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Abstract. Using immunocytochemistry and fluorescence microscopy, it was shown that the expression of the calcium-

binding proteins parvalbumin, calbindin and calretinin in GABAergic neurons limited the increase in the level of cyto-

solic calcium ([Ca2+]i) during the excitotoxic effect of glutamate (GluTox). Under conditions of repeated episodes of 

hypoxia, Ca2+ oscillations were generated in GABAergic neurons, and the expression of calcium-binding proteins de-

termined the amplitude of hypoxia-induced Ca2+ impulses. Expression of parvalbumin during hypoxia was most effec-

tive in suppressing the amplitude of Ca2+ signals. With GluTox, irreversible depolarization of the mitochondria of 

GABAergic neurons occurred, which lacked calcium-binding proteins, while the expression of parvalbumin, calbindin 

or calretinin contributed to the preservation of mitochondrial polarization and maintenance of their functioning under 

the influence of glutamate. At the same time, parvalbumin also turned out to be the most effective calcium-binding 

protein. As a result, restrictions on the level of [Ca2+]i during GluTox by calcium-binding proteins in GABAergic 

neurons led to suppression of the production of reactive oxygen species by mitochondria on the one hand, and on the 

other hand, calcium-binding proteins were able to protect GABAergic neurons from hyperproduction of nitric oxide. 

Thus, calcium-binding proteins were not only a marker of subtypes of GABAergic neurons, but also determined their 

physiological parameters under stressor conditions, which can be used to identify the subtype of GABAergic neurons 

by fluorescent signals of ROS production, nitric oxide, or the kinetics of Ca2+ signals. 
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Introduction 

In the hippocampus, neurons are heterogene-

ous cells and are divided into two main types – 

pyramidal (glutamatergic) neurons, secreting 

glutamate and performing an excitatory func-

tion, and interneurons, secreting γ-aminobu-

tyric acid (GABA) and performing an inhibi-

tory function. There is also a minor population 

of spiny interneurons that are capable of secret-

ing both glutamate and GABA. The vast major-

ity of neurons are pyramidal neurons, and inter-

neurons make up about 15% of neurons 

(McCormick, 1992; Attili et al., 2022). In con-

trast to glutamatergic neurons, GABAergic 

neurons are divided into subpopulations, both 

by morphology and electrophysiological activ-

ity, and by the type of calcium-binding protein 

(CaBP) expressed. Moreover, the calcium-

binding proteins calbindin, calretinin, and par-

valbumin are specific markers of GABAergic 

interneurons (Fish et al., 2018; Bogus-

Nowakowska et al., 2022). 

Ca2+ ions mediate numerous intracellular 

processes, and to maintain Ca2+ homeostasis in 

neurons, there are a large number of Ca2+ 

transport systems and compartmentalization 

methods (Bagur et al., 2017; Costas-Ferreira et 

al., 2021). However, in addition to these mech-

anisms, calcium-binding proteins are an addi-

tional way to regulate cytosolic calcium con-

centrations in GABAergic neurons (Schwaller, 
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2020). Calbindin (CB), calretinin (CR) and par-

valbumin (PV) are EF-hand motif proteins 

(Phillips et al., 1999) and have different affini-

ties for Ca2+ in the concentration range from 

10-9 to 10-6 M (Kd for CR and CB it is  

0.3–0.5 µM, and for PV – 0.01–0.1 µM). All of 

these CaBPs are mobile calcium buffers that 

can transport Ca2+ into the endoplasmic reticu-

lum and mitochondria, promoting the diffusion 

of Ca2+ ions in the cytoplasm and the propaga-

tion of Ca2+ signals (Schwaller, 2010; Berridge 

et al., 2000). 

Calbindin is not only a Ca2+ buffer, but also 

an intracellular transporter of Ca2+ ions. In ad-

dition, this CaBP also performs a signaling 

function by binding to Ran-binding protein 

(Lutz et al., 2003), caspase-3 (Bellido et al., 

2000), 3'5'-cyclic nucleotide phosphodiesterase 

(Reisner et al., 1992), plasma membrane 

ATPase (Morgan et al., 1986) and the α subunit 

of the L-type Ca2+ channel (Akhter et al., 

2007). It has been established that a defect in 

the structure of calbindin accompanies the de-

velopment of Alzheimer's, Parkinson's, Down 

syndrome, epilepsy, and also contributes to 

neurodegeneration during ischemia (Heizmann, 

1993). 

Calretinin functions as a buffer and Ca2+ 

transporter, and is also involved in the phos-

phorylation of a number of intracellular pro-

teins (Heizmann, 1993). Calretinin has been 

shown to have a protective effect against gluta-

mate toxicity and ischemia (D’Orlando et al., 

2001; Turovsky et al., 2018). Calretinin knock-

out mice are characterized by impaired long-

term potentiation in the hippocampus (Schur-

mans et al., 1997) and increased excitability, 

correlating with the generation of fast action 

potentials in such GABAergic neurons (Gall et 

al., 2003). 

Parvalbumin is expressed in fast GABAergic 

neurons of the hippocampus, neocortex, and 

cerebellum (Heizmann & Braun, 1992). The 

connection of PV with the generation of fast ac-

tion potentials is explained by the activation of 

Ca2+-dependent small-conductance K+ chan-

nels by this protein (Orduz et al., 2013). Defects 

in the PV structure accompany the following 

pathologies: Alzheimer's disease, epilepsy, is-

chemia, Down syndrome, meningioma, neuro-

fibromatosis (Heizmann, 1993). 

Interestingly, the removal of any of the 

CaBPs by knockout was not compensated for 

by increased expression of another of the 240 

known calcium-binding proteins. In PV knock-

out, none of the other calcium buffers (CB-

D28k, CB-D9k, or CR) are expressed in the 

brain (Schwaller et al., 2010), resulting in de-

fects in intracellular signaling. This effect may 

be explained by the fact that neurons expressing 

a certain Ca2+ buffer have permanently inacti-

vated promoters of other CaBPs or have special 

properties (affinity, kinetics, cooperativity, mo-

bility) of each CaBP (Schwaller, 2009). 

Thus, the purpose of this study was to study 

the effects of the expression of various types of 

calcium-binding proteins on the signaling of 

GABAergic neurons during the excitotoxic ef-

fect of glutamate. In addition, this work at-

tempts to determine the subtype of GABAergic 

neurons based on their Ca2+ signals, mitochon-

drial depolarization, and the production of reac-

tive oxygen species and nitric oxide. 

 

Material and Methods  

Hippocampal cell culture 

A mixed neuroglial cell culture of the hippo-

campus was obtained from newborn (P1–3) 

Spraque Dawley rats. After decapitation, the 

hippocampus was removed and transferred to 

cold Hanks solution. The tissue was minced 

with scissors, placed in Versene solution with 

the addition of 0.2% trypsin and incubated for 

10 min at 37 °C on a thermoshaker at 600 rpm. 

Enzyme-treated tissue pieces were washed 

three times with neurobasal medium, then care-

fully pipetted and centrifuged (2 min at 300 g). 

Next, the supernatant was removed, and the 

cells were resuspended in neurobasal medium 

supplemented with glutamine (0.5 mM), Sup-

plement B27 (2%), and gentamicin (15 μg/ml). 

The suspension was added to glass cylinders 

with ground ends with an internal diameter of  

6 mm, standing on round coverslips with a di-

ameter of 25 mm (VWR International), coated 

with polyethyleneimine, and placed in 35 mm 

Petri dishes (Greiner). 100 μl of cell suspension 

was added to each cylinder and left for 2 hours 
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for attachment in a CO2 incubator at 37 °C. Af-

ter this, the cylinders were removed, and the 

volume of the culture medium was adjusted to 

1.5 ml. Every 3 days, 2/3 of the volume of the 

culture medium was replaced with fresh one. 

Experiments were carried out on cultures aged 

10–13 days (10–13 DIV). 

 

Modeling the excitotoxic effect of glutamate 

(GluTox) in vitro 

To create conditions for the acute (within 40 

min) excitotoxic effect of glutamate (GluTox), 

100 μM glutamate was added to the cells in a 

magnesium-free medium containing 20 μM 

glycine. The effects of GluTox were assessed 

by the shape and amplitude of Ca2+ signals of 

neurons. 

 

Creation of short-term episodes of hypoxia-

reoxygenation in vitro 

To create short-term episodes of hypoxia, 

oxygen was displaced from Hanks' incubation 

solution containing 10 mM HEPES by purging 

the solution with an inert gas argon in a special 

vacuum system, which was mounted on an ex-

perimental chamber with cells located on the 

stage of a fluorescent microscope. The experi-

ment consisted of three short-term episodes of 

hypoxia, each of which was followed by 10 

minutes of reoxygenation. The effects of hy-

poxia episodes on neurons were assessed by the 

amplitude and frequency of Ca2+ oscillations. 

 

Immunocytochemical method for identifying 

GABAergic neurons and comparing them with 

neuroimaging results 

An immunocytochemical method was used 

to identify GABAergic neurons (Fig. 1). The 

cover glass with the culture was mounted in the 

experimental chamber and a grid was applied 

on the bottom side of the glass using a thin in-

delible marker for further detection of the area 

of interest with cells on different microscopes 

and comparison of intravital imaging and cul-

ture data after staining with antibodies. Next, 

the chamber was mounted on the stage of an in-

verted microscope, one of the squares of the 

drawn grid was selected, and fluorescence was 

recorded in the selected area. After the experi-

ments, cells were photographed in phase con-

trast, numbered, fixed, and analyzed immuno-

cytochemically with antibodies against gluta-

mate decarboxylase (GAD65/67) and calcium-

binding proteins (parvalbumin, calbindin, and 

calretinin). For this purpose, the following so-

lutions were used: phosphate-buffered saline 

(PBS), pH 7.4; 4% parapharmaldehyde solution 

in PBS; 1% and 10% solution of donkey serum 

in PBS. Cells were fixed in 4% parapharmamal-

dehyde for 20 minutes and then washed three 

times for 5 minutes with cold PBS and permea-

bilized in 0.1% Triton X-100 in PBS for 15 

minutes. To inhibit sites nonspecific antibody 

binding, cells were incubated for 30 minutes in 

10% donkey serum at room temperature, then 

incubated with primary rabbit-antibodies for 12 

hours at 4 °C (1:500 dilution in 1% donkey se-

rum), washed in PBS 3 times for 5 minutes and 

incubated with secondary antibodies conju-

gated to a fluorescent tag. Antibody fluores-

cence was recorded on a Leica TCS SP5 confo-

cal microscope equipped with a He-Ne laser. 

Images of Antibody fluorescence and intravital 

imaging were compared using ImageJ software. 

This approach allowed us to compare changes 

in the dynamics of [Ca2+]i, ROS, mitochon-

drial potential and nitric oxide in GAD 65/67-

positive (GABAergic) neurons containing cal-

cium-binding proteins. 

 

Fluorescence measurements 

To record the level of calcium in the cyto-

plasm of cells ([Ca2+]i), we used a Cell Ob-

server image analysis system (Carl Zeiss, Ger-

many) based on an Axiovert 200M inverted mi-

croscope equipped with an AxioCam HSm 

monochrome CCD camera and a Ludl 

MAC5000 high-speed excitation filter chang-

ing system. A Plan-Neofluar 10×/0.3 lens was 

used. An HBO 103W/2 mercury lamp illumina-

tor was used as a fluorescence excitation 

source. To excite and record Fura-2 fluores-

cence, we used a set of Filter set 21HE (Carl 

Zeiss, Germany) with excitation filters 

BP340/30 and BP387/15, a beam splitter 

FT409, and an emission filter BP510/90. To 

measure fluorescence, a round cover glass with 

a cell culture was mounted in a special measure-
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Fig. 1. Scheme of the original setup for creating hypoxia/GluTox in vitro and a method for comparing the 

results of neuroimaging with data from immunocytochemical staining of cell cultures. Hippocampal cells 

were grown on round coverslips and mounted in an experimental chamber mounted on the stage of an inverted 

fluorescence microscope. A hypoxic or GluTox medium supply system was connected to the chamber. After 

recording the dynamics of [Ca2+]i, ROS or NO, the cells were fixed and stained with specific antibodies. 

Next, the chamber with cells was transferred to an inverted confocal microscope and, using a grid, an area 

with cells was found in which the physiological parameters of the cells were measured. The resulting confocal 

images were compared with a series of images obtained using a fluorescence microscope 

 

ing chamber. The volume of medium in the 

chamber was 0.5 ml. Reagents were added and 

washed by replacing the medium tenfold using 

a system providing perfusion at a rate of 15 

ml/min. Measurements were carried out at 28 

°C. Series of images were acquired at intervals 

of 1 frame every 3 s. To identify neurons, the 

experiment included a short-term (20 s) test ad-

dition of 35 mM KCl. The resulting time series 

of two-channel images (at excitation light 

wavelengths of 340 and 380 nm) were pro-

cessed in the ImageJ program with the Time se-

ries analyzer software module. The amplitude 

of calcium responses of single cells was meas-

ured, expressed as the ratio of Fura-2 fluores-

cence signals at excitation of 340 and 380 nm. 

Origin 8.5 was used for plotting and statistical 

processing. Results are presented as single cell 

signals generally representative of the GA-

BAergic neuron subtype shown or as the aver-

age cell signal per field of view ± standard de-

viation (SD). 

Nitric oxide (NO) production was measured 

using a fluorescent probe DAF-FM diacetate  

 

(Molecular Probes, USA). Cells were loaded 

with 5 μM DAF-FM for 40 min at 37 °C. After 

loading, the cells were additionally incubated in 

Hanks balanced salt solution (HBSS) for 20 

min to complete the deesterification of the dyes. 

DAF-FM fluorescence was excited using a BP 

475/40 filter. The emission of DAF-FM was 

recorded at 530 ± 25 nm. Collected 8-bit time-

lapse images were analyzed using the ImageJ 

software with Time Series Analyzer and Rati-

oPlus plugins. The experimentally obtained 

curves for NO were smoothed to decrease the 

effect of noises. The curve ΔF/F0 characterizes 

the fluorescence intensity of benzotriazole, a 

product of nitrosylation of DAF-FM accumu-

lated in the cells. 

ROS production in mitochondria was deter-

mined using the MitoSox Red probe (incuba-

tion for 15 minutes at a final concentration  

of 5 μM at 37 °C). After incubation with probes, 

cells were washed three times with Hanks' so-

lution. The dynamics of ROS formation were 

recorded using an image analysis system based 

on a Leica DMI6000B inverted microscope.  
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A set of BP510/84 filters was used to excite and 

record MitoSox fluorescence. Lens Leica HC 

PL APO 20/0.7 IMM. Light source Leica 

EL6000 with high pressure mercury lamp HBO 

103 W/2. 

To record mitochondrial membrane poten-

tial (ΔΨm), cells were loaded with rhodamine 

123 (Rh123; 1 μg/ml) for 15 minutes. The oxi-

dative phosphorylation uncoupler FCCP  

(1 μM) was added at the end of the experiments 

to induce complete depolarization of the mito-

chondrial membrane and subsequent calibra-

tion of the Rh123 fluorescence signal. Rh123 

fluorescence was excited using a xenon lamp 

and monochromator (Cairn Research) at 490 

nm and detected at 515 nm. 

 

Image analysis and statistical data pro-

cessing 

The resulting time series of images were pro-

cessed in the ImageJ program with the Time se-

ries analyzer plugin. In this case, the amplitude 

of signals from single cells was measured, ex-

pressed in units of probe fluorescence. Results 

were presented as single cell signals or the av-

erage cell signal per field of view ± standard er-

ror (SE). Origin 8.5 (Microcal Software Inc., 

Northampton, MA) and Prism 5 (GraphPad 

Software, La Jolla, CA) were used for plotting 

and statistical processing. The significance of 

differences between experimental groups was 

determined using Student's t-test, and within 

groups - Student's t-test. Differences were con-

sidered significant: *** at p0.001, ** at p 

<0.01, * at p <0.05, n/s – differences are not 

significant. 

 

Results 

Ca2+ signals of GABAergic neurons of the 

hippocampus when exposed to an excitotoxic 

concentration of glutamate (GluTox) or hy-

poxia, depending on the type of calcium-bind-

ing protein 

Modeling the excitotoxic effect of glutamate 

in the form of application of 100 μM glutamate 

in a magnesium-free medium with the addition 

of 20 μM glycine (GluTox) resulted in biphasic 

Ca2+ signals in hippocampal neurons  

(Fig. 2A). The first phase of the Ca2+ response 

to GluTox is a rapid increase in [Ca2+]i fol-

lowed by pumping to an almost basic level, and 

the second phase is an irreversible increase in 

[Ca2+]i and reaching a new stationary level of 

[Ca2+]i. As can be seen, the Ca2+ responses of 

neurons to GluTox are individual and differ in 

the level of increase in [Ca2+]i in the second 

phase of the Ca2+ response (Fig. 2A). Immuno-

cytochemical staining of cell cultures with anti-

bodies against GAD65/67 and calcium-binding 

proteins and comparison with the results of 

Ca2+ imaging showed that this difference in the 

responses of hippocampal neurons to GluTox is 

associated with the presence of buffer concen-

trations of CaBP in the cytosol of GABAergic 

neurons (Fig. 2B). GABAergic neurons in 

which none of the studied CaBPs were detected 

are characterized by increased spontaneous 

Ca2+ activity and the highest amplitude of the 

increase in [Ca2+]i in both the first and second 

phases of GluTox-induced signals (Fig. 2B - red 

curve). GABAergic neurons in which calcium-

binding proteins were detected - calbindin 

(CB+) and calretinin (CR+) are characterized 

by less pronounced spontaneous Ca2+ activity, 

a significantly smaller increase in [Ca2+]i dur-

ing GluTox and a recovery of [Ca2+]i to the ba-

sal level after the first phase GluTox response 

(Fig. 2B). The differences between CB+ and 

CR+ GABAergic neurons in the amplitude and 

shape of Ca2+ signals on GluTox were not sig-

nificantly different. Neurons containing parval-

bumin as a CaBP showed a trend similar to 

other calcium-binding proteins in the form of 

GluTox signals, but the level of [Ca2+]i during 

the second phase of GluTox-induced Ca2+ sig-

naling was even lower (Fig. 2B – black curve) . 

An increase in glutamate concentration oc-

curs in the brain under hypoxic conditions. Re-

peated episodes of hypoxia caused the genera-

tion of Ca2+ oscillations in GABAergic neu-

rons (Fig. 3A). In panels B-E, GABAergic neu-

rons are separately constructed depending on 

the calcium binding protein expressed in them 

(Fig. 3B-E). It turned out that in GABAergic 

neurons without CaBP (Fig. 2B) or in which 

calbindin (Fig. 3C) and calretinin (Fig. 3D) are 

expressed, Ca2+ oscillations during hypoxia 

occurred at an increased level of [Ca2+]i, while
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Fig. 2. Ca2+ signals of hippocampal neurons upon application of an excitotoxic concentration of glutamate, 

100 μM in a magnesium-free medium with the addition of 10 μM glycine (GluTox). A – Ca2+ signals of all 

neurons in the field of view of the microscope upon application of GluTox. B – Average Ca2+ signals of 

GABAergic neurons containing buffer concentrations of calcium binding proteins – calbindin (CB+), 

calretinin (CR+) and parvalbumin (PV+). w/o CaBP – GABAergic neurons that do not contain any of the 

studied Ca2+-binding proteins 

 

 
 

Fig. 3. Ca2+ signals of GABAergic neurons of the hippocampus to repeated episodes of hypoxia. A – Ca2+ 

signals of all GABAergic neurons in one experiment are presented. B, C, D, E – Ca2+ signals of GABAergic 

neurons without Ca2+-binding proteins (w/o CaBP, B), as well as those containing calbindin (CB+, C), 

calretinin (CR+, D) and parvalbumin (PV+, E) in buffer concentrations in the cytosol 

 

 
the expression of parvalbumin (Fig. 3E) led to 

the generation of Ca2+ oscillations without in-

creasing the basic level of [Ca2+]i. In addition, 

the presence of calbindin or parvalbumin in 

GABAergic neurons contributed to the genera-

tion of low-amplitude Ca2+ oscillations in re-

sponse to hypoxia, and calretinin had virtually 

no effect on this parameter (Fig. 3D). 

Thus, the expression of calcium-binding 

proteins in GABAergic neurons of the hippo-

campus is capable of determining the Ca2+ sig-

nals of cells under the excitotoxic effect of glu- 
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tamate and hypoxia. The presence of any of the 

studied CaBPs reduces the level of [Ca2+]i un-

der the influence of glutamate, and is probably 

involved in the utilization of Ca2+ ions imme-

diately after the generation of GluTox-induced 

Ca2+ signals. During hypoxia, calcium-binding 

proteins calbindin and parvalbumin determine 

the amplitude of Ca2+ impulses of GABAergic 

neurons, reducing it relative to GABAergic 

neurons without CaBPs or with calretinin. 

 

Effects of expression of different types of cal-

cium-binding proteins on mitochondrial poten-

tial, mitochondrial reactive oxygen species 

(ROS) production, and nitric oxide (NO) pro-

duction in GABAergic neurons during gluta-

mate excitotoxicity 

Mitochondria are key organelles of neurons 

and provide energy for the functioning of all ho-

meostatic systems of cells. Recording of the mi-

tochondrial potential of neurons under GluTox 

conditions showed differences depending on 

the type of CaBP expressed (Fig. 4A).  

GABAergic neurons that do not contain CaBP 

are characterized by increased depolarization 

upon application of GluTox and a lack of cel-

lular response to the application of the mito-

chondrial uncoupler FCCP at the end of the 

experiment (Fig. 4A - red curve). Expression 

of calbindin or calretinin resulted in less mi-

tochondrial depolarization by GluTox, ac-

counting for 29% and 40% of the depolariza-

tion of GABAergic neurons without CaBP 

(Fig. 4B). At the same time, the majority of 

GABAergic neurons containing parvalbumin 

are characterized by less mitochondrial depo-

larization during GluTox (Fig. 4A - black 

curve), when depolarization is less than 20% 

of the signal of GABAergic neurons without 

CaBP (Fig. 4B). Moreover, all GABAergic 

neurons containing any of the studied CaBPs 

retain mitochondrial potential until the end of 

the experiment and depolarize in response to 

the uncoupler FCCP.

 

 
 

Fig. 4. Depolarization of mitochondria of GABAergic neurons under the influence of GluTox, depending on 

the type of calcium-binding protein expressed. A – Change in fluorescence of Rhodamine-123 (Rh-123) upon 

application of GluTox in GABAergic neurons without CaBPs (w/o CaBP) expressing calbindin (CB+), 

calretinin (CR+) or parvalbumin (PV+). FCCP is a depolarizing stimulus for mitochondria in the form of an 

application of 1 µM FCCP uncoupler. B – relative depolarization of mitochondria of GABAergic neurons 

depending on the type of expressed CaBP upon application of GluTox. Data are presented as percentages (%) 

relative to the depolarization of GABAergic neurons without CaBPs 

 

 

Differences in the responses of mitochondria 

of GABAergic neurons depending on the type 

of expressed calcium-binding protein to 

GluTox application also suggest differences in 

the production of ROS by these neurons. Meas-

urement of ROS production by mitochondria of 
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Fig. 5. ROS production by mitochondria and nitric oxide formation in GABAergic neurons depending on the 

type of calcium-binding protein expressed during GluTox. A, B – Averaged over 10 cells (for each curve) 

curves of ROS production by mitochondria (A) and the rate of ROS production (B) in GABAergic neurons 

depending on the type of calcium-binding protein. C, D – Curves of nitric oxide production (A) and the rate 

of nitric oxide production (B) in GABAergic neurons, averaged over 10 cells (for each curve), depending on 

the type of calcium-binding protein 

 

 

GABAergic neurons without CaBPs and 

GABAergic neurons containing calretin (CR+) 

under GluTox showed similar rates of ROS pro-

duction (Fig. 5A, B). ROS production by  

GABAergic neurons containing calbindin 

(CB+) and parvalbumin (PV+) was signifi-

cantly lower when exposed to GluTox (Fig. 5C, 

D) compared to other types of GABAergic neu-

rons. 

Not only is nitric oxide an important signal-

ing molecule, but excess NO production is a 

significant contributor to oxidative stress and 

neuronal damage. Measurements of NO pro-

duction under GluTox showed that in GABAer-

gic neurons without CaBPs, NO production oc-

curs after a long lag period (Fig. 5C), but the  

 

rate of NO production under GluTox is greatest 

in this type of neuron (Fig. 5D). Expression of 

any of the CaBPs examined correlated with sig-

nificantly lower NO production in GABAergic 

neurons (Fig. 5C, D). Moreover, the lowest rate 

of NO formation during GluTox was recorded 

in PV+ GABAergic neurons. 

 

Discussion 

Interneurons contain specific calcium-bind-

ing proteins (CaBPs) - parvalbumin (PV), cal-

bindin (CB), and calretinin (CR), which may 

promote the survival of these neurons under 

pathological conditions (Fairless et al., 2019; 

Schwaller, 2020). It has been shown that py-
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ramidal neurons that do not contain PV and CB 

are damaged and die after ischemia, whereas in-

terneurons that contain buffer concentrations of 

these proteins, on the contrary, survive (Freund 

et al., 1990). Previously, we attempted to char-

acterize GABAergic neurons by their Ca2+ sig-

nals depending on the presence of a certain type 

of Ca2+-binding protein. It has been established 

that the expression of parvalbumin in GABAer-

gic neurons determines the shape of Ca2+ os-

cillations, creating a temporary delay in the 

generation of a Ca2+ pulse and desensitization 

of these neurons during high-frequency Ca2+ 

activity (Zinchenko et al., 2016; Zinchenko et 

al., 2016). In addition, we found that the lack of 

expression of CaBPs in GABAergic neurons is 

associated with the absence of a hypoxic pre-

conditioning mechanism, and the presence of 

calcium-binding proteins promotes the survival 

of GABAergic neurons under hypoxic condi-

tions. At the same time, the neuroprotective ef-

fectiveness was different for parvalbumin, cal-

bindin and calretinin (Turovsky et al., 2018). In 

this study, we were able to show that the expres-

sion of CaBPs significantly protects GABAer-

gic neurons from GluTox by reducing [Ca2+]i 

levels. And under conditions of repeated epi-

sodes of hypoxia, calcium-binding proteins de-

termine the amplitude of Ca2+ oscillations, 

which undoubtedly has an important signaling 

value. That is, calcium-binding proteins per-

form important signaling functions in GABAer-

gic neurons under pathological conditions. For 

CaBPs, it has been well demonstrated that dif-

ferences in the properties of the studied cal-

cium-binding proteins differentially modulate 

the spatiotemporal aspects of intracellular sig-

naling. CR and CB are fast CaBP capable of 

binding Ca2+ immediately after an increase in 

its concentration in the cytosol. They are 58% 

identical in structure and have six EF-hand type 

domains, of which five in CR and four in CB 

are functional and bind Ca2+ (Kuznicki et al., 

1996; Schwaller et al., 1997). This is probably 

due to the very similar effects of calbindin and 

calretinin under GluTox and episodes of hy-

poxia in our experiments. PV has three do-

mains, two of which are capable of binding both 

Ca2+ and Mg2+, and in the inactive state of the 

protein these domains bind only Mg2+. Ca2+ 

binding by parvalbumin has slower kinetics 

than CR and CB and is limited primarily by the 

magnesium dissociation constant (Choi et al., 

2008). However, parvalbumin, being a slow 

protein, is capable of binding a significantly 

larger number of Ca2+ molecules, which may 

determine the most pronounced effects of par-

valbumin on the [Ca2+]i level under the influ-

ence of hypoxia and GluTox. 

There is evidence that the bioenergetics of 

GABAergic neurons differs significantly from 

that of glutamatergic neurons. Fast inhibitory 

GABAergic interneurons are characterized by 

particular vulnerability of complexes I and IV 

of the mitochondrial respiratory chain (Kann et 

al., 2011; Whittaker et al., 2011), since in order 

to generate high-frequency action potentials 

that control oscillations of neural networks 

(gamma oscillations), neurons of this subtypes 

consume much more energy than other brain 

cells. It has also been shown that under is-

chemic conditions, HIF-1α expression occurs 

more consistently in interneurons than in py-

ramidal ones, which is associated with in-

creased levels of intracellular glutathione in in-

terneurons (Ramamoorthy & Shi, 2014). Thus, 

our data show that mitochondria of GABAergic 

neurons without calcium-binding proteins 

quickly and irreversibly depolarize under the 

influence of glutamate, while the presence of 

CaBPs correlates with less pronounced mito-

chondrial depolarization when neurons are able 

to maintain mitochondrial functioning under 

conditions of the excitotoxic action of gluta-

mate and respond to a depolarizing stimulus mi-

tochondrial uncoupler FCCP. This effect of 

CaBPs on mitochondrial functioning is also re-

flected in differences in ROS production. It is 

known that increased ROS production occurs 

with an increase in [Ca2+]i and is restored when 

the physiological concentration of [Ca2+]i re-

turns. In glutamatergic neurons, ROS produc-

tion increases when the extracellular Ca2+ con-

centration reaches 10 mM (Carriedo et al., 

1998). At the anatomical level, interneurons are 

characterized by increased mitochondrial den-

sity, high levels of cytochrome c oxidase 

(COX), and cytochrome C to maintain their 
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high energy capacity (Kageyama and Wong-

Riley, 1982; Gulyas et al., 2006). Preincuba-

tion of cells with an inhibitor of the electron 

transport chain of mitochondria - cyanide or 

rotenone - completely suppresses the produc-

tion of ROS in response to stimulation of 

NMDA and AMPA/KA receptors in both GA-

BAergic and glutamatergic neurons, which 

indicates the leading role of mitochondria in 

this process in both cell types (Carriedo et al., 

1998; Dugan et al., 1995). ROS scavengers 

enhance the GABAergic component of neuro-

transmission during hypoxia and anoxia, as 

well as with the addition of exogenous H2O2, 

which is expressed in a shift in the outgoing 

current in response to stimulation (Hogg et 

al., 2015), i.e., selective inhibition of ROS 

production in GABAergic neurons may be an 

effective strategy to enhance inhibition dur-

ing excitotoxicity. 

Thus, the expression of calcium-binding 

proteins in GABAergic neurons can determine 

their signaling at the level of regulation of 

[Ca2+]i and, as a result, overloading mitochon-

dria with Ca2+ ions, maintaining the function-

ing of mitochondria under pathological condi-

tions and limiting the formation of toxic con-

centrations of ROS. 
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