1' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 28 February 2017
doi: 10.3389/fphar.2017.00089

OPEN ACCESS

Edited by:
Ashok Kumar,
University of Florida, USA

Reviewed by:

Xiaogang Wu,

Institute for Systems Biology, USA
Yi Hu,

Shengjing Hospital, China Medical
University, China

*Correspondence:
Anastasiya Kasian
kasian@img.ras.ru

Specialty section:

This article was submitted to
Neuropharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 27 June 2016
Accepted: 13 February 2017
Published: 28 February 2017

Citation:

Filatova E, Kasian A, Kolomin T,
Rybalkina E, Alieva A, Andreeva L,
Limborska S, Myasoedov N,
Pavlova G, Slominsky P and
Shadrina M (2017) GABA, Selank, and
Olanzapine Affect the Expression of
Genes Involved in GABAergic
Neurotransmission in IMR-32 Cells.
Front. Pharmacol. 8:89.

doi: 10.3389/fphar.2017.00089

Check for
updates

GABA, Selank, and Olanzapine Affect
the Expression of Genes Involved in

GABAergic Neurotransmission in
IMR-32 Cells

Elena Filatova’, Anastasiya Kasian'*, Timur Kolomin', Ekaterina Rybalkina?,
Anelya Alieva’, Lyudmila Andreeva?®, Svetlana Limborska’, Nikolay Myasoedov?,
Galina Pavlova*, Petr Slominsky' and Maria Shadrina’

" Department of Molecular Basis of Human Genetics, Institute of Molecular Genetics, Russian Academy of Sciences,
Moscow, Russia, ¢ Laboratory of Tumor Cells Genetics, Blokhin Russian Cancer Research Center, Ministry of Health of the
Russian Federation, Moscow, Russia, ® Department of Chemistry of Physiologically Active Compounds, Institute of Molecular
Genetics, Russian Academy of Sciences, Moscow, Russia, * Group of Neurogenetics and Developmental Genetics, Institute
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Clinical studies have shown that Selank had an anxiolytic effect comparable to that
of classical benzodiazepine drugs, which can enhance the inhibitory effect of GABA
by allosteric modulation of GABAa receptors. These data suggest that the molecular
mechanism of the effect of Selank may also be related to its ability to affect the
performance of the GABAergic system. To test this hypothesis, we studied the changes
in expression of 84 genes involved in the functioning of the GABAergic system and in
the processes of neurotransmission in the culture of neuroblastoma IMR-32 cells using
gPCR method. As test substances, in addition to Selank, we selected the major GABAA
receptor ligand, GABA, the atypical antipsychotic, olanzapine, and combinations of these
compounds (Selank and GABA,; Selank and olanzapine). We found no changes in the
mRNA levels of the genes studied under the effect of Selank. The combined effect of
GABA and Selank led to nearly complete suppression of changes in expression of genes
in which mRNA levels changed under the effect of GABA. When Selank was used in
conjunction with olanzapine, the expression alterations of more genes were observed
compared with olanzapine alone. The data obtained indicate that Selank has no direct
effect on the mRNA levels of the GABAergic system genes in neuroblastoma IMR-32
cells. At the same time, our results partially confirm the hypothesis that the peptide may
affect the interaction of GABA with GABAA receptors. Our data also suggest that Selank
may enhance the effect of olanzapine on the expression of the genes studied.
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INTRODUCTION

Drugs that are based on natural regulatory peptides are currently becoming more widely used.
Synthetic analogs of regulatory peptides typically contain only natural amino acids in their
structure, so that they practically do not have any toxic side effects. Drugs that are developed on the
basis of regulatory peptides can provide directional effects on certain human body systems and are
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already used for the treatment of a variety of human
diseases, such as cardiovascular disease (Gusev et al., 1997),
gastrointestinal disease (Ivanov Iu and Iasnetsov, 2000), viral
infections (Ershov et al., 2009; Andreeva et al., 2010), and various
pathologies of the nervous system (Gusev et al., 2005).

Selank is a synthetic analog of the natural immunopeptide
taftsin, belonging to a group of drugs of peptidic nature, and was
developed at the Institute of Molecular Genetics of the Russian
Academy of Sciences, in cooperation with the Zakusov Scientific
Research Institute of Pharmacology. This peptide consists of the
short fragment Thr-Lys-Pro-Arg of the heavy chain of the human
immunoglobulin G and the tripeptide Pro-Gly-Pro at the end of
the molecule, which provides metabolic stability and duration
of action of the drug (Ashmarin et al., 2005; Ashmarin, 2007).
Clinical trials of Selank have shown that this peptide can affect
both the immune and the nervous system (Czabak-Garbacz et al.,
2006; Semenova et al., 2008). It was shown that Selank had
a pronounced anxiolytic effect comparable to that of classical
benzodiazepine drugs (Seredenin et al., 1990, 1998). It is known
that the classical benzodiazepines act via gamma-aminobutyric
acid (GABA) type A receptors. They enhance the GABA effect by
allosteric modulation, which increases the frequency of opening
of channels for chlorine ions. The Selank action mechanism may
be related to its ability to affect the performance of the GABAergic
system.

Previously, it was shown that Selank causes a marked change
in the expression of genes involved in inflammatory processes in
the hippocampus and spleen of rodents (Kolomin et al., 2010,
2011, 2014). Our results have confirmed at the molecular level
that the clinical effects observed after the introduction of Selank
are related to its antiviral activity (Ershov et al., 2009; Andreeva
et al., 2010).

Recent studies have shown that amount of specifically bound
ligand (PH]GABA) changes in the presence of Selank, and
Selank preliminary intranasal administration causes a change in
the number of GABA-specific binding sites but does not affect
receptor affinity (V'yunova et al., 2014). Based on these data,
the authors suggested that Selank can lead to a rapid change
in the GABAergic system state by binding to GABA receptors
and allosterically modulating the activity of GABAA receptor.
It is possible that the transcriptome changes that we previously
identified are implemented partially via modulation of activity
of GABA, receptors by Selank. Earlier, we also found a positive
correlation between the changes in the expression of genes
involved in neurotransmission in the frontal cortex of rats within
1 h after administration of Selank or GABA. Our results showed
that Selank caused a number of alterations in the expression of
genes involved in the functioning of the GABAergic system and
in the processes of neurotransmission (Volkova et al., 2016).

To test the hypothesis of a possible effect of Selank through
the regulation of the activity of GABA, receptors, we studied the
changes in expression of 84 genes involved in neurotransmission
in the IMR-32 cell line in response to Selank. The human
neuroblastoma cell line, IMR-32, was chosen for study because
these cells express functional GABA receptors (Anderson et al.,
1993; Noble et al., 1993; Sapp and Yeh, 2000). To detect the
effects associated with the action on the GABA, receptor,

we also conducted analysis of the changes in gene expression
in response to GABA, a major GABA, receptor ligand, and
olanzapine, which is an atypical benzodiazepine that has the most
pronounced affinity for 5-HT, receptors (Bymaster et al., 1996).

MATERIALS AND METHODS

Cells and Reagents

The human neuroblastoma cell line, IMR-32, was obtained from
the AT.C.C. (LGC Standards Sp. z.0.0., Poland). The cells
were maintained in a humidified atmosphere containing 5%
CO? and 95% humidified air at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM) with L-glutamine (PanEco, Russia)
supplemented with 10% fetal bovine serum (FBS) (PanEco), and
gentamicin (50 mkg/ml) (Veropharm, Russia).

Selank, GABA, and Olanzapine Treatment
IMR-32 cells were seeded into 6-well plates (Corning, The
Netherlands) at 1-2 million cells per well in 4 ml of cell culture
medium with Phenol Red per well, following incubation for 24 h
at 37°C to allow the cells to adhere. After 24 h of incubation,
physiological solution (50 mkl), Selank (1 nmol per well), GABA
(1 nmol per well), olanzapine (1 nmol per well), a mixture of
GABA and Selank (1 nmol of GABA and 1 nmol of Selank
per well), or a mixture of Selank and olanzapine (1 nmol of
Selank and 1 nmol of olanzapine per well) were added into the
culture medium and the cells were incubated with the reagents
for 1 h. The specified dose of Selank was selected as an optimum
dose, that is used in studies of effects of peptides in cell cultures
(Dolotovetal., 2015). All procedures were performed twice. After
incubation with the reagents, the cells were washed with 1 ml
of the physiological solution and immediately lyzed with 0.5
ml of Trizol reagent (Invitrogen, Thermo Fisher Scientific Inc.)
per well. The lyzed cells were stored at —70°C prior to further
procedures.

RNA Purification, Reverse Transcription,

and Quantitative Real-Time PCR (qPCR)

The lysates were incubated at —20°C for 1 h, then at +4°C
for 1 h prior to RNA purification. Chloroform (0.1 ml) was
added to each lysate. Tubes were shaken vigorously by hand
for 15s and incubated at room temperature for 3 min. After
incubation, the samples were centrifuged at 12000 x g for 15
min at +4°C. The aqueous phase was placed into a new tube
and the RNA isolation procedure was carried out using the
QIAamp® RNA mini kit (Qiagen, Germany) according to the
manufacturer’s recommendations. RNA quality was monitored
using an Experion automated electrophoresis system (Bio-Rad
Laboratories). The RNA quality index was higher than 8.5 in
all samples. First-strand ¢cDNAs were synthesized using the
RT? First Strand Kit (Qiagen) according to the manufacturer’s
protocol. qPCR was performed using the Custom Human RT?
Profiler™ PCR Array: CAPH11633C (Qiagen). Amplification
was carried out on the StepOnePlus™ Real-Time qPCR System
(Life Technologies, USA) using the RT? SYBR Green Mastermix
(Qiagen, Germany). Thermal cycling was carried out as follows:
(1) 95°C for 600 s, followed by (2) 40 cycles of 15s at 95°C
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and 60s at 60°C. All reactions were repeated three times for
the cDNAs from each experimental and control cells. The qPCR
study follows the MIQE guidelines.

Statistical Analysis

The threshold reaction cycle (Cq) values obtained for the
genes studied were normalized to the Cg-values of the four
reference genes: TFRC, TSPO, B2M, and UBC. Statistical data
analysis of the normalized Cg-values and identification of
significant differences between the levels of expression of the
genes studied in nerve cells in the human neuroblastoma
cell line IMR-32 after the incubation with the physiological
solution and in the cells after the incubation with the substances
studied was performed using the RT? Profiler PCR Array Data
Analysis version 3.5 (http://pcrdataanalysis.sabiosciences.com/
pcr/arrayanalysis.php). Data analysis is based on the AACy
method with normalization of the raw data to reference genes.
Genes in which the mRNA level changed significantly (p < 0.05)
1.5 times or more were taken into account in the analysis of the
changes in expression under the action of the test compounds.
A comparison of significant changes of gene expression after
the incubation with the substances studied was performed using
the Spearman’s rank correlation coefficient with Statistica v8.0
software. The gene set enrichment analysis (GSEA) of the
genes studied and visualization of functional relations between
proteins, encoded by these genes, were performed using Pathway
Studio version 11.2.5.9 (Elsevier, USA).

RESULTS

We studied the effects of Selank, GABA, olanzapine, as well as
combinations of these compounds (Selank and GABA; Selank
and olanzapine) on the changes of mRNA levels of the 84
genes involved in neurotransmission processes in nerve cells
in the human neuroblastoma cell line IMR-32. Preliminary
analysis showed that the values of threshold cycles (Cq) of 15
genes studied (BIRC3, CACNAIA, CX3CRI, DRD1, GABRA4,
GABRA6, GABRD, GABRP, GABRRI, HCRT, IL2, MMP?7,
NPFFR2, SLC6A12, and PTGS2) were higher than 35, which
indicates the low representation of mRNA in cells examined.
Therefore, these genes were excluded from further analysis.

The results of the expression analysis of the effects of Selank,
GABA, olanzapine, and their combinations on the expression of
69 genes are shown in Table 1. After incubation of IMR-32 cells
with GABA, 14 genes changed their expression with the majority
of them (11) showing a decrease in the mRNA level. The mRNA
levels of three genes increased: GABRG2 increased 1.7 times, and
GABRAS5 and GNAQ increased 1.6 times. Incubation of the cell
culture with olanzapine resulted in changes of expression of 25
genes: transcript levels of 21 genes were decreased. The decrease
in expression of three genes was especially pronounced in CSF2
(4.5 times), FOS (3 times), and JUNB (5.3 times). Four genes
(GABRA5, GABRG2, GNACQ, and SNCA) showed an increase
of expression of no more than 2-fold compared with the control
cells. It should be noted that there were no changes in the mRNA
levels of the genes studied under the effect of Selank in the
IMR-32 cells.

Statistically significant change in the expression of only one
gene, JUNB, whose mRNA level decreased 1.7 times, was shown
after incubation of the IMR-32 cells simultaneously with Selank
and GABA. At the same time, changes in the mRNA levels of
the greatest number of genes were shown after incubation of the
IMR-32 cells simultaneously with Selank and olanzapine when
compared with all compounds and their combinations studied.
Significant changes in the expression of 35 of 69 genes chosen
for the analysis were shown: 29 genes showed decreased mRNA
levels, and transcript levels of 10 of them (ADORA2A, CSF2,
CX3CLI1, DRD3, FOS, GABBRI, JUNB, MMP10, NPFFR1, and
SLC32A1) decreased more than 3 times. The mRNA levels of six
genes (BIRC2, GABRA5, GABRG2, GNAQ, ODCI, and SNCA)
increased after the incubation of the IMR-32 cells with Selank and
olanzapine.

The cumulative analysis of all obtained statistically significant
data showed that after the incubation of IMR-32 neuroblastoma
cells with all the compounds and their combinations a
decrease in mRNA levels of most of the genes studied (31)
was observed; in contrast, mRNA levels of only six genes
(BIRC2, GABRA5, GABRG2, GNAQ, ODCI, and SNCA) were
increased.

It should also be noted that the most pronounced change in
expression was observed for two genes, CSF2 and JUNB, after
incubation of cells with the compounds studied. mRNA levels of
these genes decreased three times after incubation with GABA,
4.5 and 5.3 times after incubation with olanzapine, and 6.3 and
6.7 times after incubation with Selank and olanzapine. Moreover,
the JUNB gene was characterized by a significant 1.7-fold
decrease in expression after incubation of the cells with GABA
and Selank. This gene is the only one in which mRNA levels
changed significantly in the four variants of incubation of IMR-
32 cells with various compounds (namely, GABA; olanzapine;
Selank and GABA; Selank and olanzapine).

Another interesting feature is that despite the fact that no
statistically significant change in expression of the genes under
study was observed under the effect of Selank, the combined
effect of GABA and Selank led to nearly complete suppression of
changes in expression of genes in which mRNA levels changed
under the effect of GABA (Figure 1). When Selank was used
in conjunction with olanzapine, the expression alterations of
more genes were observed compared with olanzapine alone.
Furthermore, changes in mRNA levels became more pronounced
(Figure 2).

The correlation analysis was conducted for genes in which
the mRNA levels significantly changed under the effect of the
compounds studied. As a result, we discovered a very strong
positive correlation between gene expression changes under the
effect of GABA and those under the effect of olanzapine (r = 0.98,
p <0.05).

We also conducted the Gene Set Enrichment Analysis
(GSEA) of the genes which mRNA levels changed significantly
in neuroblastoma cells IMR-32 after incubation with the
mixture of Selank and olanzapine. The results are shown in
Table 2. This group of genes was chosen for the analysis
because the mixture of Selank and olanzapine caused changes
in expression of the largest number of the genes when
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FIGURE 2 | The relative change in gene expression in neuroblastoma cells IMR-32 after incubation with olanzapine and after incubation with
olanzapine and Selank. The figure shows only statistically significant results (o < 0.05). mRNA levels of genes in the control group were taken as 1.

TABLE 2 | Biological processes that were revealed by GSEA of the genes which mRNA levels changed significantly in neuroblastoma cells IMR-32 after
incubation with the mixture of Selank and olanzapine.

Name of biological process GO ID Number of Overlap Overlapping entities p-value
entities
Gamma-aminobutyric acid signaling 7214 29 7 GABRR2; GABRA2; GABBR1, GABRA5; GABRB3;, GABRG2;, GABRQ 1.15E-13
pathway
Transmembrane transport 55085 805 13 SLC8A3; GABRB3; ADCY7; GABRA5; CACNAT1B; SLC6A11; SLC32A1; 3.22E-09
SLC38A1; GABRR2; GABRQ; GABRA2; HTR3A; GABRG2
Neurotransmitter secretion 7269 72 6 ALDH5A1; CACNA1B; SLC6A11; SLC32A1; ABAT; GLS 6.27E-09
lon transport 6811 627 iR GABRAS5; CACNA1B; SLC32A1; SLC38A1; GABRR2; GABRQ; SLC8A3; 2.86E-08
GABRA2; GABRB3; HTR3A; GABRG2
Signal transduction 0007165; 1843 17 ADORA1; ADCY7; GNAQ; GABRB3; GNAI1; DRD3; DRD2; GABRA5; 3.08E-08
0023033 GABRR2; GABRQ; MCHR1; GPR85; PRKCE; ADORA2A; GABBR1; PRKCA;
GABRG2
Response to organic cyclic 14070 253 8 JUNB; BIRC2; ICAM1; BCL2L1; CACNA1B; FOS; JUN; PRKCA 3.31E-08
compound
Response to drug 0042493; 509 10 DRD3; DRD2; JUNB; ICAM1; SLC6AT1; FOS; JUN; ABAT; SNCA; ADORA2A  4.73E-08
0017035
lon transmembrane transport 34220 291 7 GABRA2; GABRA5; GABRB3; GABRR2; GABRQ; HTR3A, GABRG2 1.63E-06

the subunit composition of this receptor (Sieghart, 1995; Zezula
et al.,, 1996; Rudolph and Knoflach, 2011). Currently, the subunit
composition of GABA, receptors present in neuroblastoma
IMR-32 cell culture is not precisely defined. mRNAs of some
genes that code al, a3, a4, B1, B3, y2, and 8 subunits of GABA,
receptors were discovered in this cell culture (Sapp and Yeh,
2000). However, presently, only the expression of o3, 1, B3,
and y2 subunits has been confirmed at the protein level by
Western blot hybridization and electrophysiological methods
(Noble et al., 1993; Sapp and Yeh, 2000). These data indicate
that the variants of GABA -receptors, the subunit composition
of which is very limited, function in the IMR-32 cell line.
Thus, it can be assumed that Selank has no direct effect on
GABA, receptors, presented in the IMR-32 cell culture, due
to the composition of the receptor subunits included in these
receptors.

Despite the fact that the effect of Selank in the cell culture
investigated appears to be mediated by mechanisms unrelated
to a direct interaction with the GABA, receptor, the peptide
is able to change the affinity of the GABA to the GABA,
receptor (V’yunova et al, 2014). Previously, it was shown
that Selank is able to affect the specific binding of GABA to
GABA, receptors that may be caused by modulating properties
of the peptide, which appear to consist of a change of the
affinity of the endogenous ligands for the receptor under the
effects of Selank on the receptor (V'yunova et al., 2014).
We can assume that the reduction in the number of genes
that changed their expression from 14 (cell culture when
incubated with GABA) to one gene (incubation with Selank
and GABA) partially support the hypothesis of a possible effect
of the peptide through the regulation of GABAergic system
activity.
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FIGURE 3 | Gamma-aminobutyric acid signaling pathway.

It should be noted that, although olanzapine is an atypical
neuroleptic with pronounced affinity and activity for the
serotonin 5-HT, receptor (Bymaster et al., 1996), the mechanism
of action of olanzapine may also be associated with the effect
on the GABAergic system. Thus, Skilbeck et al. have shown that
atypical antipsychotics, such as olanzapine, affect the density of
GABA4 receptors in the prefrontal cortex (Skilbeck et al., 2007,
2008). Furthermore, the anxiolytic effect of olanzapine (Moore
etal, 1992; Inoue et al., 1996; Fu et al., 2000; Nemeroft, 2005) may
be associated with increasing concentrations of allopregnanolone
(Marx et al.,, 2000, 2003), which increases the frequency and
duration of opening of channels for chlorine ions and enhances
the inhibitory effect of GABA by binding to GABA, receptors
(Paul and Purdy, 1992; Twyman and MacDonald, 1992). Our
data confirm that olanzapine is able to affect the expression of the
GABAergic system genes, providing a pronounced effect on the
mRNA levels of genes studied in the culture of the neuroblastoma
IMR-32 cells. The presence of a pronounced positive correlation
between changes in gene expression under the effect of GABA
and olanzapine also provides support. It was demonstrated that
olanzapine has a very weak affinity for the GABA, receptor,
which is represented in various tissues of humans and rats
(Bymaster et al., 1996). It can be assumed that the features of
the subunit composition of GABA, receptors of this cell type
affects the receptor affinity to olanzapine. On the other hand,
the observed changes in the mRNA levels of the genes studied
after the incubation of IMR-32 cell culture with olanzapine
may be mediated by its effects on receptor systems that differ

from the GABAergic system. Although neuroblastoma cell line
IMR-32 predominantly express functional GABA 5 receptors, the
receptors of other systems (for example, nicotinic and muscarinic
acetylcholine receptors) are present in the cell culture (Fraser and
Lee, 1995; Gopalakrishnan et al., 2011).

Moreover, the data obtained indicate that the number of genes
that changed their expression after the incubation with mixture
of Selank and olanzapine is higher than the number of genes
whose mRNA levels changed after the incubation with olanzapine
alone. In addition, changes of transcript levels became more
pronounced, which indicates that Selank may enhance the effect
of olanzapine on expression of the genes studied. Unfortunately,
although we currently do not have a detailed explanation for this
phenomenon, we can make the following supposition: olanzapine
binds to the GABA, receptor and changes its structure so that
Selank becomes capable of allosterically modulating the receptor
and thereby enhances the effect of olanzapine in the cell culture
studied.

The GSEA of the genes which mRNA levels changed
significantly in neuroblastoma cells IMR-32 after incubation with
the mixture of Selank and olanzapine showed that proteins
encoded by these genes play important roles in processes of
signal transduction in neurons, because biological processes,
revealed by Gene Ontology enrichment analysis, are involved
in neurotransmission. We also analyzed “gamma-aminobutyric
acid signaling pathway,” the most significant of the biological
processes identified, and built a scheme that visualized a
functional relations between entities of this biological process and
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where brain derived neurotrophic factor (BDNF) played central
role (Figure 3). It was shown that Selank may regulate expression
of Bdnf in rat hippocampus after intranasal administration
(Inozemtseva et al., 2008). Therefore, the observed changes in
expression of the genes studied in neuroblastoma cells IMR-
32 after incubation with the mixture of Selank and olanzapine
suggest that Selank may modulate the action of olanzapine by
affecting BDNF.

Thus, the data obtained indicate that Selank has no direct
effect on the expression of genes of the GABAergic system in
neuroblastoma IMR-32 cells. We can assume, that difference
between expression profiles after the incubation with GABA and
mixture of Selank and GABA partially confirms the hypothesis
that the peptide may affect the interaction of GABA with GABA,
receptors.

REFERENCES

Anderson, S. M., De Souza, R. J, and Cross, A. J. (1993). The human
neuroblastoma cell line, IMR-32 possesses a GABA, receptor lacking
the benzodiazepine modulatory site. Neuropharmacology 32, 455-460.
doi: 10.1016/0028-3908(93)90169-4

Andreeva, L. A, Nagaev, I. Y., Mezentseva, M. V., Shapoval, I. M,
Podchernyaeva, R. Y., Shcherbenko, V. E., et al. (2010). Antiviral properties
of structural fragments of the peptide Selank. Dokl Biol. Sci. 431, 79-82.
doi: 10.1134/50012496610020031

Ashmarin, I. P. (2007). Glyprolines in regulatory tripeptides. Neurochem J. 1,
173-175. doi: 10.1134/S1819712407030014

Ashmarin, I. P., Samonina, G. E., Lyapina, L. A., Kamenskii, A. A,
Levitskaya, N. G., Grivennikov, I. A., et al. (2005). Natural and hybrid
(“chimeric”) stable regulatory glyproline peptides. Pathophysiology 11,179-185.
doi: 10.1016/j.pathophys.2004.10.001

Bymaster, F. P., Calligaro, D. O., Falcone, J. F., Marsh, R. D., Moore,
N. A, Tye, N. C, et al. (1996). Radioreceptor binding profile of the
atypical antipsychotic olanzapine. Neuropsychopharmacology 14, 87-96.
doi: 10.1016/0893-133X(94)00129-N

Czabak-Garbacz, R., Cygan, B., Wolanski, L., and Kozlovsky, I. (2006). Influence
of long-term treatment with tuftsin analogue TP-7 on the anxiety-phobic states
and body weight. Pharmacol. Rep. 58, 562-567.

Dolotov, O. V., Eremin, K. O., Andreeva, L. A., Novosadova, E. V., Raevskii,
K. S., Myasoedov, N. F,, et al. (2015). Semax prevents the death of tyrosine
hydroxylase-positive neurons in a mixed neuroglial cell culture derived from
the embryonic rat mesencephalon in a model of 6-hydroxydopamine-induced
neurotoxicity. Neurochem. J. 9, 295-298. doi: 10.1134/S1819712415040066

Ershov, F. I, Uchakin, P. N., Uchakina, O. N., Mezentseva, M. V., Alekseeva, L. A.,
and Miasoedov, N. F. (2009). Antiviral activity of immunomodulator Selank in
experimental influenza infection. Vopr. Virusol. 54, 19-24.

Fraser, C. M., and Lee, N. H. (1995). Regulation of muscarinic receptor
expression by changes in mRNA stability. Life Sci. 56, 899-906.
doi: 10.1016/0024-3205(95)00026-3

Fu, Y., Zhu, Z. T., Chen, L. J,, Yu, L. P, and Jin, G. Z. (2000). Behavioral
characteristics of olanzapine: an atypical neuroleptic. Acta Pharmacol. Sin. 21,
329-334.

Gopalakrishnan, S. M., Philip, B. M., Gronlien, J. H., Malysz, J., Anderson, D.
J., Gopalakrishnan, M., et al. (2011). Functional characterization and high-
throughput screening of positive allosteric modulators of alpha7 nicotinic
acetylcholine receptors in IMR-32 neuroblastoma cells. Assay Drug Dev.
Technol. 9, 635-645. doi: 10.1089/adt.2010.0319

Gusev, E. I, Skvortsova, V. I, and Chukanova, E. I. (2005). Semax in prevention
of disease progress and development of exacerbations in patients with
cerebrovascular insufficiency. Zh. Nevrol. Psikhiatr. Im. S S Korsakova 105,
35-40.

AUTHOR CONTRIBUTIONS

EE TK, ER, GP, and LA performed the experimental work. AK,
AA, MS, and PS undertook all statistical analyses and helped with
their interpretation. PS and MS designed the study. AK and MS
wrote the first draft of the manuscript. MS and PS contributed
to the final writing of the manuscript. SL and NM was involved
in revising the manuscript critically for important intellectual
content. All authors contributed to and have approved the final
manuscript.

ACKNOWLEDGMENTS

This study was supported by the grant of Russian Science
Foundation (project No. 16-15-00238).

Gusev, E. I, Skvortsova, V. I, Miasoedov, N. F., Nezavibatko, V. N., Zhuravleva,
Elu., and Vanichkin, A. V. (1997). Effectiveness of semax in acute period of
hemispheric ischemic stroke (a clinical and electrophysiological study). Zh.
Nevrol. Psikhiatr. Im. S S Korsakova 97, 26-34.

Inoue, T., Tsuchiya, K., and Koyama, T. (1996). Effects of typical and
atypical antipsychotic drugs on freezing behavior induced by conditioned
fear. Pharmacol. Biochem. Behav. 55, 195-201. doi: 10.1016/S0091-3057(96)
00064-0

Inozemtseva, L. S., Karpenko, E. A., Dolotov, O. V., Levitskaya, N. G., Kamensky,
A. A., Andreeva, L. A, et al. (2008). Intranasal administration of the peptide
Selank regulates BDNF expression in the rat hippocampus in vivo. Dokl. Biol.
Sci. 421, 241-243. doi: 10.1134/S0012496608040066

Ivanov Iu, V., and Iasnetsov, V. V. (2000). The effect of semax and mexidol on the
course of acute pancreatitis in rats. Eksp. Klin. Farmakol. 63, 41-44.

Kolomin, T. A., Shadrina, M. L, Agniullin, Y. V., Shram, S. L, Slominskii, P. A.,
Limborska, S. A, et al. (2010). Transcriptomic response of rat hippocampus and
spleen cells to single and chronic administration of the peptide Selank. Dokl
Biochem. Biophys. 430, 5-6. doi: 10.1134/S1607672910010023

Kolomin, T., Morozova, M., Volkova, A., Shadrina, M., Andreeva, L., Slominsky,
P., et al. (2014). The temporary dynamics of inflammation-related genes
expression under tuftsin analog Selank action. Mol. Immunol. 58, 50-55.
doi: 10.1016/j.molimm.2013.11.002

Kolomin, T., Shadrina, M., Andreeva, L., Slominsky, P., Limborska, S.,
and Myasoedov, N. (2011). Expression of inflammation-related genes
in mouse spleen under tuftsin analog Selank. Regul. Pept. 170, 18-23.
doi: 10.1016/j.regpep.2011.05.001

Marx, C. E., Duncan, G. E., Gilmore, J. H., Lieberman, J. A., and Morrow, A. L.
(2000). Olanzapine increases allopregnanolone in the rat cerebral cortex. Biol.
Psychiatry 47, 1000-1004. doi: 10.1016/S0006-3223(99)00305-4

Marx, C. E., VanDoren, M. J., Duncan, G. E., Lieberman, J. A., and Morrow,
A. L. (2003). Olanzapine and clozapine increase the GABAergic neuroactive
steroid allopregnanolone in rodents. Neuropsychopharmacology 28, 1-13.
doi: 10.1038/sj.npp.1300015

Moore, N. A, Tye, N. C, Axton, M. S., and Risius, F. C. (1992). The
behavioral pharmacology of olanzapine, a novel “atypical” antipsychotic agent.
J. Pharmacol. Exp. Ther. 262, 545-551.

Nemeroff, C. B. (2005). Use of atypical antipsychotics in refractory depression and
anxiety. J. Clin. Psychiatry 66(Suppl. 8), 13-21.

Noble, P. J., Anderson, S. M., De Souza, R. J., Cross, A. J., and Stephenson,
F. A. (1993). Identification of the GABA, receptor alpha 3 subunit
in the IMR-32 neuroblastoma cell line. J. Neurochem. 61, 752-755.
doi: 10.1111/.1471-4159.1993.tb02182.x

Paul, S. M., and Purdy, R. H. (1992). Neuroactive steroids. FASEB J. 6, 2311-2322.

Rudolph, U., and Knoflach, F. (2011). Beyond classical benzodiazepines: novel
therapeutic potential of GABA, receptor subtypes. Nat. Rev. Drug Discov. 10,
685-697. doi: 10.1038/nrd3502

Frontiers in Pharmacology | www.frontiersin.org

February 2017 | Volume 8 | Article 89


https://doi.org/10.1016/0028-3908(93)90169-4
https://doi.org/10.1134/S0012496610020031
https://doi.org/10.1134/S1819712407030014
https://doi.org/10.1016/j.pathophys.2004.10.001
https://doi.org/10.1016/0893-133X(94)00129-N
https://doi.org/10.1134/S1819712415040066
https://doi.org/10.1016/0024-3205(95)00026-3
https://doi.org/10.1089/adt.2010.0319
https://doi.org/10.1016/S0091-3057(96)00064-0
https://doi.org/10.1134/S0012496608040066
https://doi.org/10.1134/S1607672910010023
https://doi.org/10.1016/j.molimm.2013.11.002
https://doi.org/10.1016/j.regpep.2011.05.001
https://doi.org/10.1016/S0006-3223(99)00305-4
https://doi.org/10.1038/sj.npp.1300015
https://doi.org/10.1111/j.1471-4159.1993.tb02182.x
https://doi.org/10.1038/nrd3502
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Filatova et al.

Selank Affects the Expression of the GABAergic Genes

Sapp, D. W., and Yeh, H. H. (2000). Heterogeneity of GABA(A) receptor-mediated
responses in the human IMR-32 neuroblastoma cell line. . Neurosci. Res. 60,
504-510. doi: 10.1002/(SICI)1097-4547(20000515)60:4<504::AID-JNR9>3.0.
COs2-Y

Semenova, T. P., Kozlovskaya, M. M., Zuikov, A. V., Kozlovskii, I. I., Zakharova, N.
M., and Andreeva, L. A. (2008). Use of Selank to correct measures of integrative
brain activity and biogenic amine levels in adult rats resulting from antenatal
hypoxia. Neurosci. Behav. Physiol. 38,203-207. doi: 10.1007/s11055-008-0030-2

Seredenin, S. B., Blednov Yu, A., Badyshtov, B. A., Gordey, M. L., and Nagovitsina,
Y. A. (1990). Pharmacogenetic analysis of mechanisms of emotional stress:
effects of benzodiazepines. Ann. Ist. Super. Sanita 26, 81-87.

Seredenin, S. B., Kozlovskaia, M. M., Blednov Iu, A., Kozlovskii, I. I., Semenova,
T. P., Czabak-Garbacz, R, et al. (1998). The anxiolytic action of an analog
of the endogenous peptide tuftsin on inbred mice with different phenotypes
of the emotional stress reaction. Zh. Vyssh. Nerv. Deiat. Im. I P Pavlova 48,
153-160.

Sieghart, W. (1995). Structure and pharmacology of gamma-aminobutyric acidA
receptor subtypes. Pharmacol. Rev. 47, 181-234.

Skilbeck, K. J., O'Reilly, J. N., Johnston, G. A., and Hinton, T. (2007). The
effects of antipsychotic drugs on GABA, receptor binding depend on period
of drug treatment and binding site examined. Schizophr. Res. 90, 76-80.
doi: 10.1016/j.schres.2006.11.009

Skilbeck, K. J., O’Reilly, J. N., Johnston, G. A., and Hinton, T. (2008). Antipsychotic
drug administration differentially affects [*H]muscimol and [*H]flunitrazepam
GABA, receptor binding sites. Prog. Neuropsychopharmacol. Biol. Psychiatry
32, 492-498. doi: 10.1016/j.pnpbp.2007.10.003

Twyman, R. E., and MacDonald, R. L. (1992). Neurosteroid regulation of GABA 5
receptor single-channel kinetic properties of mouse spinal cord neurons in
culture. J. Physiol. 456, 215-245. doi: 10.1113/jphysiol.1992.sp019334

Volkova, A., Shadrina, M., Kolomin, T., Andreeva, L., Limborska, S., Myasoedov,
N., et al. (2016). Selank administration affects the expression of some
genes involved in GABAergic neurotransmission. Front. Pharmacol. 7:31.
doi: 10.3389/fphar.2016.00031

V’yunova, T. V., Andreeva, L. A., Shevchenko, K. V., Shevchenko, V. P,
and Myasoedov, N. F. (2014). Peptide regulation of specific ligand-receptor
interactions of GABA with the plasma membranes of nerve cells. Neurochem. J.
8,259-264. doi: 10.1134/S1819712414040114

Zezula, J., Slany, A., and Sieghart, W. (1996). Interaction of allosteric ligands
with GABA, receptors containing one, two, or three different subunits. Eur.
J. Pharmacol. 301, 207-214. doi: 10.1016/0014-2999(96)00066-0

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Filatova, Kasian, Kolomin, Rybalkina, Alieva, Andreeva,
Limborska, Myasoedov, Pavlova, Slominsky and Shadrina. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

10

February 2017 | Volume 8 | Article 89


https://doi.org/10.1002/(SICI)1097-4547(20000515)60:4<504::AID-JNR9>3.0.CO;2-Y
https://doi.org/10.1007/s11055-008-0030-2
https://doi.org/10.1016/j.schres.2006.11.009
https://doi.org/10.1016/j.pnpbp.2007.10.003
https://doi.org/10.1113/jphysiol.1992.sp019334
https://doi.org/10.3389/fphar.2016.00031
https://doi.org/10.1134/S1819712414040114
https://doi.org/10.1016/0014-2999(96)00066-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

	GABA, Selank, and Olanzapine Affect the Expression of Genes Involved in GABAergic Neurotransmission in IMR-32 Cells
	Introduction
	Materials and Methods
	Cells and Reagents
	Selank, GABA, and Olanzapine Treatment
	RNA Purification, Reverse Transcription, and Quantitative Real-Time PCR (qPCR)
	Statistical Analysis

	Results
	Discussion
	Author Contributions
	Acknowledgments
	References


