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Abstract
Perinatal hypoxia can lead to multiple chronic neurological deficits, e.g., mental retardation, behavioral abnormalities, and 
epilepsy. Levetiracetam (LEV), 2S-(2-oxo-1-pyrrolidiny1) butanamide, is an anticonvulsant drug with proven efficiency 
in treating patients with focal and generalized seizures. Rats were underwent hypoxia and seizures at the age of 10–12 
postnatal days (pd). The ambient level and depolarization-induced exocytotic release of [3H]GABA (γ-aminobutyric acid) 
were analyzed in nerve terminals in the hippocampus and cortex during development at the age of pd 17–19 and pd 24–26 
(infantile stage), pd 38–40 (puberty) and pd 66–73 (young adults) in norm and after perinatal hypoxia. LEV had no effects 
on the ambient [3H]GABA level. The latter increased during development and was further elevated after perinatal hypoxia 
in nerve terminals in the hippocampus during the whole period and in the cortex in young adults. Exocytotic [3H]GABA 
release from nerve terminals increased after perinatal hypoxia during development in the hippocampus and cortex, however 
this effect was preserved at all ages during blockage of GABA transporters by NO-711 in the hippocampus only. LEV real-
ized its anticonvulsant effects at the presynaptic site through an increase in exocytotic release of GABA. LEV exerted more 
significant effect after perinatal hypoxia than in norm. Action of LEV was strongly age-dependent and can be registered in 
puberty and young adults, but the drug was inert at the infantile stage.
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development

Abbreviations
GABA	� γ-Aminobutyric acid
pd	� Postnatal days
LEV	� Levetiracetam, 2S-(2-oxo-1-pyrrolidiny1)

butanamide
SV2A	� Synaptic vesicle membrane protein 2A
NO-711	� 1,2,5,6-Tetrahydro-1-(2-(((diphenylmethylene)

amino)oxy)ethyl)-3-pyridinecarboxylic acid 
hydrochloride

SEM	� Standard error of the mean
ACS	� Aqueous counting scintillant

Introduction

Levetiracetam, 2S-(2-oxo-1-pyrrolidiny1) butanamide 
(LEV), is an anti-epileptic drug with a wide spectrum of 
anticonvulsant activity, and it is effective in treating patients 
with both focal and generalized seizures and has an unusu-
ally high safety margin (Ben-Menachem and Falter 2000; 
Berkovic et al. 2007; De Smedt et al. 2007). Standard anti-
epileptic concentrations of LEV in the plasma ranged from 
35 and 100 μM to the maximum levels between 90 and 
250 μM (Patsalos 2000; Rigo et al. 2002). The serum levels 
of LEV were very similar to those measured in the brain 
tissue of individual patients (Rambeck et al. 2006; Surges 
et al. 2008).

The literature data regarding LEV effects on synaptic 
transmission are controversial. LEV clinical effects, in con-
trast to most other anti-epileptic drugs, are not attributed 
to any of three common mechanisms of anticonvulsant 
drug actions (Birnstiel et al. 1997; Klitgaard 2008). LEV 
does not directly affect the receptors of the main excitatory 
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neurotransmitter, glutamate, voltage-dependent Na+ chan-
nels functioning, and does not potentiate type A recep-
tors of γ-aminobutyric acid (GABA), the main inhibitory 
neurotransmitter in the adult mammalian brain (Birnstiel 
et al. 1997; Dibbens et al. 2012; Klitgaard 2008; Wakita 
et al. 2014). LEV binds to synaptic vesicle membrane pro-
tein 2A, SV2A (Dibbens et al. 2012), deletion of which 
impairs neurotransmitter release (Chang and Südhof 2009). 
Gene knockout studies in mice suggested a role of SV2A 
in calcium-mediated neurosecretion of neurotransmitters 
and hormones (Crowder et al. 1999). SV2 deletion in mice 
caused postnatal lethality, mostly because of fulminant epi-
lepsy. Chang and Sudhof (2009) using electrophysiological 
approaches demonstrated that deletion of SV2 produced a 
decrease in evoked synaptic responses but did not change 
mini frequency and amplitude, the state of readily-releasable 
pool of vesicles, and the apparent Ca2+-sensitivity of vesicle 
fusion. SV2 functions in a maturation step of primed vesicles 
that converts the vesicles into a Ca2+-and synaptotagmin-
responsive state. SV2 can be involved in exocytosis as a 
trafficking protein that enhances the Ca2+-responsiveness 
of vesicles (Chang and Südhof 2009). SV2A can regulate 
GABAergic neurotransmission in the kindled hippocampus 
probably compensating kindling epileptogenesis (Ohno et al. 
2012). Loss of major SV2 isoform was associated with an 
elevation in resting and evoked presynaptic Ca2+ signals in 
nerve terminals. This increase is essential for the expres-
sion of the SV2B secretory phenotype, and characterized 
by changes in synaptic vesicle dynamics, synaptic plasticity 
and synaptic strength. SV2-mediated alterations in presyn-
aptic Ca2+ was suggested to be a potential target for thera-
peutic intervention in the treatment of epilepsy (Wan et al. 
2010). The mechanisms by which LEV binding to the SV2A 
produce an anti-epileptic effect are unknown. Coding vari-
ation within SV2A is extremely rare, and it has been sup-
posed that this rare variation is not probable to explain the 
individual differences in response to LEV (Dibbens et al. 
2012). The wide variety of LEV effects in the hippocam-
pal synapses has been reported ranging from nil to modest 
effects on low-frequency responses (Birnstiel et al. 1997; 
Lee et al. 2009) through to a gradual decrease in the ampli-
tude of excitatory potentials evoked by long stimulus trains 
(Meehan et al. 2011). Whereas, LEV increased NMDA-
induced glutamate release from presynaptic nerve terminals 
(Pastukhov and Borisova 2018). Wakita et al. (2014) pro-
vided a new mechanism by which LEV can inhibit neuronal 
activity, and showed that LEV removed the Zn2+-induced 
suppression of type A GABA receptor-mediated presyn-
aptic inhibition (Wakita et al. 2014). LEV modulated the 
presynaptic P/Q-type voltage-dependent Ca2+ channels that 
reduced glutamate release in the dentate gyrus (Lee et al. 
2009), inhibited cholinergic synaptic transmission through 
intracellular inhibition of presynaptic Ca2+ channels (Vogl 

et al. 2012), and inhibited Ca2+ entry in hippocampal neu-
rons of spontaneously epileptic rats by blocking the L-type 
Ca2+ channels (Yan et al. 2013). Therefore, LEV-mediated 
effects on Ca2+ entry and release pathways can also underlie 
its anti-epileptic action.

GABA plays a major role in controlling neuronal develop-
ment and communications. GABA depolarizes and excites 
targeted neurons early in development in the immature brain 
by an outwardly directed flux of Cl−, whereas GABA plays 
an inhibitory role in the mature brain and counterbalances 
glutamate excitation. Susceptibility to seizures increased in 
the early periods of life, when brain development was still 
incomplete (Kotsopoulos et al. 2002). Perinatal hypoxia can 
lead to various chronic neurological deficits, that is, mental 
retardation, learning and memory disabilities, behavioral 
abnormalities, and epilepsy. To facilitate the translation of 
the rodent experimental data into humans, the following cor-
respondence of the developmental stages between rodents 
and humans is accepted: the first week of life in rodents 
is equivalent to a premature newborn human (Briggs and 
Galanopoulou 2011).

Rat`s model of perinatal hypoxia was developed by Jensen 
et al. (1998), where rats were underwent hypoxia and sei-
zures for 12 min up to development of strongly pronounced 
tonico-clonic seizures at the age of 10–12 postnatal days. 
A single brief episode (12 min) of moderate graded global 
hypoxia in rats caused a long-lasting increase (70–80 days 
after hypoxia) in seizure excitability in hippocampal slices 
(Jensen et al. 1998). The prevalence of epilepsy in cortical 
and hippocampal recordings using epidural cortical elec-
troencephalography and hippocampal depth electrodes was 
94.4% in adult rats (pd 60–180) (Rakhade et al. 2011). The 
brain sections obtained after 24 h, 48 h, 72 h, and 1 week of 
exposure to graded global hypoxia and coincident neona-
tal seizures and stained with Fluoro-Jade B, a high affinity 
fluorescent marker for neurons undergoing degeneration, did 
not show the existence of neuronal death and degeneration 
when (Rakhade et al. 2011). The model mimics the age-
related specificity of the proepileptogenic effects of global 
hypoxia (Jensen et al. 1998; Rakhade et al. 2008; Sanchez 
et al. 2012). This model can serve as a useful tool for drug 
screening and for the development of new therapies (Dunn 
et al. 2018; Pozdnyakova et al. 2014; Rakhade et al. 2011; 
Justice and Sanchez 2018). Decrease in [3H]GABA uptake 
after perinatal hypoxia was more significant in nerve ter-
minals in the hippocampus as compared to the cortex and 
thalamus (Pozdnyakova 2017).

The above literature data demonstrated that it is no 
concern among research groups regarding LEV action at 
the presynaptic site. The aims of this study were to assess 
whether: (*) LEV realizes its anticonvulsant effects at the 
presynaptic sites and acts differently in brain structures; 
(**) LEV effects are changed during brain development; 
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(***) the action of LEV is altered after perinatal hypoxia. 
To solve these tasks, the exocytotic GABA release and the 
ambient level of GABA between the episodes of exocyto-
sis in the preparations of nerve terminals isolated from the 
hippocampus and cortex were analyzed in rats at the age of 
pd 17–19 (infantile stage), pd 24–26 (infantile stage), pd 
38–40 (puberty), and pd 66–73 (young adults) in norm and 
after perinatal hypoxia. In this model, rats were underwent 
hypoxia and seizures (airtight chamber, 4% O2 and 96% N2) 
at the age of 10-12 postnatal days.

Materials and Methods

Exposure to Hypoxia

Wistar rats were kept in animal facilities of the Palladin 
Institute of Biochemistry, housed in a quiet, temperature-
controlled room (22–23 °C) with a 12 h light: 12 h dark 
cycle (lights on between 08:00 and 20:00 h) and were pro-
vided with water and dry food pellets ad libitum.

Rat litters of 8–10 male pups were divided in two equal 
norm and experimental sub-groups containing 4–5 pups. 
Animals exposed to hypoxia and their norm littermates were 
taken in the experiments at pd 17–19, pd 24–26, pd 38–40, 
and pd 66–73 (Fig. 1). In this study, we used nine animals of 
every age for assessment release and the extracellular level 
of GABA referred in the result section as nine independent 
experiments (n = 9). The synaptosomal preparation from 
the hippocampus and cortex were isolated from one animal. 
Synaptosomes from norm and experimental animals from 
each litter were analyzed simultaneously. The total number 
of animals used in the study was 81, i.e., the assessment of 

GABA release and the extracellular level—72 animals (36 in 
norm group and 36 in hypoxia group); fluorescent measure-
ments—9 animals.

At postnatal days 10–12 (pd 10–12), males from experi-
mental sub-group were removed from the litter and placed 
in an airtight chamber infused by atmosphere composed of 
4% O2 and 96% N2. The exposure in the chamber lasted for 
12 min up to development of strongly pronounced tonico-
clonic seizures (Jensen et al. 1998; Pozdnyakova 2017). 
Only those animals that showed pronounced tonico-clonic 
seizures were used in the experiments. Among pups exposed 
to hypoxia-induced neonatal seizures, the mortality was not 
observed either during hypoxic exposure or in the subse-
quent post-hypoxic period.

Isolation of Nerve Terminals (Synaptosomes) 
from the Hippocampus and Cortex of Rats

Rats were sacrificed by rapid decapitation. After decapita-
tion, the brain was quickly removed and immediately placed 
in ice-cold solution (0.32 M sucrose, 5 mM HEPES–NaOH, 
pH 7.4, 0.2 mM EDTA). Then the hippocampus and the 
motor zone of the cortex were rapidly removed and 
homogenized in ice-cold solution (0.32 M sucrose, 5 mM 
HEPES–NaOH, pH 7.4, 0.2 mM EDTA) taken in the ratio 
of 1:10 (weight/volume). The homogenate was centrifuged 
(2500×g, 5 min), the supernatant was carefully removed and 
again centrifuged at 15,000×g for 12 min for isolation of 
crude synaptosomal fraction. Synaptosomes were suspended 
in the standard salt solution containing (in mM): NaCl, 126; 
KCl, 5; CaCl2, 1; MgCl2, 2; NaH2PO4, 1.0; HEPES–NaOH, 
20, pH 7.4; d-glucose, 10, and used in the experiments 
during 2–4 h after isolation. All buffers and synaptosomal 

Fig. 1   Experimental design
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suspensions were oxygenated. All manipulations were 
performed at 0–4 °C. Protein concentration was measured 
according to Larson et al. (1986) with bovine serum albumin 
as a standard.

[3H]GABA Release from Nerve Terminals

Synaptosomes were diluted in the standard saline solution 
up to 2 mg/ml of protein and after pre-incubation for 10 min 
at 37 °C were loaded with [3H]GABA (50 nM, 4.7 µCi/
ml) in the oxygenated standard saline solution for 10 min. 
100 µM aminooxyacetic acid was present in the incubation 
media throughout all experiments on [3H]GABA loading 
and release. After loading, the suspension was washed with 
10 volumes of ice-cold oxygenated standard saline solution. 
The pellet was re-suspended in the standard saline solution 
to obtain protein concentration of 1 mg/ml of protein. Syn-
aptosomes (120 µl of the suspension) were pre-incubated 
with 100 µM of LEV for 15 min. [3H]GABA release was 
initiated by depolarization of synaptosomes with 15 mM 
KCl. Samples were incubated at 37 °C for 5 min, and then 
rapidly sedimented in a microcentrifuge (10,000×g, 20 s). 
[3H]GABA was measured in the aliquots of supernatants 
(90 µl) by liquid scintillation counting with aqueous count-
ing scintillant (ACS) (1.5 ml) and expressed as percentage 
of a total [3H]GABA accumulated (Borisova et al. 2010a, b; 
Pozdnyakova et al. 2015).

Neurotransmitter release from synaptosomes incubated 
for different time intervals (0 and 5 min) without stimulating 
agents was used for assay of the ambient level of the neuro-
transmitter that was expressed in pmol of [3H]GABA per mg 
of protein (Krisanova et al. 2019). To avoid interference with 
synaptosomal [3H]GABA re-uptake process during release 
measurements, the blocker of GABA transporters NO-711 
(30 µM) was used in additional experiments.

Measurement of Synaptosomal Plasma Membrane 
Potential (Em)

Membrane potential was measured using a potentiometric 
fluorescent dye rhodamine 6G (0.5 µM) based on its poten-
tial-mediated binding to the plasma membrane (Borisova 
2019; Borysov et al. 2014, 2018; Pozdnyakova et al. 2016). 
The suspension of synaptosomes (0.2 mg/ml of final protein 
concentration) after pre-incubation at 37 °C for 10 min was 
added to stirred thermostated cuvette. To estimate changes 
in the plasma membrane potential the ratio (F) as an index 
of membrane potential was calculated according to Eq. 1:

where F0 and Ft are fluorescence intensities of the fluo-
rescent dye in the absence and presence of synaptosomes, 

(1)F = F
t
∕F

0

respectively. F0 was calculated by extrapolation of exponen-
tial decay function to t = 0.

Fluorescence measurements with rhodamine 6G were 
carried using a Hitachi MPF-4 spectrofluorimeter at 
528 nm (excitation) and 551 nm (emission) wavelengths 
(slit bands 5 nm each).

Measurements of Synaptic Vesicle Acidification 
in Synaptosomes

Acridine orange, a pH-sensitive fluorescent dye, is known 
to be selectively accumulated by the acid compartments 
of synaptosomes (synaptic vesicles) (Borisova 2014; 
Borisova et al. 2010a, b; Zoccarato et al. 1999). It was 
used in the experiments for monitoring synaptic vesicle 
acidification. Fluorescence changes were measured using 
a Hitachi MPF-4 spectrofluorimeter at excitation and emis-
sion wavelengths of 490 and 530 nm, respectively (slit 
bands 5 nm each). Reaction was started by the addition of 
acridine orange (final concentration 5 μM) to synaptoso-
mal suspension (0.2 mg/ml of final protein concentration) 
pre-incubated in a stirred thermostated cuvette at 30 °C 
for 10 min. The equilibrium level of dye fluorescence was 
achieved after 3 min. Fluorescence (F) was determined 
according to Eq. 1.

Statistical Analysis

Three-way ANOVA (age, hypoxia and LEV as factors) 
was performed followed by one-way ANOVA to compare 
groups. Tukey HSD post hoc analyses were used when 
appropriate. The results of the experiments with acridine 
orange were analyzed using one-way ANOVA. Data are 
expressed as mean ± standard error of the mean (SEM). 
Statistical significance was set at p < 0.05.

Materials

EGTA, EDTA, HEPES, d-glucose, sucrose, aminooxy-
acetic acid, NO-711, LEV, analytical grade salts were pur-
chased from Sigma (USA). Aqueous counting scintillant 
(ACS) were from Amersham (UK). [3H]GABA (γ-[2,3-
3H(N)]-Aminobutyric Acid) was from Perkin Elmer, 
(Waltham, MA, USA). Acridine orange and rhodamine 6G 
were obtained from Molecular Probes (Eugene, OR, USA).
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Results

Effects of LEV on Exocytotic [3H]GABA Release 
from Nerve Terminals in the Hippocampus

We assessed exocytosis in synaptosomes stimulated by the 
depolarization of the plasma membrane by 15 mM KCl in 
Ca2+-containing media. As shown in Fig. 2, LEV induced 
a dose-dependent increase in exocytotic [3H]GABA release 
from synaptosomes in norm and after perinatal hypoxia. 
The same results were obtained at all investigated ages (data 
not shown). With this result, we have confirmed that 100 
μΜ LEV concentration is the most appropriate to study its 
effects on synaptosomal exocytotic GABA release in norm 
and after perinatal hypoxia.

A significant interaction was found between age 
and LEV [F(3,128) = 4.68; p < 0.01]. A main effect of 
age [F(3,128) = 79.7; p < 0.01] and a main effect of LEV 
[F(1,128) = 28.8; p < 0.01] on 15 mM KCl-induced [3H]GABA 
release from nerve terminals were shown. No significant 
effect of hypoxia [F(1,128) = 0.98; p = 0.32], as well as inter-
action age × hypoxia [F(3,128) = 1.72; p = 0.16] and LEV × 
hypoxia [F(1,128) = 0.92; p = 0.33] were observed. Three-way 
ANOVA revealed no significant interaction between age, 
hypoxia and LEV influence [F(3,128) = 0.358; p = 0.78].

In norm, KCl-induced [3H]GABA release from nerve 
terminals gradually increased during development from 
the age of pd 17–19, to pd 24–26 and further to pd 66–73 
(p < 0.01). LEV increased stimulated by KCl release of [3H]
GABA from synaptosomes at the age of pd 38–40 (p < 0.05) 
and pd 66–73 (p < 0.01) (Fig. 3a).

After perinatal hypoxia, KCl-induced [3H]GABA release 
from nerve terminals also gradually increased during devel-
opment from the age of pd 17–19 to pd 66–73 (p < 0.01) 

(Fig. 3a). Figure 3a showed that LEV augmented KCl-
induced release of [3H]GABA from synaptosomes at the age 
of pd 38–40 (p < 0.05), and pd 66–73 (p < 0.01).

During blockage of GABA transporters by NO-711 
(30 µM) a significant interaction between age, hypoxia and 
LEV application [F(3,128) = 2.90; p < 0.05] was found using 
three-way ANOVA. Also, significant interactions were 
observed between age and hypoxia [F(3,128) = 13.4; p < 0.01], 
age and LEV [F(3,128) = 11.8; p < 0.01], hypoxia and LEV 
[F(1,128) = 5.40; p < 0.05]. Moreover, the main effects of age 
[F(3,128) = 45.4; p < 0.01], hypoxia [F(1,128) = 47.5; p < 0.01], 
and LEV [F(1,128) = 76.6; p < 0.01] were revealed.

In norm, KCl-induced [3H]GABA release from nerve ter-
minals in the presence of NO-711 did not increase during 
development (Fig. 3b). Experiments with NO-711 confirmed 
that LEV augmented KCl-induced release of [3H]GABA 
at the age of pd 38-40 (p < 0.01) and pd 66-73 (p < 0.01) 
(Fig. 3b).

After perinatal hypoxia, КCl-induced [3H]GABA release 
from nerve terminals in the presence of NO-711 gradually 
increased during development from the age of pd 17-19 to 
pd 66-73 (p < 0.01) (Fig. 3b). Also, we registered an enlarge-
ment of КCl-induced [3H]GABA release in hypoxia at the 
age of pd 24–26 (p < 0.01), pd 38–40 (p < 0.01), pd 66–73 
(p < 0.01) as compared to norm groups of the appropriate 
age (Fig. 3b).

LEV elevated KCl-evoked release of [3H]GABA in the 
presence of NO-711 at the age of pd 24–26 (p < 0.05), pd 
38-40 (p < 0.05), and pd 66-73 (p < 0.05) (Fig. 3b).

Moreover, we evaluated LEV-induced changes in exo-
cytosis using acridine orange. LEV itself did not influence 
acridine orange fluorescence, because no significant changes 
were found in the emission spectrum of AO in response to 
the addition of LEV (Fig. 4a). We demonstrated the absence 
of acute effect of LEV on the proton gradient of synaptic 
vesicles (Fig. 4b). However, when synaptosomes were pre-
incubated with LEV in Ca2+-containing medium for 15 min, 
a spike of fluorescence induced by membrane depolariza-
tion with 35 mM KCl was higher than that in the control 
that reflected a LEV-induced increase in exocytosis. Control 
synaptosomes were pre-incubated in the standard salt solu-
tion under the same conditions. Statistical significance was 
determined by one-way ANOVA [F(1,16) = 10.45; p < 0.01; 
n = 9] (Fig. 4 c, d).

A key parameter that can influence significantly exo-
cytotic release of [3H]GABA from nerve terminals is the 
plasma membrane potential of nerve terminals. The poten-
tial was monitored using the cationic potentiometric dye 
rhodamine 6G. LEV did not evoke changes in the emission 
spectrum of rhodamine 6G (Fig. 5a). The addition of LEV 
did not affect the fluorescence signal of rhodamine 6G in 
synaptosomes (Fig. 5b) reflecting the absence of plasma 
membrane depolarization. A preliminary incubation of 
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15  mM KCl-induced [3H]GABA release during blockage of GABA 
transporters by NO-711 at the age of pd 38–40
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synaptosomes with LEV for 15 min did not change the mem-
brane potential.

Effects of LEV on Exocytotic [3H]GABA Release 
from Nerve Terminals in the Cortex

A main effect of age on depolarization-induced exocy-
totic [3H]GABA release from nerve terminals in the cor-
tex was found [F(3,128) = 29.5; p < 0.01]. No significant 
effects of hypoxia [F(1,128) = 1.80; p = 0.18] as well as LEV 
[F(1,128) = 3.08; p = 0.08] on this parameter were observed. 
Three-way ANOVA did not reveal significant interaction 
between age, hypoxia and LEV influence [F(3,128) = 0.399; 
p = 0.75].

In norm, depolarization-induced exocytotic [3H]GABA 
release increased during development at the age of pd 38–40 
and pd 66–73 (p < 0.01, as compared to pd 17-19 group) 
(Fig. 6). LEV at a concentration of 100 µM did not change 
KCl-evoked release of [3H]GABA from nerve terminals in 
the cortex. (Figure 6).

KCl-induced [3H]GABA release from rats underwent 
hypoxia also increased during development from the age of 
pd 24-26 to pd 38-40 and pd 66–73 (p < 0.01, as compared 
to pd 17–19 group). LEV did not augmented KCl-induced 
release of [3H]GABA from synaptosomes (Fig. 6).

No significant interaction between age, hypoxia, and 
LEV [F(3,128) = 0.856; p = 0.46] was found in the presence 
of NO-711. Whereas, interaction between LEV and hypoxia 
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**p < 0.01 as compared to the norm pd 17–19 group; ++p < 0.01 as 
compared to the hypoxia pd 17-19 group; §§p < 0.01 as compared 
to the norm pd 17–19 group in the presence of NO-711; #p < 0.05, 
##p < 0.01 as compared to the norm/hypoxia group without LEV of 
the appropriate age
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was observed [F(1,128) = 5.21, p < 0.05]. A significant effect 
of age [F(3,128) = 4.21; p < 0.01], hypoxia [F(1,128) = 16.1; 
p < 0.01], and LEV [F(1,128) = 40.1; p < 0.01] on 15 mM 
KCl-induced [3H]GABA release from nerve terminals in 
the cortex was demonstrated.

In norm, KCl-induced [3H]GABA release in the presence 
of NO-711 did not increase during development (Fig. 6b). 
Experiments with NO-711 demonstrated that LEV aug-
mented KCl-evoked release of [3H]GABA only at the age 
of pd 66–73 (p < 0.01) (Fig. 6b).

After perinatal hypoxia, KCl-induced [3H]GABA release 
from nerve terminals in the cortex in the presence of NO-711 
also did not increase during development (Fig. 6b). Experi-
ments with NO-711 demonstrated that LEV significantly 
elevated KCl-induced release of [3H]GABA at the age of pd 
24–26 (p < 0.01); pd 38–40 (p < 0.01); and pd 66–73 (p < 0.01) 
(Fig. 6b).
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Influence of LEV on the Ambient Level of [3H]GABA 
between the Exocytotic Events

Nerve Terminals in the Hippocampus

Three-way ANOVA showed for the ambient [3H]GABA 
level no significant interaction between age, hypoxia, 
and LEV influence [F(3,128) = 0.193; p = 0.90]. The main 
effects of age [F(3,128) = 41.1; p < 0.01] and hypoxia 
[F(1,128) = 74.8;  p< 0.01] on the ambient level of [3H]GABA 
were found in the preparations of nerve terminals from the 
hippocampus.

The ambient level of [3H]GABA in synaptosomal prepa-
rations from the hippocampus increased during development 
starting from the age of pd 38-40 and was approximately two 
times higher at the age of pd 66–73 (p < 0.01) as compared 
to pd 17–19 and pd 24–26. LEV did not change the ambient 
[3H]GABA level in synaptosomes as compared to the control 
one without the drug (Fig. 7a).

The ambient [3H]GABA level in the preparations of nerve 
terminals from the hippocampus increased in the animals 
after hypoxia at the age of pd 66–73 (p < 0.01) as compared 
to pd 17–19. LEV after preliminary incubation for 15 min 
with synaptosomes isolated from rats after hypoxia did not 
alter the ambient level of [3H]GABA as compared to that 
without the drug (Fig. 7a).

Therefore, the ambient [3H]GABA level in the prepara-
tions of nerve terminals from the hippocampus increased 
per se during development at the age of pd 38–40 (p < 0.01) 
and pd 66–73 (p < 0.01). Exposure to hypoxia caused an 
augmentation in the ambient level of [3H]GABA during 

the whole periods. A significant difference between norm 
and hypoxia groups was found at pd 17–19 (p < 0.01), pd 
24–26 (p < 0.05), pd 38–40 (p < 0.05), pd 66–73 (p < 0.01) 
(Fig. 7a). LEV did not affect the synaptosomal ambient [3H]
GABA level between the episodes of exocytosis in nerve ter-
minals in norm and after perinatal hypoxia [F(1,128) = 0.075; 
p = 0.78].

Then, these data are in agreement with the results from 
previous subsection on the absence of LEV effects during 
acute administration and after preliminary incubation on the 
membrane potential of synaptosomes.

Nerve Terminals in the Cortex

A significant interaction was observed between age and 
hypoxia [F(3,128) = 14.9; p < 0.01]. A main effect of age 
[F(3,128) = 270; p < 0.01] and a main effect of hypoxia 
[F(1,128) = 25.4; p < 0.01] on the ambient level of [3H]GABA 
in the preparations of nerve terminals from the cortex were 
demonstrated. Three-way ANOVA did not show signifi-
cant interaction between age, hypoxia, and LEV effects 
[F(3,128) = 0.850; p = 0.46].

In the preparations of nerve terminals from the cortex, the 
ambient level of [3H]GABA increased during brain develop-
ment at the age of pd 24–26 (p < 0.01), pd 38–40 (p < 0.01), 
and pd 66–73 (p < 0.01), as compared to pd 17–19 group.

LEV (100 μM) did not alter the ambient [3H]GABA level 
as compared to the control (without LEV) at all investigated 
ages (Fig. 7b).

Ambient [3H]GABA in the preparations of nerve ter-
minals from the cortex isolated from rats after hypoxia 
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also increased during development at the age of pd 24–26 
(p < 0.01), pd 38–40 (p < 0.01), pd 66–73 (p < 0.01), as com-
pared to pd 17–19 group.

LEV did not influence the ambient level of [3H]GABA in 
the preparations of nerve terminals from the cortex isolated 
from rats underwent hypoxia as compared to control ones 
without the drug (Fig. 7b).

Therefore, ambient [3H]GABA in the preparations of 
nerve terminals from the cortex increased during develop-
ment at the age of pd 24–26, pd 38–40, and pd 66–73. It was 
elevated more significantly after hypoxia at the age of pd 
66–73 only (p < 0.01, as compared to norm pd 66–73 group). 
LEV did not influence the ambient level of [3H]GABA in 
the synaptosomal suspensions from the cortex at all ages in 
norm and after hypoxia.

Discussion

The ambient levels of neurotransmitters reflect the balance 
between efficiency of the uptake and unstimulated neuro-
transmitter release (Borisova 2016, 2018; Borisova et al. 
2016; Borisova and Borysov 2016). The ambient [3H]GABA 
level was elevated significantly by approximately two times 
during development in the preparations of nerve terminals 
from the hippocampus at the age of pd 38–40 and pd 66–73 
(Fig. 7a) and in the preparations of nerve terminals from the 
cortex at the age of pd 24–26 and pd 66–73 (Fig. 7b). One 
fact has drawn attention that an age-dependent increase in 
the ambient [3H]GABA level had gradual dynamics within 
ages of pd 38–40 and pd 66–73 in the hippocampus (Fig. 7a) 
and step-like dynamics within ages of pd 38–40 and pd 
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66–73 in the cortex (Fig. 7b). Notably, morphological and 
biochemical features of GABAergic synapses demonstrated 
deep modification during development (Kilb 2012). Hip-
pocampal GABAergic interneurons in rats got adult mor-
phological characteristics at the age of the second and third 
postnatal week (Lang and Frotscher 1990; Seress and Ribak 
1990). The GABAergic system in the hippocampus matu-
rated before the onset of puberty, neocortical ones underwent 
substantial modifications until the end of the adolescence. 
The balance between various GABAergic functions can be 
readjusted until the end of adolescence (Kilb 2012). Distri-
bution of mRNA coding GABA transporters (GAT1) in the 
rat hippocampus showed a profound reorganization of the 
GABAergic system during the first weeks of postnatal devel-
opment (Frahm and Draguhn 2001). The adult-like patterns 
of GABA transporters GAT1 and GAT3 expression were 

achieved in the cortex in the third postnatal week (Takayama 
and Inoue 2005; Vitellaro-Zuccarello et al. 2003). Immuno-
reactivity of GAT1 was more strong at the second postnatal 
week with a high density in some amygdalar nuclei (Avila 
et al. 2011). These facts coincide with our results that ambi-
ent GABA in synaptosomal preparations from the cortex 
changed after the third-fourth postnatal weeks.

Exposure to hypoxia caused an augmentation of the ambi-
ent [3H]GABA level during the whole development period 
in nerve terminals in the hippocampus (Fig. 7a) and at the 
age of pd 66–73 in nerve terminals in the cortex (Fig. 7b). 
These data are in agreement with our recent results, where it 
was shown that the initial rate of synaptosomal [3H]GABA 
uptake decreased with the age and the ambient level of [3H]
GABA increased at 8–9 weeks after the hypoxic episode 
(Pozdnyakova 2017; Pozdnyakova et al. 2011). The literature 
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data underlined a specific susceptibility of GABAergic neu-
rons to hypoxia (Dell’Anna et al. 1996; Robinson et al. 2006; 
Van de Berg et al. 2003). A long-lasting decrease in con-
vulsant action thresholds in the adult rats that underwent 
hypoxia at early age and age-dependent long-term changes in 
seizure susceptibility and neurobehavior of the rats follow-
ing hypoxia were demonstrated (Jensen et al. 1998; Rakhade 
et al. 2011; Wang and Jensen 1996). The cortical expres-
sion of GAT1 and GAT3 was selectively affected in rats 
with transient focal ischemia (Melone et al. 2003). GAT3 
expression in cortical neurons underwent a reversion to its 
immature pattern during ischemia (Minelli et al. 2003). Neu-
ronal GAT3 in ischemic brain can have diverse function than 
that in developing neocortex, possibly being a part of injury 
response through a genetic ‘‘reprogramming’’ (Conti et al. 
2004). One question still remains unanswered as to whether 
changes in the ambient level of GABA are pathophysiologi-
cal or they can be considered as a compensatory response to 
hypoxia events at early age.

Exocytotic [3H]GABA release from nerve terminals grad-
ually increased during development both in the hippocampus 
and in the cortex (Figs. 3a, 6a); however, this effect was not 
revealed during blockage of GABA transporter activity by 
the inhibitor NO-711 (Figs. 3b, 6b). This fact can confirm 
the central role of GABA transporters in age-dependent 
changes of GABAergic neurotransmission. Also, it is con-
sistent with our above results on the ambient [3H]GABA 
level alterations in the preparations of nerve terminals dur-
ing development. Notably, GABAergic system development 
was characterized by faster and precise GABAergic synaptic 
actions including more synchronous release of GABA (Kilb 
2012).

The model of perinatal hypoxia is an ideal tool to investi-
gate age-specific mechanisms in neonatal seizures (Rakhade 
et al. 2011). After perinatal hypoxia, exocytotic [3H]GABA 
release from nerve terminals in both structures gradually 
increased during development (Figs. 3a, 6a). This effect 
was confirmed using NO-711 at all ages only in the hip-
pocampus (Figs. 3b, 6b). Therefore, nerve terminals in the 
hippocampus can respond to perinatal hypoxia not only by 
modulation of GABA transporter activity, but also by an 
increase in exocytotic release of the neurotransmitter. Negli-
gible histopathologic damage was shown in rat pups exposed 
to hypoxia during pd 10–12. However, they exhibited aug-
mented excitability to convulsant-induced seizures (Jensen 
et al. 1998; Rakhade et al. 2008). Global hypoxia can cause 
both acute and long-lasting increase in excitability of the 
regions vulnerable to hypoxia despite the absence of histo-
pathology (Rakhade and Jensen 2009).

To further develop the drug application protocols, thera-
peutical compounds able to overcome GABAergic trans-
mission dysfunction after perinatal hypoxia require an 
understanding the mechanisms of their action. Clinically 

proven anti-epileptic effect of LEV in patients and individ-
ual sensitivity to the drug still remain unexplained and the 
exact mechanisms of its action are uncertain. With a dose-
dependent curve of a LEV-induced increase in synaptosomal 
exocytotic [3H]GABA release (Fig. 2), we have confirmed 
that 100 µM concentration is the most appropriate to study 
drug effects and this concentration is within the range of 
usual anti-epileptic plasma concentrations (Patsalos 2000; 
Rigo et al. 2002), which in turn was demonstrated to be very 
similar to that measured in the brain tissue of individual 
patients (Rambeck et al. 2006). We demonstrated that LEV 
did not influence the ambient level of [3H]GABA in nerve 
terminal preparations from both the hippocampus and cortex 
at all studied ages in norm and after hypoxia (Fig. 7). So, 
modulation of GABA transporter functioning and probable 
changes in the plasma membrane integrity is not involved 
in mechanisms of LEV action. The data on the unchanged 
ambient level of [3H]GABA in the presence of LEV are in 
accordance with the results on the absence of LEV effects 
on voltage-gated Na+ channel functioning (Birnstiel et al. 
1997; Dibbens et al. 2012; Klitgaard 2008).

One of the main findings of this study is the fact that 
LEV increased exocytotic release of [3H]GABA from nerve 
terminals in the hippocampus at the age of pd 38–40 and pd 
66–73 that was confirmed by the experiments with NO-711 
(Fig. 3). An ability of LEV to augment exocytotic [3H]
GABA release after hypoxia was preserved without and in 
the presence of NO-711 (Fig. 3). In nerve terminals in the 
cortex, increasing effect of LEV on [3H]GABA exocytosis 
was registered only in the presence of NO-711 at the age of 
pd 66-73 in norm and pd 24–26 to pd 66–73 after hypoxia 
(Fig. 6). Wan et al. (2010) has demonstrated that loss of the 
major SV2 isoform in nerve terminals was associated with 
an elevation in resting and evoked presynaptic Ca2+ signals 
(Wan et al. 2010). SV2 acts in a maturation step of primed 
synaptic vesicles that converts the vesicles into a Ca2+- and 
synaptotagmin-responsive state (Chang and Südhof 2009).

It can be concluded from our study that LEV in norm 
and hypoxia influenced exocytotic GABA release from nerve 
terminals starting from the age of puberty and in young 
adults, whereas LEV was inert at the infantile stage. Age-
dependence of LEV effects can be useful for LEV applica-
tion protocols in child epilepsy therapy. The absence of the 
effects of LEV on GABA release at the infantile stage is 
very important because of the known fact that GABA release 
during seizures has proconvulsant effects at the early age 
and anticonvulsant in older animals (Sperber et al. 1999; 
Velíšková and Moshé 2001). So, hypothetic harmful procon-
vulsant effect of LEV cannot be realized because an increase 
in exocytotic release of GABA at the infantile stage is not 
caused by the drug. GABA release from adult neurons can 
be neuroprotective because the chloride reversal potential 
is more negative than the resting potential, and GABAA 
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receptor activation is expected to reduce the hypoxia-
induced depolarization (Allen et al. 2004).

Importantly, LEV is both safe and effective against post-
stroke seizures (Belcastro et al. 2011). We can explain this 
neuroprotective effect of LEV by an increase in exocytotic 
GABA release at the presynaptic site, hyperpolarization of 
the postsynaptic membrane, and consequent decrease in 
excessive signaling of glutamate that leaks from core and 
penumbra zones of the insult.

Conclusions

Summarizing, the ambient [3H]GABA level increased dur-
ing development in nerve terminals in the hippocampus and 
cortex. Perinatal hypoxia further augmented this level dur-
ing the whole period in nerve terminals in the hippocampus 
and in young adults in the cortex. After perinatal hypoxia, 
exocytotic [3H]GABA release gradually increased during 
development, but this effect was preserved during blockage 
of GABA transporters by NO-711 at all ages only in nerve 
terminals in the hippocampus.

LEV realized its anticonvulsant effects at the presynap-
tic site through an enlargement of exocytotic [3H]GABA 
release. LEV did not change the ambient level of the neuro-
transmitter between the episodes of exocytosis. Effects of the 
drug were altered during brain development. Action of LEV 
was age-dependent and the drug was inert at the infantile 
stage. LEV exhibited more significant effect after perinatal 
hypoxia than in norm, and so LEV efficiency was enhanced 
by hypoxia. Age-dependence of LEV effects shown in this 
study can be useful for LEV application protocols in child 
epilepsy therapy.
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