resuspended in
2.0 mL calcium-free medium A (protein concentration of
10 mg/mL).

To investigate mitochondrial membrane potential,
200 pL of loaded synaptosomes were added to a cuvette
containing 1.8 mL of the incubation medium A with 2 mM
CaCl,. Fluorescence intensity was recorded at Agy
em = 504/535 nm using a spectrofluorimeter Cary Eclipse
(“Varian”, USA) at constant stirring and 37 °C. Rotenone
(10 uM) + oligomycin (5 pg/mL) were added to the cu-
vette at 50 s. The same quantity of vehicle was added
during control experiments. The control curve was ex-
tracted from the experimental curve.

@ Springer



1190

Neurochem Res (2015) 40:1188-1196

Investigation of Plasma Membrane Potential

The plasma membrane potential was investigated using the
fluorescent dye 3,3'-dipropylthiadicarbocianyne (DiSC3(5))
according to Waseem and Fedorovich [21]. An aliquot of
synaptosome suspension (200 pL) was added to the cuvette
containing 2 mL of the incubation medium A with 2 mM
CaCl,. After 1 min 1 pM of DiSC3(5) was added to the cu-
vette. Fluorescence intensity was recorded at Aey/er, = 640/
688 nm again using a spectrofluorimeter Cary Eclipse
(“Varian”, USA) at constant stirring and 37 °C. KCIl was
added to the cuvette I min after addition of the dye. The same
quantity of NaCl was added during control experiments. The
control curve was extracted from the experimental curve.

Investigation of pH Gradients Across
Intrasynaptosomal Membranes
and Characterization of the Synaptic Vesicle Cycle

pH gradients and exocytosis were detected using fluores-
cent dye acridine orange according to Zoccarato et al. [14]
with some modifications [19].

Fluorescence was recorded using spectrofluorimeters Cary
Eclipse (“Varian”, USA) at 37 °C in constant stirring.
Recording parameters were as follows: A.,—494 nm, Ae,,—
529 nm. 200 pL of synaptosomal suspension were added to
1800 pL. medium A containing 2 mM CaCl, to the final
protein concentration of 1 mg/mL. Next, 20 pL of aqueous
solution of acridine orange were added to the final concen-
tration of 5 uM. Suspension was incubated for 10 min to
allow equilibration between synaptosomes and dye. There-
after, various additions were made. The same quantity of
vehicle was added during control experiments. The control
curve was extracted from the experimental curve.

Other Methods

Protein concentration was assayed according to Lowry
et al. [25] using bovine serum albumin as a standard. Data
are presented as mean = SEM where indicated, statistical
significance was evaluated using one-tailed Student’s ¢ test.

Results

Influence of Glucose Withdrawal from Incubation
Medium on Intrasynaptosomal Mitochondria Potential

Figure la, b show that mitochondrial toxins roteno-
ne + oligomycine or antimycine + oligomycine are able
to increase fluorescence of JC-1. Therefore this dye can be
used for investigation of intrasynaptosomal mitochondria
membrane potential.
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Figure la—c show that incubation of synaptosomes
without glucose during the 30 min is leading to the de-
crease of the fluorescent dye JC-1 uptake by mitochondria
at 40 %. The dye was released by rotenone + oligomycine
or antimycine + oligomycine induced depolarization.

Glucose removal reduces mitochondria depolarization
by toxins. It is suggested that glucose deprivation depo-
larizes intrasynaptosomal mitochondria.

Influence of Glucose Withdrawal from Incubation
Medium on Synaptosomal Plasma Membrane
Potential

In our previous work [21, 26, 27], 60 mM potassium
chloride has been used to study rapid changes in synapto-
somal plasma membrane potential. This concentration
could well be insufficient to depolarize completely the
presynaptic membrane [28]. Figure 2a shows that rising
KCI up to 150 mM elicited an additional increase of
fluorescence. Therefore, this concentration was used in our
subsequent experiments.

Figure 2b shows that glucose deprivation decreased the
dye uptake by 21 %.

This result shows that hypoglycemia reduces potassium-
induced plasma membrane depolarization. It is suggested
that glucose deprivation depolarizes plasma membrane in
rat brain synaptosomes.

The addition of mitochondrial toxin rotenone alone or
rotenone + oligomycin in glucose-free medium addition-
ally lowered the dye content as much as 28 or 59 %,
respectively.

There is statistically significant difference between
membrane potentials of synaptosomes incubated in glu-
cose-free medium in the presence rotenone and roteno-
ne + oligomycin (P < 0.01) (Fig. 2b). Rotenone alone
was more effective (Fig. 2b).

Influence of Glucose Removal from Incubation
Medium on Synaptic Vesicle Recycling

Figure 3a shows that 100 nM bafilomycin Al, an inhibitor
V-ATPase, was able to increase the acridine orange
fluorescence intensity. Glucose deprivation did not change
the dye uptake by synaptic vesicles (Fig. 3b). This result
shows that hypoglycemia does not change synaptic vesicle
membrane depolarization induced by bafilomycin. It is
suggested that glucose deprivation does not change pH
gradient in synaptic vesicles.

In contrast to membrane potential, synaptic vesicle re-
cycling is very sensitive to changes in solution osmolarity.
It is well established that hypertonic shrinking leads to
calcium-independent exocytosis in neurons and synapto-
somes [29, 30]. To avoid possible contribution of
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Fig. 1 Influence of glucose withdrawal on JC-1 fluorescence. a Ki-
netics of JC-1 fluorescence increase after rotenone (10 ptM) + oligo-
mycin (5 pg/mL) addition. Rotenone + oligomycin (R + O) were
added, when indicated. Curves represent 14 independent experiments.
Con—control, GW—synaptosomes were incubated 30 min at 37 °C
in medium without glucose. b Kinetics of JC-1 fluorescence increase
after antimycin A (2 pM) + oligomycin (5 pg/mL) addition. An-
timycin + oligomycin (A + O) were added, when indicated. Curves
represent eight independent experiments. Con—control, GW—sy-
naptosomes were incubated 30 min at 37 °C in medium without
glucose. ¢ Influence of glucose withdrawal on JC-1 fluorescence.

Con—control, R + O/GW—glucose withdrawal; intrasynaptosomal
mitochondria were depolarized by rotenone + oligomycin; synapto-
somes were incubated 30 min at 37 °C in medium without glucose.
A + O/GW—glucose withdrawal; intrasynaptosomal mitochondria
were depolarized by antimycin A + oligomycin; synaptosomes were
incubated 30 min at 37 °C in medium without glucose. Bars represent
JC-1 fluorescence increase within 4 min after addition of rotenone
(10 pM) + oligomycin (5 pg/mL) or antimycin A (2 pM) + oligo-
mycin (5 pg/mL). Data presented are mean values £ SEM of at least
8 experiments. 100 % level corresponds to fluorescence increase in
glucose-containing control medium. **P < 0.01 versus 100 %
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Fig. 2 Influence of glucose withdrawal on DiSC3(5) fluorescence.
a Kinetics of DiSC3(5) fluorescence increase after KCI addition. KC1
was added, when indicated. Curves represent eight independent
experiments. b Influence of hypoglycemia on DiSC3(5) fluorescence.
Con—control, GW—glucose withdrawal; synaptosomes were incu-
bated 30 min at 37 °C in medium without glucose. R— synaptosomes
were incubated 30 min at 37 °C in medium without glucose and in the
presence of 10 uM rotenone. R 4+ O synaptosomes were incubated

30 min at 37 °C in medium without glucose and in the presence of
10 uM rotenone + oligomycin (5 pg/mL). Bars represent DiSC3(5)
fluorescence increase within 4 min after addition of 150 mM KCl.
Data presented are mean values &= SEM of at least 6 experiments.
100 % level corresponds to fluorescence increase in glucose-contain-
ing control medium. *P < 0.05 versus 100 %. **P < 0.01 versus
100 %. Also **P < 0.01 rotenone versus rotenone + oligomycin
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Fig. 3 Influence of glucose withdrawal on acridine orange fluores-
cence. a Kinetics of fluorescence increase after bafilomycin (100 nM)
addition. Bafilomycin (b) was added, when indicated. Curve repre-
sents five independent experiments. b Influence of hypoglycemia on
acridine orange fluorescence increase evoked by bafilomycin. Con—
control, GW—glucose withdrawal; synaptosomes were incubated
30 min at 37 °C in medium without glucose. Bars represent acridine
orange fluorescence increase within 5 min after addition of 100 nM of
bafolomycin. Data presented are mean values = SEM of 5 ex-
periments. 100 % level corresponds to fluorescence increase in
glucose-containing control medium. ¢ Kinetics of fluorescence

hypertonic-induced exocytosis we choose 60 mM KCl less
affecting the solution osmolarity than 150 mM KCI for
investigation of the synaptic vesicle cycle in our ex-
periments. Figure 3¢ shows typical biphase response of
acridine orange to potassium-induced plasma membrane
depolarization. The initial increase reflects exocytosis, and
the subsequent decrease is mediated by endocytosis [14,
19]. Glucose deprivation abolished exocytotic response to
KCl by 49 % (Fig. 3c, d).

Influence of Glucose Withdrawal from Incubation
Medium on Mitochondrial pH Gradient

Figures 3a and 4a, b show that mitochondrial toxins as well
as bafilomycin Al, an inhibitor V-ATPase, were capable of
magnifying acridine orange fluorescence intensity. The
difference between the two columns on Fig. 4b indicates
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increase after KCI (60 mM) addition. KCI was added, when indicated.
Curves represent nine independent experiments. Con—control,
GW—glucose withdrawal; synaptosomes were incubated 30 min at
37 °C in medium without glucose. d Influence of hypoglycemia on
acridine orange fluorescence increase evoked by KCl. Con—control,
GW—glucose withdrawal; synaptosomes were incubated 30 min at
37 °C in medium without glucose. Bars represent maximal increase
of acridine orange fluorescence after addition of 60 mM of KCl. Data
presented are mean values + SEM of 9 experiments. 100 % level
corresponds to fluorescence increase in glucose-containing control
medium. **P < 0.01 versus 100 %

that about 86 % of the dye is concentrated in synaptic
vesicles and the remaining 14 % is concentrated in mito-
chondria. Glucose deprivation leads to a dramatic increase
in acridine orange pool which is sensitive to mitochondrial
toxins. Figure 4a, ¢ show the threefold rise of dye’s re-
sponse. Similarly, the response to proton ionophore CCCP
was strongly increased (Fig. 4d, e). These data suggest that
glucose deprivation increases pH gradient in intrasynap-
tosomal mitochondria.

Discussion

In the present paper, we investigated the influence of hy-
poglycemia on the plasma membrane potential, pH gradi-
ent of synaptic vesicles and membrane potential of
intrasynaptosomal mitochondria. The major finding from
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Fig. 4 Investigation of mitochondrial pH gradient. a Kinetics of
fluorescence increase after rotenone (10 uM) + oligomycin (5 pg/
mL) addition. Oligomycin (O) and rotenone (R) were added, when
indicated. Curves represent five independent experiments. Con—
control, GW—glucose withdrawal; synaptosomes were incubated
30 min at 37 °C in medium without glucose. b Increase of acridine
orange fluorescence after additions of bafilomycin (Baf) and
rotenone + oligomycin (R + O). Bars represent acridine orange
fluorescence increase within 5 min after addition of 100 nM of
bafilomycin (100 nM) or 10 pM rotenone + 5 pg/mL oligomycin.
Data presented are mean values &= SEM of at least 5 experiments.
**P < 0.01 versus zero. ¢ Influence of glucose withdrawal on
rotenone + oligomycin evoked acridine orange fluorescence increase.
Con—control, GW—glucose withdrawal; synaptosomes were incu-
bated 30 min at 37 °C in medium without glucose. Bars represent
acridine orange fluorescence increase within 5 min after addition of

our results is that presynaptic terminal functionality is
preserved for 30 min without complete dissipation of ion
gradients upon depriving energy substrates (Figs. 1, 2, 3).

(b) 120, Baf R+O

AO fluorescence increase, R.U

(d)

280+

260

2404

AO fluorescence, R.U.

10 pM rotenone + 5 pg/mL oligomycin. Data presented are mean
values £ SEM of 5 experiments. 100 % level corresponds to
fluorescence increase in glucose-containing control medium.
*P < 0.05 versus 100 %. d Kinetics of fluorescence increase after
CCCP (10 uM) addition. CCCP was added, when indicated. Curves
represent six independent experiments. Con—control, GW—glucose
withdrawal; synaptosomes were incubated 30 min at 37 °C in
medium without glucose. e Influence of glucose withdrawal on
CCCP evoked acridine orange fluorescence increase. Con—control,
GW-—glucose withdrawal; synaptosomes were incubated 30 min at
37 °C in medium without glucose. Bars represent acridine orange
fluorescence increase within 5 min after addition of 10 pM CCCP.
Data presented are mean values = SEM of 6 experiments. 100 %
level corresponds to fluorescence increase in glucose-containing
control medium. **P < 0.01 versus 100 %

This observation is further supported by the results of
Morgenthaler et al. [31], who reported that synapses of
cortical neurons were functional for at least 10 min without
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glucose supplementation. Relatively minor depolarization
of the plasma membrane and the mitochondrial membrane
was also found under glucose deprivation in guinea pig
synaptosomes [7]. The same study found reduced but not
completely depleted ATP pool [7]. If synapses are able to
survive for a certain time without being supplemented with
external energy substrates, what do they consume to
maintain ion transport? Our experiments using mitochon-
drial toxins provided clear evidences of the demand of
presynaptic terminals for functional mitochondria in order
to maintain the plasma membrane potential without glu-
cose (Fig. 2b). Rotenone alone yielded more significant
depolarization compared to rotenone + oligomycin
(Fig. 2b). This finding is thought to be explained by re-
version of mitochondrial ATPase and the beginning of
cytosolic ATP hydrolysis to maintain the mitochondrial
potential in case of electron-transport chain failure [11, 22].
Nonetheless, the small difference between these two con-
ditions precludes the use of the synaptic cytosolic ATP
pool as an energy depot (Fig. 2b). Concentrations of rote-
none and oligomycin applied were sufficient to fully dis-
sipate the intrasynaptosomal mitochondria potential [26]. It
is established that synaptosomal cytosol contains fatty acid,
organic acid and amino acids which can be used as nong-
lycolitic energy substrates to fuel mitochondria [32]. In our
experiments, this pool is most likely consumed to hold the
membrane potentials.

Next, we compared the effects of hypoglycemia on
different potentials. The susceptibility of examined pa-
rameters to a hypogycemic state was as follows: mito-
chondrial potential > plasma membrane potential > pH
gradient in synaptic vesicles (Figs. 1, 2, 3). Surprisingly,
glucose deprivation had virtually no impact on the latter
parameter (Fig. 3b). Dissipation of potential in synaptic
vesicles was expected would be facilitated first of all due to
higher surface/volume ratio. The maintenance of the pH
gradient is important for preventing neurotransmitter
leakage from synaptic vesicles followed by their release
through reversion of plasma membrane transporters [16—
18]. This implies that main biophysical characteristics of
neuronal presynaptic endings do not promote the devel-
opment of excitotoxicity under a hypoglycemic state.

Our results suggest that calcium-dependent exocytosis is
the process mostly sensitive to energy deficit (Fig. 3c, d).
Mechanistically, three underlying causes can be proposed.
These are the decrease of pH gradients generated by
V-ATPase, depletion of synaptic vesicles due to exocytosis
provoked by plasma membrane depolarization (Fig. 2a),
and impairment of ATP-dependent priming due to the en-
ergy deficit [33, 34]. Our results clearly rule out the first
possibility (Fig. 3b). We have shown that glucose depri-
vation led to the decrease of DiSC3(5) uptake by 21 %
(Fig. 2b) that could not be considered a strong
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depolarization. We have previously demonstrated the
positive shift of synaptosomal plasma membrane potential
having comparable amplitude, which has been induced by
activation of presynaptic glycine receptors, was not suffi-
cient to overcome the threshold for initiation of exocytosis
[21]. Therefore, priming failure is the most probable
mechanism underlying exocytosis inhibition.

Acridine orange are widely used to monitor the recy-
cling and pH gradient of synaptic vesicles [14, 17, 19, 35].
This fluorescent dye is concentrated in acidic organelles
wherein it is quenched by protonation. When a pH gradient
is dissipated, e.g. during exocytosis, acridine orange is
dequenched with a concomitant rise of fluorescence [14].
Inside synaptic vesicles, the pH value is about 5.5 [36].
Therefore, synaptic vesicles are supposed to be the pri-
mary, if not the only, compartment for localization of
acridine orange in synaptosomes [14, 35]. However, in
human ECV304 cells, the pH value was reported to be
about 6.88 in the intermembrane mitochondrial space,
about 7.59 in cytosol, and about 7.78 in mitochondrial
matrix [36]. Acidification of the intermembrane space is
mediated by the electron transport chain as rotenone + o-
ligomycin were able to eliminate completely this effect
[37]. Figures 3a, 4a, b showed that bafilomycin and rote-
none + oligomycin accelerated the acridine orange
fluorescence in synaptosomes, although mitochondrial re-
sponse was significantly less pronounced. In our ex-
perimental settings, the dye reacted to mitochondrial toxins
and has apparently been located in mitochondrial inter-
membrane spaces. This approach can be used for
monitoring pH gradients in intrasynaptosomal mitochon-
dria. Out of a total content, about 15 % of dye molecules
are distributed in the mitochondria according to our esti-
mation (Fig. 4b). However, glucose deprivation leads to
more than a threefold increase of this pool indicating strong
reinforcement of mitochondrial pH gradients (Fig. 4a, c). A
proton ionophore was able to dissipate the pH gradient in
synaptic vesicles [13, 38] and in mitochondria [40, 41].
Therefore, it is not surprising that proton ionophore CCCP
induced an increase of acridine orange fluorescence in
synaptosomes [18, 35]. We have shown that under a hy-
poglycemic state the CCCP-induced acridine orange re-
sponse was also increased in as much as threefold (Fig. 4d,
e). In view of the fact, that glucose deprivation had no
impact on bafilomycin-induced dye response (Fig. 3b), this
finding would support the idea of an increase of the mi-
tochondrial pH gradient between matrix and intermem-
brane space.

Our results suggest that hypoglycemia leads to the in-
crease of ApH in mitochondria (Fig. 4). The mechanism
inducing this process is not clear. It is established that
starvation causes mitochondrial membrane remodeling and
resculpting of mitochondria morphology [42]. Probably,
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the increase of ApH might be a consequence of these
changes. The increase of the pH gradient is thought to be a
compensatory mechanism which enables maintaining the
function of mitochondrial ATPase in unfavorable
conditions.

Synaptic vesicles have membrane potential and pH
gradient as do mitochondria [43]. It is well established that
transport of different neurotransmitters can be regulated by
changes in AY and ApH of synaptic vesicle membranes via
different ways [13, 43, 44]. Therefore, changes in pH
gradient may result in modification of ion-transporting
capability of mitochondria, for instance calcium transport
[12].

Summarizing, our results confirms that the main bio-
physical characteristics of neuronal presynaptic terminals
do not promote the non-controlled release of neurotrans-
mitters in the case of acute glucose lowering in blood. Such
neuronal processes as inhibition of exocytosis, increase of
the mitochondrial pH gradient and preservation of the
vesicular pH gradient can serve as protective mechanisms.
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