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Abstract—Whole-transcriptome data were used to study the changes in expression of genes coding proteins
involved in the calcium regulation processes in the hippocampus of male mice with symptoms of depression
caused by chronic social defeat stress. Cacna1g, Cacnb3, Camk1g, Camk2d, Camk2n2, Caly, Caln1, S100a16,
and Slc24a4 genes were upregulated in the hippocampus of depressed mice compared to a control, while
Cacna2d1, Cacng5, Grin2a, and Calm2 were downregulated.  The greatest number of significant correlations
was observed between the expression level of Calm2, which showed the highest transcriptional activity, and
other differentially expressed genes. Calcium signaling in the hippocampus was assumed to be disrupted in
mice exposed to chronic social defeat stress. The involvement of Calm2, Сamk1g, Camk2d, and Camk2n2
genes in the process is discussed.
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INTRODUCTION
Depression is a multifactorial condition caused by

an interaction of social, psychological, and physiolog-
ical factors and is among the most common mental
disorders [1]. Molecular mechanisms of depression
have been the focus of many studies. Depression-asso-
ciated genes are sought intensely [2–4]. The multi-
plicity of related genes agrees with the idea that
depression is a complex heterogeneous disorder that
involves various neurophysiological processes [5–7].

Distortion of calcium homeostasis in the central ner-
vous system is known to play a role in the mechanisms
of the majority of psychoemotional disorders, including
depression [8–10] and neurological conditions [11–15].
Calcium ions have been shown to regulate a variety of
processes in the normal living cell [16, 17], acting as sec-
ondary messengers to trigger important intracellular
signaling cascades in response to external stimuli [18]
via complexation with the calcium-binding protein
calmodulin [19–21]. In nervous tissue, calcium sig-
naling plays a special role in membrane depolariza-
tion and synaptic activity [22, 23] to ensure neuronal
plasticity and learning- and memory-related pro-
cesses [24].

The term “calciopathy” has been coined to collec-
tively describe various conditions due to distortion of

calcium-related processes. Calcium channelopathies
are disorders due to improper work of voltage-gated
calcium channels, result from dysfunction of ion
channel subunits or their regulatory proteins, and are a
major part of calciopathies along with dysfunctions of
regulatory pathways and mitochondria [25].

The hippocampus plays an important role in the
mechanisms of mental disorders and, in particular,
depression [15, 26, 27]. The hippocampus is a central
structure of the limbic system and is directly involved
in neurogenesis, emotion formation, memory consol-
idation, and the stress response [28, 29]. In view of
this, the objective of this work was to identify the genes
that change in expression in the hippocampus under
the influence of chronic social stress and code for pro-
teins involved in regulating the calcium processes. We
used the data from hippocampal transcriptome
sequencing (RNA-seq) in male mice exposed to
chronic social stress, which leads to a depression-like
condition [30, 31].

We assumed that a study of how and to what extent
expression of particular calcium process-related genes
changes in the hippocampus would help to better
understand the Ca2+-dependent molecular mecha-
nisms of a depression-like condition in mice exposed
to chronic social stress.
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EXPERIMENTAL
Animals. Experiments were performed in adult

male C57BL/6J mice that were 2.5–3 months old and
had a body weight of 26–28 g. The mice received
enough water and granulated food. The light–dark
cycle was 12 : 12 h. All experimental procedures were
performed in compliance with international guidelines
for animal research (Directive 2010/63/EU of the
European Parliament and of the Council on the Pro-
tection of Animals Used for Scientific Purposes). The
study protocol no. 9 was approved by the Ethics Com-
mittee at the Institute of Cytology and Genetics (Min-
utes no. 613 dated March 24, 2010).

Induction of a depression-like state in male mice.
The chronic social defeat stress model was used to
simulate a depression-like condition [31, 32]. Mice
were placed in pairs into an experimental cage with a
transparent perforated divider in the center. The
divider allowed the mice to see, hear, and smell each
other (sensory contact), but prevented their physical
interaction. The divider was removed every day in the
afternoon (from 3 to 5 p.m.), leading to agonistic
interactions. The first two or three days were used to
identify the winners, which demonstrated aggressive
behavior daily, and mice always defeated when inter-
acting with the same partner. The defeated males were
then daily transferred after the test into another cage
with a new aggressive partner separated by the divider.
When intense attacks by an aggressive male lasted
more than 3 min during an agonistic interaction test,
the interaction was terminated by placing the divider
back to avoid damage to the partner. The test was con-
tinued for up to 10 min otherwise. A depression-like
condition developed in the males with repeated social
defeat experience after 3 weeks of the experiment [31].

To perform a neurogenomic study, we selected the
mice with negative defeat experience and an overt
depressive condition, which was accompanied by anx-
iety, fear, and lower locomotor activity (the mice are
hereafter referred to as depressive mice). An alterna-
tive group used to study the specific changes included
mice that belonged to a contrasting social group, had
positive experience of winning between-male con-
frontations, and demonstrated aggressive behavior in
the test (hereafter, aggressive mice).

Mice of the depressive and aggressive test groups
were decapitated on the next day after the last con-
frontation. Males without consistent experience of
agonistic interactions were used as a control. The hip-
pocampus was excised according to the Allen Mouse
Brain Atlas (http://mouse.brain-map.org/static/atlas)
by the same researcher. The specimens were labeled,
placed into an RNAlater solution to prevent RNA deg-
radation, and stored at –70°C until sequencing.

Transcriptome analysis. Transcriptome sequencing
in hippocampal specimens of male mice was per-
formed by Genoanalytica (Moscow, Russia; http://
genoanalytica.ru/). Three mice were examined in each
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group. Each specimen was sequenced separately. Total
mRNA was isolated with a Dynabeads RNA Purifica-
tion kit (Ambion, United States), and cDNA libraries
were constructed according to the NEBNext protocol
for Illumina (NEB, United States). Sequencing of the
cDNA libraries was performed on an Illumina Hiseq
1500 platform (Illumina Sequencing, United States).
Only annotated genes were included in further analy-
sis. A gene expression level was measured in fragments
per kilobase of transcript per million mapped reads
(FPKM), using the Cufflinks program.

Gene ontology categories of differentially expressed
genes (DEGs) were determined using a bioinformatics
web resource. DEGs were identified as genes whose
expression levels differed significantly (p < 0.05)
between depressive and control mice, aggressive and
control mice, and depressive and aggressive mice. The
significance of differences was additionally assessed
using a correction for multiple comparisons (a q-value
was obtained as a p-value corrected by the Benjamini–
Hochberg method (FDR). The following web
resources were used to evaluate the gene ontology cat-
egories for DEG sets:

(1) STRING: Functional Protein Association Net-
works (http://string-db.org),

(2) GeneCards: The Human Gene Database
(https://genecards.org), and

(3) MalaCards: Human Disease Database (https://
malacards.org).

We initially focused on 75 genes whose protein
products are involved in various Ca2+-related pro-
cesses from Ca2+ transport through ion channels to
change the intracellular Ca2+ concentration to the
induction of Ca2+/calmodulin-dependent signaling
cascades via activation of the respective enzymes. The
genes are listed in Table S1 (see Supplementary Infor-
mation at http://www.molecbio.ru/downloads/2023/
2/supp_Pavlova_rus.pdf).

RESULTS AND DISCUSSION
Differences in DEGs set and the direction and

extent of changes in gene expression in the hippocam-
pus were observed between mice with alternative (neg-
ative or positive) types of social interaction experience.

Expression of 26 out of the 75 genes in depressive
mice significantly differed from that in control and
aggressive mice (Table 1). The genes code for function-
ally different proteins involved in calcium signaling.
Eleven genes (Cacna1a, Cacna1b, Cacna1g, Cacna1h,
Cacna1i, Cacna2d1, Cacnb1, Cacnb3, Cacng2, Cacng3,
and Cacng5) code for proteins of voltage-gated calcium
channels; seven genes (Calb1, Calcoco1, Calm2, Caln1,
Hpcal4, Ppp3r1, and S100a16) code for calcium-bind-
ing proteins; one gene (Caly) codes for the neuron-spe-
cific protein calcyon, which is necessary for maximal
Ca2+ release; three genes (Camk1g, Camk2d, and
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Table 1. DEGs involved in regulating calcium processes in the hippocampus in mice with alternative types of social experience

*Source: http://string-db.org.
Designations: Δ, upregulation: Δ, p < 0.05; ΔΔ, p < 0.01; ΔΔΔ, p < 0.001;., downregulation: ., p < 0.05, .., p < 0.01; ...,
p < 0.001, *q < 0.05. Mice: D, depressive; C, control; A, aggressive.

Gene Protein product* D vs. C A vs. C D vs. A

Cacna1a Calcium channel, voltage gated, type P/Q, subunit α-1A . Δ
Cacna1b Calcium channel, voltage gated, type N, subunit α-1B Δ
Cacna1g Calcium channel, voltage gated, type T, subunit α-1G ΔΔΔ ΔΔΔ*
Cacna1h Calcium channel, voltage gated, type T, subunit α-1H ΔΔ*
Cacna1i Calcium channel, voltage gated, subunit α-1I Δ
Cacna2d1 Calcium channel, voltage gated, subunit α-2/δ-1 . ...*
Cacnb1 Calcium channel, voltage gated, subunit β-1 Δ
Cacnb3 Calcium channel, voltage gated, subunit β-3 Δ ΔΔΔ*
Cacng2 Calcium channel, voltage gated, subunit γ-2 .. ΔΔΔ*
Cacng3 Calcium channel, voltage gated, subunit γ-3 Δ
Cacng5 Calcium channel, voltage gated, subunit γ-5 . ...*
Calb1 Calbindin 1, calcium-binding protein .

Calcoco1 Calcium-binding and coiled-coil domain-containing protein 1 Δ
Calm2 Calmodulin 2, calcium-binding protein . .

Caln1 Calneuron 1, calcium-binding protein 8 Δ ΔΔ*
Caly Calcyon, neuron-specific vesicular transmembrane protein Δ
Camk1g Calcium/calmodulin-dependent protein kinase Iγ Δ ΔΔΔ*
Camk2d Calcium/calmodulin-dependent protein kinase IIδ ΔΔΔ* ΔΔ*
Camk2n2 Calcium/calmodulin-dependent protein kinase II inhibitor 2 ΔΔ ΔΔΔ*
Hpcal4 Hippocalcin like 4, calcium-binding protein Δ
Ppp3r1 Protein phosphatase 3, calcineurin B, type I, Ca/calmodulin dependent ..

S100a16 S100 calcium-binding protein A16 ΔΔ Δ
Slc24a2 Na/K/Ca carrier protein, family 24, member 2 .

Slc24a4 Na/K/Ca carrier protein, family 24, member 4 Δ
Grin2a Glutamate ionotropic receptor NMDA type subunit 2A (Ca2+ permeable) .. ..

Grin2c Glutamate ionotropic receptor NMDA type subunit 2C (Ca2+ permeable) Δ
Total genes 26 13 2 24
Camk2n2) code for Ca2+/calmodulin-dependent pro-
tein kinases Iγ and IIϭ and a protein kinase II inhibitor;
two genes (Slc24a2 and Slc24a4) code for Na/K/Ca
transporters; and two genes (Grin2a and Grin2c) code
for subunits 2A and 2C of the NMDA glutamate recep-
tor with a high Ca2+ permeability.

A comparison of gene expression between the
depressive and aggressive mice (D vs. A) revealed dif-
ferences in expression of 24 genes. Of these, 17 genes
(Cacna1, Cacna1b, Cacna1g, Cacna1h, Cacna1i,
Cacnb1, Cacnb3, Cacng2, Cacng3, Calcoco1, Caln1,
Camk1g, Camk2d, Camk2n2, Hpcal4, S100a16, and
Grin2c) were expressed to a higher level in the depres-
sive mice compared with the aggressive mice, and the
other seven genes (Cacna2d1, Cacng5, Calb1, Calm2,
Ppp3r1, Slc24a2, and Grin2a) were expressed to a
higher level in the aggressive mice (Table 1).
Expression levels of 13 genes in the depressive mice
significantly differed from the levels observed in the
control mice (Fig. 1, Table 1). In particular, nine
genes (Cacna1g, Cacnb3, Camk1g, Camk2d, Cam-
k2n2, Caly, Caln1, S100a16, and Slc24a4) were upreg-
ulated and four genes (Cacna2d1, Cacng5, Grin2a, and
Calm2) were downregulated. Two genes (Cacng2 and
Cacna1a) were downregulated in the aggressive mice
compared with the control mice; genes upregulated in
stress were not detected (Fig. 1, Table 1).

A correlation analysis of expression of the 15 DEGs
shown in Fig. 1 showed differences in the type and
degree of correlations between them (Table 2; more
detailed data are summarized in Table S2, see Supple-
mentary Information).

Opposite correlations were observed between the
two groups of genes that changed in expression in the
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
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Fig. 1. (a) Upregulation and (b) downregulation of DEGs associated with the regulation of calcium processes in the hippocampus
in aggressive and depressive mice. Differences from the control were significant at *р < 0.05, **р < 0.01, or ***р < 0.001. Light
columns, control mice; dark columns, test mice. 
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depressive mice. The upregulated DEGs (Cacna1g,
Cacnb3, Camk1g, Camk2d, Camk2n2, Caly, Caln1,
S100a16, and Slc24a4) correlated positively, if at all,
with each other and negatively, if at all, with the down-
regulated DEGs (Cacna2d1, Cacng5, Grin2a, and
Calm2). Only positive, if any, correlations were
observed between the downregulated DEGs. Expres-
sion of Cacng5 did not correlate with expression of the
other genes (Table S2, see Supplementary Informa-
tion at http://www.molecbio.ru/downloads/2023/
2/supp_Pavlova_rus.pdf).

A positive correlation was found between the two
calcium channel DEGs (Cacna1a and Cacng2) that
changed in expression in the aggressive mice. The
finding indicates that the calcium channel subunits
encoded by the genes act in a coordinated manner to
regulate the calcium processes in the hippocampus in
aggressive mice (Table S2).
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
Five (Cacna1g, Camk1g, Camk2n2, Caln1, and
Calm2) out of the 15 DEGs showed maximal numbers of
correlations, including highly significant ones (р < 0.01
or р < 0.001), with each other and the other genes in
the alternative behavioral mouse groups (Table 2).
Саlm2 had the greatest number of correlations with
other genes, and the majority of these correlations
were negative (Table 2).

To further study the interactions of the 15 DEGs
in regulating the calcium processes, functional asso-
ciative relationships of the DEG-encoded proteins
were analyzed using the STRING database
(http://string-db.org). The associative relationships
of proteins encoded by 11 out of the 15 DEGs are
shown in Fig. 2.

The scheme (Fig. 2) indicates that Сalm2, Сamk1g,
Camk2d, Сamk2n2, and Grin2a (NMDA glutamate
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Fig. 2. Functional associative relationships of 11 DEG-encoded proteins according to STRING data (http://string-db.org).
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Camk2n2
receptor subunit α with a high Ca2+ permeability) may
play a key role in the formation of possible pathways
regulating the function of calcium channels.

DISCUSSION
Our study showed for the first time that genes for pro-

teins involved in regulating the calcium signaling pro-
Table 2. Co-expression of DEGs in the hippocampus in mal

#Data are shown for the five genes that had maximal numbers of cor
relations are in bold: *p < 0.05, **p < 0.01, ***p < 0.001; n is the nu

Gene Cacna1g Camk1g

Cacna1g – 0.812**
Cacnb3 0.791* 0.796*
Camk1g 0.812** –
Camk2d 0.678* 0.560
Camk2n2 0.844** 0.891**
Caly 0.571 0.666
Caln1 0.903*** 0.949***
S100a16 0.869** 0.750*
Slc24a4 0.790* 0.644
Cacna2d1 –0.634 –0.830**
Cacng5 –0.317 -0.398
Grin2a –0.670* –0.832**
Calm2 –0.853** –0.927***
Cacna1a 0.573 0.689*
Cacng2 0.620 0.826**
n 9 10
teins change in expression in the hippocampus of male
mice exposed to chronic social defeat stress. The find-
ings agree with the experimental data that the hippo-
campus as a central structure of the limbic system of the
brain is involved in the response to chronic social stress
[28, 29, 33, 34] and the pathogenesis of various mental
disorders, including autism, anxiety disorders, schizo-
phrenia, and depression in particular [26, 27, 35–39].
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023

e mice#

relations. Pearson correlation coefficients are given. Significant cor-
mber of significant correlations.

Camk2n2 Caln1 Calm2

0.844** 0.903*** –0.853**
0.795* 0.826** –0.845**
0.891** 0.949*** –0.927***
0.697* 0.648 –0.703*

– 0.941*** –0.953***
0.654 0.697* –0.784*
0.941*** – –0.942***
0.719* 0.851** –0.756*
0.566 0.719* –0.704*

–0.783* –0.861** 0.717*
-0.137 –0.283 0.287

–0.812** –0.801** 0.851**
–0.953*** –0.942*** –

0.640 0.608 –0.614
0.651 0.671* –0.683*

9 11 12
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Specific changes in expression of calcium process-
associated genes in the hippocampus were found to
accompany the response to chronic social stress in
mice of both test groups. The changes were greater in
depressive mice, which provide a model of human
depressive disorders [30, 31]. In total, 13 out of the
15 genes examined changed in expression in the
depressive mice (relative to the control). Only two
genes were regulated in the aggressive mice, and expres-
sion of these genes did not change in the depressive
mice (Fig. 1; Table 2, columns D vs. C and A vs. C).

However, 24 genes showed differences in expression
when we compared the two mouse groups with alterna-
tive types of social behavioral experience (Table 1, col-
umn D vs. A). Opposite changes occurring in the
groups relative to the control are probably responsible
for the greater difference observed in the comparison
of the aggressive vs. depressive mice.

It should be noted that expression of other gene
groups in the hippocampus has been studied in the
same model and that similar results have been
obtained. For example, five genes for collagen proteins
changed in expression in the hippocampus in aggres-
sive mice, while 15 genes were regulated in depressive
mice; only two genes were common in the gene sets of
the two mouse groups, and opposite changes in
expression were observed for these genes [40]. An
analysis of glutamatergic genes has revealed changes in
expression of only one gene in aggressive mice and
seven genes in depressive mice [41]. The above data
and the results of this work indicate that depressive
animals are more susceptible to the negative effect of
chronic social stress on expression of various genes in
the hippocampus.

Membrane voltage-gated calcium channels play
the most important role in calcium signaling because
Ca2+ ions transferred through these channels affect
many intracellular processes, such as electrical impulse
transmission in neurons, synaptic transmission, regu-
lation of cell secretion mechanisms, activation of
Ca2+-dependent cascades, and gene expression [23,
42–44]. It is thought that voltage-gated channels are
inactive and are activated when the membrane is
depolarized and the potential shifts to a positive
region, thus allowing Ca2+ influx into the cell [45, 46].
Uncontrolled chronic stress has been shown to change
the dendrite structure in the hippocampus and to
cause a higher calcium loading of cells upon depolar-
ization [28].

Six genes for proteins of voltage-gated channels
showed opposite changes in expression in the two test
groups (Fig. 1) and correlated both positively and neg-
atively to a various extent with each other and other
genes (Table S2, see Supplementary Information at
http://www.molecbio.ru/downloads/2023/2/supp_
Pavlova_rus.pdf). For example, Cacna1g expression
correlated positively with expression of nine other
DEGs and was increased in depressive mice. Сасna2d1,
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which belongs to the same family, decreased in expres-
sion and correlated negatively with five genes.
Cacng5 decreased in expression and lacked correla-
tion with other DEGs. The findings did not produce
a detailed picture of a concerted regulation of cal-
cium processes by DEGs of voltage-gated channels,
but point to their different roles in the response to
chronic social defeat stress.

Chronic social defeat stress, which causes a depres-
sion-like condition in animals, changed expression of
not only the genes for calcium channel subunits, but
also of several other genes whose protein products are
involved in the regulation of calcium signaling at its
various steps. Changes in expression were observed for
the genes for calcium-binding proteins, including
calmodulin, calcium/calmodulin-dependent protein
kinases, a protein kinase inhibitors, transmembrane
proteins that regulate Ca2+ influx into the cell, and
transporter proteins (Fig. 1, Table 1).

Interesting data were obtained for Саlm2, which
codes for the calcium-binding protein calmodulin (a
calcium-modulating protein). First, the Calm2 expres-
sion level (>800 FPKM) is manifold greater than
expression levels of other genes in the hippocampus
(Fig. 1). Second, Calm2 showed the greatest number of
correlations with other genes: ten positive and two neg-
ative correlations (Table 2).

Calmodulin is responsible for signal transmission to
Ca2+/calmodulin-dependent protein kinases and plays
a key role in the pathogenesis of psychoneurological
disorders [47]. Ca2+/calmodulin-dependent protein
kinases are especially active in brain tissues, where the
enzymes perform many functions, regulating synaptic
plasticity, gene expression, and remodeling of the cyto-
skeleton. A role of Ca2+/calmodulin-dependent protein
kinases in human depression and animal depression-
like conditions is a matter of discussion [48]. The
Ca2+/calmodulin complex has been shown to inactivate
the voltage-gated calcium channels when excessive
Ca2+ enters the cell, and the term “calmodulation” has
been proposed, meaning the regulation of calcium
channel activity by calmodulin [49].

Downregulation of Саlm2; upregulation of Camk1g,
Camk2d, and Camk2n2, which are functionally associ-
ated with Сalm2; and their correlations with other
genes indicate that substantial changes in the function
of the calcium/calmodulin-dependent protein kinase
complex and the respective calcium signaling system
in the hippocampus occur in animals in response to
chronic social defeat stress.

Based on our findings, the above genes are possible
to consider as key regulators of the calcium-dependent
signaling system in the hippocampus in chronic social
defeat stress. The idea is indirectly supported by the
associative relationships of their protein products.

A substantial decrease in Grin2a expression was
observed in the depressive mice, supplementing the
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Table 3. Candidate genes associated with human psychoneurological disorders and involved in regulating calcium processes

Gene Psychoneurological disorders

CACNA1A

Epilepsy. Autism. Huntington disease. Autistic spectrum disorder. Parkinson disease. Major 
depressive disorder. Bipolar disorder. Major affective disorder. Global developmental delay and 
mental retardation. Spinocerebellar ataxia. Migraine. Epileptic encephalopathy

CACNA1B
Schizophrenia. Bipolar disorder. Timothy syndrome. Epilepsy. Autism. Autistic spectrum disorder. 
Major depressive disorder. Psychosis. Spinocerebellar ataxia. Epileptic encephalopathy

CACNA1G

Epilepsy. Timothy syndrome. Autistic spectrum disorder. Autism. Parkinsonism. Schizophrenia. 
Epilepsy. Global developmental delay and mental retardation, including severe forms. Spinocere-
bellar ataxia

CACNA1H
Epilepsy. Autism. Autistic spectrum disorder. Timothy syndrome. Bipolar disorder. Schizophrenia. 
Psychosis. Global developmental delay and mental retardation. Familial hemiplegic migraine

CACNA1I
Epilepsy. Schizophrenia. Autistic spectrum disorder. Huntington disease. Global developmental 
delay and mental retardation. Autism

CACNA2D1
Timothy syndrome. Epilepsy. Schizophrenia. Autistic spectrum disorder. Autism. Schizophrenia. 
Bipolar disorder. Major depressive disorder. Global developmental delay and mental retardation

CACNB1 Autistic spectrum disorder. Autism. Major depressive disorder. Epilepsy. Huntington disease

CACNB3 Bipolar disorder. Hyperactivity attention deficit disorder

CACNG2
Schizophrenia. Epilepsy. Bipolar disorder. Major depressive disorder. Mental retardation. Mental 
developmental disorder

CACNG3 Epilepsy. Autistic spectrum disorder

CACNG5 Schizophrenia. Bipolar disorder. Parkinson disease. Epilepsy

CALB1
Huntington disease. Alzheimer’s disease. Parkinson disease. Schizophrenia. Bipolar disorder. Epi-
lepsy. Dementia. Autistic spectrum disorder

CALCOCO1 Schizophrenia. Panic disorder

CALM2 Alzheimer’s disease. Major depressive disorder

CALN1 Schizophrenia. Autism

CALY

Schizophrenia. Hyperactivity attention deficit disorder. Major depressive disorder. Posttraumatic 
stress disorder. Mental depression. Marasmus. Panic disorder. Autism. Dementia. Bipolar disorder. 
Autistic spectrum disorder. Epilepsy

CAMK1G Alzheimer’s disease. Huntington disease. Schizophrenia

CAMK2D Major depressive disorder. Parkinson disease. Epilepsy. Schizophrenia. Bipolar disorder

CAMK2N2 Schizophrenia. Amyotrophic lateral sclerosis

PPP3R1
Alzheimer’s disease. Dementia. Parkinson disease. Major depressive disorder. Spinocerebellar 
ataxia

SLC24A2 Epilepsy. Autism. Alzheimer’s disease. Autistic spectrum disorder. Schizophrenia

SLC24A4 Alzheimer’s disease. Bipolar disorder. Dementia

GRIN2A

Epilepsy. Schizophrenia. Bipolar disorder. Huntington disease. Alzheimer’s disease. Autism. 
Obsessive compulsive disorder. Psychosis. Mental depression. Parkinson disease. Major affective 
disorder

GRIN2C Parkinson disease. Alzheimer’s disease. Depression. Schizophrenia. Autism. Mental retardation
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picture of DEG regulation in the hippocampus (Fig. 1).
Grin2a codes for a protein of glutamate-dependent
Ca2+-permeable ion channels and plays a key role in
the mechanisms of certain types of memory and learn-
ing [50]. Grin2a showed a positive correlation with
Саlm2 and negative correlations with six other genes,
including Camk1g, Camk2d, Camk2n2, and Саln1 for a
calmodulin family protein. The finding indicates that
activities of Grin2a and the above genes in the hippo-
campus are coordinated in the depressive mouse group.

Our data suggest that calciopathy, including cal-
cium channelopathy, may develop to distort calcium
signaling in the mouse hippocampus in response to
chronic social defeat stress.

Genes of the Сасna group attract particular atten-
tion now. The genes code for proteins of voltage-
gated calcium channels, which are thought to play a
crucial universal role in the pathogenesis of many
neuropsychological disorders [51–55]. For example,
Cacna1b, Cacna1g, Cacna1h, and Cacna1i are asso-
ciated with autism, and their expression was found to
change in depressive mice in our study. The finding
agrees with data from other studies that have used the
same behavioral model and demonstrated that genes
associated with autistic traits are upregulated in
depressive mice [41, 56].

The 26 DEGs associated with calcium signaling in
mice (Table 1) were compared with their human
counterparts with the use of genetic databases
(https://www.malacards.org/ and https://www.gene-
cards.org/) and published data [54]. In total, 24 genes,
that were found to be differentially expressed in the
hippocampus of mice, were associated with neurode-
generative and mental disorders in humans (Table 3).
A similarity in DEGs associated with calcium processes
between mice and humans make it possible to expect
that common mechanisms may be found to underlie
various psychoneurological disorders and their risk may
be predicted using the genetic markers identified.

CONCLUSIONS

The Calm2, Camk1g, Сamk2d, and Camk2n2 genes,
which are differentially expressed in the hippocampus
of depressive mice, correlate with DEGs coding for
voltage-gated calcium channels and may play a key
role in regulating the channel function. Grin2a, which
codes for an ionotropic glutamate receptor subunit,
may play a substantial role. In total, our findings
demonstrate that calcium signaling-related genes
change in expression, making it possible to assume
that calciopathy, including calcium channelopathy,
develops in the hippocampus of mice with a depres-
sion-like condition due to negative experience of
defeats and chronic social defeat stress.
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