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Many studies have shown that early experience, particularly of neonatal infections, has a role in forming
high anxiety levels in later life. One of the mechanisms of these changes may consist of impairments to
the functional activity of ionotropic glutamate receptors associated with rearrangements in their subunit
composition. The aim of the present work was to study measures of anxiety and levels of expression of
genes for NMDA receptor (Grinl, Grin2a, Grin2b) and AMPA receptor (Grial, Gria2) subunits in the
medial prefrontal cortex, ventral and dorsal parts of the hippocampus in adult rats which at an early age
had received bacterial lipopolysaccharide (LPS) at doses inducing the development of neuroinflammatory
processes. Gene expression was studied by real-time reverse transcription PCR (QRT-PCR). Administration
of LPS at doses of 25 and 50 pg/kg to male Wistar rats on days 15, 18, and 21 of life induced increases
in the expression of genes for proinflammatory cytokines IL-1f3 and tumor necrosis factor in parts of the
hippocampus. Increases in the expression of the Grin2b, Grial, and Gria2 genes in the ventral parts of the
hippocampus were seen three months after LPS administration (after injection of 50 pg/kg LPS), as were
increases in expression of the Gria2 gene in the dorsal part of the hippocampus (after injection of 25 pg/kg
LPS). These changes were accompanied by impairment to exploratory behavior in the open field test and
decreased anxiety levels in the elevated plus maze. These studies showed that administration of bacterial
LPS in early postnatal ontogeny leads to time-delayed changes in the expression of genes for NMDA and
AMPA receptor subunits in the hippocampus and the associated forms of behavior.
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Ancxiety disorders are the commonest mental disorders
throughout the world: data from different studies indicate
that from 3.8% to 33.7% of adult people encounter such
problems at least once during their lives [1, 2]; the molecu-
lar mechanisms of predisposition to developing anxiety dis-
orders remain poorly studied.

Many studies have indicated a role for early experience,
particularly of prenatal and neonatal stresses and infectious
disease, in forming high anxiety levels in later life [3, 4].
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An experimental model of neonatal infectious diseases
is provided by administration of bacterial lipopolysaccharide
(LPS, endotoxin) to animals; LPS is an element of the cell
wall of Gram-negative bacteria. Binding to Toll-like recep-
tors type IV (TLR4), LPS induces the synthesis of proinflam-
matory cytokines — interleukins (IL)-1f and -6 and tumor
necrosis factor (TNF) — in cells of the immune and nervous
systems [5], which leads to the development of a prodromal
syndrome including increased body temperature, impair-
ments to digestive and exploratory motivations, suppression
of social activity, a predominance of slow-wave sleep, and
activation of the hypothalamo-hypophyseal-adrenal system
[6]. These effects were short-lived in adults after administra-
tion of moderate endotoxin doses, though administration of
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Fig. 1. Experimental scheme. Bacterial LPS was given to rats on days 15, 18, and 21. Expression of genes for proinflammatory cytokines
was studied in the medial prefrontal cortex (mPFC) and dorsal and ventral hippocampus (DH, VH) 2 h after the last injection. Levels of
exploratory and anxiety behavior were assessed in the open field and elevated plus maze tests at age 3—-3.5 months. Expression of the genes
for NMDA and AMPA receptor subunits were determined in the mPFC, DH, and VH in a separate group of animals at the same age.

the same endotoxin doses in early ontogeny could produce
long-lasting adverse effects on CNS functions. In particu-
lar, the offspring of rats given LPS during pregnancy and
rat pups in the first days of life were found in adolescence to
display elevated locomotor activity [7], to develop depres-
sion-like and anxious behavior [8-10], and in adulthood to
display depression-like changes in behavior [10-12].

It has been suggested that one of the factors in the occur-
rence of psychoemotional disorders associated with negative
environmental influences at early age may be impaired forma-
tion of NMDA and AMPA glutamate receptors in CNS cells
[13]. The role of these receptors in controlling neuroplastici-
ty, learning and memory processes is widely recognized [14—
17]. However, the involvement of NMDA and AMPA recep-
tors in the pathogenesis of bipolar disorders is also discussed
[18-20], as the level of expression of NMDA receptors in the
hippocampus correlates with measures of anxiety [21], while
intrahippocampal administration of their agonists modulates
anxiety levels in experimental animals [22].

The functional activity of NMDA and AMPA recep-
tors is directly related to their subunit composition [23-25].
The NMDA receptor complex is a heterotetramer consist-
ing of an obligatory GluN1 subunit and variant GluN2(a—d)
or GluN3(a,b) subunits, such that there is great functional
and regional variation in NMDA receptors [24]. NMDA re-
ceptor subunits are encoded by the Grinl, Grin2a-Grin2d,
Grin3a, and Grin3b genes. AMPA receptors consist of four
subunits, GluA(1-4) and are usually dimers of two GluA2
dimers and two other (GluA1l, GluA3, or GluA4) subunits
[26]. AMPA receptor subunits are encoded by the Grial-
Gria4 genes. GluA2-containing receptors, in contrast to
those not containing these subunits, are impermeable to cal-
cium ions [27].

Early postnatal ontogeny is a critical period in the for-
mation of the subunit composition of NMDA and AMPA
receptor complexes in the rat brain. Maturation of recep-
tors is apparent as changes in their construction, the process
having different dynamics in different parts of the brain and
different neuron subtypes [28-32]. Significant age-related
rearrangements in the subunit composition of NMDA re-
ceptors take place in the rat hippocampus at 2-3 weeks of
life [33-35]. These are expressed particularly as increases

in GluN2a production and, as a result, increases in the pro-
portion of NMDA receptors containing this subunit. AMPA
receptors in cortical neurons mature at essentially the same
time [36, 37]. Immature synapses contain calcium-per-
meable AMPA receptors, which are replaced by GluA2-
containing calcium-impermeable receptors as the brain
matures [38]. Data on the influences of neonatal infections
on the formation of the subunit composition of NMDA and
AMPA receptors during their critical maturation period are
few and scattered.

The present study assessed measures of anxiety and lev-
els of expression of the genes for NMDA and AMPA recep-
tor subunits in brain cells in adult rats given bacterial LPS
during the third week of life — the period of active formation
of the subunit composition of NMDA and AMPA receptors.

Methods. Study system and experimental design.
Experiments were performed on Wistar rat pups in compli-
ance with the humanitarian principles laid out in European
Community Directive No. 86/609/EC and approved by the
local Ethics Committee of the Institute of Evolutionary
Physiology and Biochemistry. Animals were kept in the
institute animal house as stress associated with transport-
ing pregnant females could have significant influences on
the behavior of the offspring. Rat pups were kept with their
mothers to age 30 days, after which they were separated
and kept in standard conditions. Studies used a total of 73
rats from 18 litters (31 in behavioral and 42 in biochem-
ical experiments). The numbers of rat pups in litters var-
ied (8 or 9 animals). Female pups were by necessity left
in the litter but were not used in experiments. Male pups
from each litter were divided into three groups: animals of
two groups received i.p. LPS at the moderately pyrogenic
doses of 25 or 50 pg/kg on days 15, 18, and 21 of life, while
rats of the control group received i.p. administration of the
same volume of apyrogenic physiological saline at the same
times. These LPS doses were moderately pyrogenic, as they
increased body temperature by 0.6—1.9°C in most animals
2—-4 days after administration, as determined in preliminary
experiments. LPS was given three times to model frequent
childhood infections. During administration, rat pups were
parted from their mothers for no more than 15 sec. The ex-
perimental scheme is shown in Fig. 1.
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The experimental model used here was characterized,
particularly for evidence of the ability of the LPS doses
used to trigger inflammatory processes in the brain, by de-
capitating a proportion of the experimental and control ani-
mals 2 h after the last injection for subsequent determina-
tion of the expression of genes for proinflammatory cyto-
kines IL-1f, IL-6, and TNF in brain cells.

The long-term effects of LPS administration in the third
week of life on the expression of the genes for NMDA and
AMPA receptor subunits and glutamate-dependent forms of
behavior were evaluated in individual groups of experimen-
tal and control rats at age 3—3.5 months.

Behavioral testing. Open field. Orientational-explora-
tory behavior, locomotor activity, and anxiety levels in rats
were evaluated in the open field test, which was a round
arena of diameter 100 cm with sides of height 40 cm and a
double floor, with 16 openings of diameter 3.5 cm and depth
1 cm, which were termed “holes.” Testing was performed
once, for 3 min. Experiments were run from 18:00 to 22:00
with an illumination level of 25 1x. After each rat, the arena
was wiped with 0.6% hydrogen peroxide to remove odors
and then with water to remove peroxide, after which the
arena was wiped dry. The animals’ behavior was assessed in
terms of the durations of behavioral patterns of exploratory
behavior (rearings with support, exploration of holes), anx-
iety (vertical rearings without support, grooming), and loco-
motor activity (locomotion, movement on the spot).

Elevated plus maze. Anxiety and exploratory behavior
were also assessed in the elevated plus maze, which consist-
ed of two open and two closed arms, 50 cm long and 10 cm
wide, positioned perpendicular to each other. The heights
of the walls of the closed arms was 40 cm and the height
of the apparatus from the floor was 60 cm. Animals were
tested once, for 5 min, at illumination levels of 25 1x for the
open arms, 5 min after testing in the open field. Anxiety in
the rats were assessed in terms of the total time spent in the
open arms and exploratory activity was assessed in terms of
the total duration of peeking from the closed arms.

Determination of the durations of behavioral acts in both
tests was in real time using the ethology program Field 4, de-
veloped at the Department of Physiology, Pavlov Institute of
Experimental Medicine.

Assessment of gene expression levels. Gene expression
levels were evaluations in terms of the contents of mRNA
for the genes of interest relative to the content of mRNA
for the reference gene, which was the housekeeping gene
Gapdh. Animals aged 3-3.5 months were decapitated and
brains were removed and immediately frozen in liquid nitro-
gen and stored at —70°C until biochemical studies were run.

Total RNA was extracted from the brain structures of in-
terest and used in reverse transcription reactions followed by
polymerase chain reactions (RT-PCR) in real-time conditions.

RNA extraction. The medial prefrontal area of the cor-
tex (mPFC) and the dorsal and ventral parts of the hippo-
campus (DH, VH) were harvested from frozen brains on

slices using a Thermo Scientific Microm HMS525 cryostat
microtome at —20°C using the scheme described in the Rat
Brain Atlas in Stereotaxic Coordinates [39], with boundar-
ies rostral and caudal relative to the bregma from 4.20 to
2.52 mm for the mPFC, from -2.64 to —5.28 mm for the
DH, and from —4.56 to —5.28 mm for the VH.

Total RNA was extracted from brain structures by sin-
gle-step acid guanidine-isothiocyanate-phenol-chloroform
extraction following the protocol provided with the TRI re-
agent. Immediately after extraction, brain structures were
placed in TRIzol (TRI Reagent®; Molecular Research
Centre Inc., USA) and homogenized. The resulting solution
was then supplemented with chloroform. Ten minutes after
intense mixing for 1 min, the solution was centrifuged at
12000 g for 30 min and the resulting upper aqueous phase,
containing RNA, was collected into a separate tube and left
for 12-15 h with the same volume of isopropanol at +4°C.
This solution was then centrifuged at 12000 g for 15 min
and the resulting RNA pellet was placed in 70% ethanol for
storage at —20°C until reverse transcriptase-polymerase re-
actions were run to produce complementary DNA (cDNA)
from the RNA template.

RT-PCR. Dried RNA pellets were dissolved in dieth-
ylpyrocarbonate-treated deionized water. RNA concentra-
tions were measured with a Nano Drop 2000 spectropho-
tometer (Thermo Fisher Scientific Inc., USA) to determine
optical density at a wavelength of 260 nm. Reverse tran-
scription was run using 1 pg of RNA from each sample.
Oligo-dT primers were annealed to RNA at +70°C for 5 min.
After brief cooling and centrifugation, tubes were supple-
mented with reaction mix containing reverse transcription
buffer, nucleotides, RNase inhibitors, and M-MLYV reverse
transcriptase using the quantities specified in the M-MLV
reverse transcriptase manufacturer’s protocol (Promega,
Fitchburg, USA). Tubes were placed for 70 min in a C1000
Touch™ thermal cycler (Bio-Rad Laboratories, USA) for
cDNA synthesis reactions on the RNA template at +42°C.
After stopping the reaction at +65°C for 10 min, the result-
ing cDNA samples were stored at —20°C until the real-time
polymerase chain reaction was run.

PCR using TagMan technology was by supplementa-
tion of 1 pl of cDNA samples with reaction mix containing
Taq buffer, MgCl, solution, nucleotides, forward and re-
verse primers, probe, and Taq polymerase using the quanti-
ties specified in the TagM polymerase manufacturer’s pro-
tocol (Alkor-Bio, St. Petersburg, Russia). Amplification
was run in a C1000 Touch™ thermal cycler with a CX96
Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, USA) using the following program: a hot start
at +95°C, 300 sec; denaturation at +95°C for 5 sec; primer
annealing and elongation with recording of fluorescence at
+60°C for 10 sec (50 cycles). Analysis of each sample was
run in duplicate. A negative control without template was
run, along with a negative reverse transcription control
(RNA samples without reverse transcription in the RT reac-
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TABLE 1. Nucleotide Sequence of Primers and Probes
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Gene, (GeneBank), encoded protein Nucleotide sequences (5" — 3'): forward primer, reverse primer, probe Reference
Gandh TGCACCACCAACTGCTTAG
(NI{)/I 017008) GGATGCAGGGATGATGTTC [40]
- HEX-ATCACGCCACAGCTTTCCAGAGGG-BHQ-1
ILIbeta CACCTCTCAAGCAGAGCACAG
(NM_031512) GGGTTCCATGGTGAAGTCAAC
1-1p FAM-TGTCCCGACCATTGCTGTTTCCTAGG-BHQ-1
IL6 CAAGACCATCCAACTCATCTTG
(NM_012589) CACAGTGAGGAATGTCCACAAAAC [41]
11-6 FAM-TCGGCAAACCTAGTGTGCTATGCCTAAGCA-BHQ-1
Tnf CCAGGTTCTCTTCAAGGGACAA
(NM_012675) CTCCTGGTATGAAATGGCAAATC
TNF FAM-CCCGACTATGTGCTCCTCACCCACA-BHQ-1
Grinl GTTCTTCCGCTCAGGCTTTG
(NM_012573) AGGGAAACGTTCTGCTTCCA [42]
GIuN1 FAM-CGGCATGCGCAAGGACAGCC-BHQ-1
Grin2a GCTACACACCCTGCACCAATT
(NM_012573) CACCTGGTAACCTTCCTCAGTGA
GluN2a FAM-TGGTCAATGTGACTTGGGATGGCAA-BHQ-1 143]
Grin2b CCCAACATGCTCTCTCCCTTAA
(NM_012574) CAGCTAGTCGGCTCTCTTGGTT
GluN2b FAM-AGACGCCAAACCTCTAGGCGGACAG-BHQ-1
Grial TCAGAACGCCTCAACGCC
(NM_031608) TGTAGTGGTACCCGATGCCA
GluAl ROX-TCCTGGGCCAGATCGTGAAGCTAGAAAA-BHQ-2 [44]
Gria2 CAGTGCATTTCGGGTAGGGA
(NM_017261) TGCGAAACTGTTGGCTACCT
GluA2 FAM-TCGGAGTTCAGACTGACACCCCA-BHQ-1

tion mix). The nucleotide sequences of the primers and
probes are shown in Table 1.

Amplification curves were analyzed in the Bio-Rad
CFX Manager™ 2.1 program (Bio-Rad Laboratories, USA)
using threshold curves. Primer effectiveness in multiplex
PCR was checked in separate experiments. Relative quanti-
ties of mRNA in test samples assessed using the 2-AACt
method relative to the level of mRNA for the housekeeping
gene Gapdh [45] and averaged values for the control group.

Statistical analysis. Statistical data processing was run
in Microsoft Excel (Microsoft Corp., USA), SPSS Statistics
20 (IBM Corp., USA), and GraphPad Prism 8 (GraphPad
Software Inc., USA). Normal distributions of datasets were
evaluated using the Kolmogorov—Smirnov test. As many
of the study parameters did not have normal distributions,
groups were compared using the Kruskal-Wallis H test with
the a posteriori Dunn test. Differences were regarded as sig-
nificant at p < 0.05. Plots show medians and interquartile
intervals.

Results. Administration of LPS at early age increas-
es the level of expression of proinflammatory genes in the
hippocampus. These experiments demonstrated increases in
the level of expression of the interleukin-1f gene IL1beta in
the dorsal and ventral areas of the hippocampus in rat pups
2 h after the final injection of LPS on day 21 of postnatal

development as compared with control animals given phys-
iological saline; a statistically significant increase in this pa-
rameter was also seen in the dorsal part of the hippocampus
on administration of the lower dose of LPS, 25 pg/kg (phys-
iological saline/LPS25 p = 0.03; physiological saline/LPS50
p = 0.09; pairwise comparison using Dunn’s test, Fig. 2, B),
and in the ventral hippocampus with both the higher LPS
dose of 50 pg/kg (physiological saline/LPS25 p = 0.13;
physiological saline/LPS50 p = 0.01; pairwise comparison
using Dunn’s test, Fig. 2, C). There was no change in this pa-
rameter in the medial prefrontal cortex after either LPS dose
as compared with animals of the control group (p > 0.05,
Kruskal-Wallis test, Fig. 2, A).

The level of expression of the interleukin-6 gene IL-6
showed no significant change 2 h after administration of
LPS into the mPFC or areas of the hippocampus (p > 0.05,
Kruskal-Wallis test, Fig. 2, D-F).

An increased level of expression of the tumor necrosis
factor gene Tnf as compared with the control group was
seen in the dorsal hippocampus of animals 2 h after injec-
tion of 50, but not 25, pg/kg of LPS (physiological saline/
LPS25 p = 0.51; physiological saline/LPS50 p = 0.03; pair-
wise comparison using Dunn’s test, Fig. 2, H), the quantity
of mRNA for this gene in the VH being no different from
that in controls after administration of both LPS doses
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group, a posteriori Dun’s test. n = 4-8. Data are presented as medians and interquartile intervals.

(p > 0.05, Kruskal-Wallis test, Fig. 2, I). The increase in
production of Tnf mRNA in the mPFC after administration
of LPS did not reach statistical significance (H =5.7,p =
=0.051, Kruskal-Wallis test, Fig. 2, G).

Administration of LPS at early age leads to long-term
impairments to orientational-exploratory behavior. Testing
of animals in the open field revealed a reduction in explor-
atory activity in adult animals given LPS in week 3 as com-
pared with animals of the control group, which was appar-
ent as a decrease in the total duration of rearing with support
(H = 6.10, p = 0.047, pairwise comparison, Dunn’s test,
physiological saline/LPS25, p = 0.04, Fig. 3, A). The same
tendency was seen in relation to the total number or rearings
with support, though the difference did not reach statistical
significance (H = 5.75, p = 0.057). Further measures of ex-
ploratory behavior — the total duration of hole exploration in
the open field and the duration of peeking from the open
arms of the elevated plus maze — did not identify any be-
tween-group differences (H=29,p=023and H=29,p =
=0.24, respectively, Kruskal-Wallis test, Fig. 3, C, D).

Anxiety in adult animals given LPS in the early period
of postnatal ontogeny was lower than in control rats, which
was apparent as an increase in the time spent in the open

arms of the elevated plus maze (H=12.87, p =0.002, phys-
iological saline/LPS50 p = 0.004, pairwise comparison,
Dunn’s test, Fig. 3, F). An increase in grooming time in an-
imals given LPS did not reach the level of statistical signif-
icance (H=4.3, p = 0.12, Kruskal-Wallis test, Fig. 3, E).

The duration of locomotor activity was decreased in
rats given LPS 25 pg/kg (H="7.20, p = 0.028, physiological
saline/LPS25, p = 0.051, pairwise comparison, Dunn’s test,
Fig. 3, G). In terms of movement on the spot, there were no
significant differences between animals of the three groups
(H=54,p=0.07, Kruskal-Wallis test, Fig. 3, H). As clear
qualitative impairments of motor functions in experimental
rats were not seen, it can be suggested that the decrease in
locomotion in the novel space was linked with decreased
exploratory activity.

Thus, administration of LPS in the third week of life
led to moderate impairment to exploratory behavior and re-
ductions in the level of anxiety in the experimental animals.

Administration of LPS at early age induces long-term
changes in the level of expression of the genes for NMDA
and AMPA receptors in the hippocampus. PCR analysis
of the quantities of mRNA for glutamate NMDA receptor
subunit genes Grinl, Grin2a, and Grin2b and the Grin2a/
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Grin2b ratio did not identify any differences in the mPFC or
DH between the control group and groups of animals given
each dose of LPS at early age (Kruskal-Wallis test, mPFC:
Grinl H=2.6,p=0.28,Fig. 4, A; Grin2aH=0.8,p =0.68,
Fig. 4, D; Grin2b H = 0.7, p = 0.73, Fig. 4, G; Grin2a/
Grin2b H =22, p =0.34, Fig. 4, J; DH: Grinl H < 0.1,
p =096, Fig. 4, B; Grin2a H =23, p = 0.34, Fig. 4, E;
Grin2bH=23,p=0.34,Fig. 4, H; Grin2a/Grin2b H=3 2,
p=0.21,Fig. 4, K).

The ventral area of the hippocampus also showed no
differences between groups in terms of the level of expres-
sion of genes for the GluN1 and GluN2a subunits (Kruskal—
Wallis test, Grinl H = 3.4, p = 0.18, Fig. 4, C; Grin2a
H =12, p =0.57, Fig. 4, F). An increase in the level of
production of mRNA for the GluN2b subunits in the VH
in adult animals given 50 ug/kg LPS in week 3 as com-
pared with the control group (physiological saline/LPS25
p = 0.64, physiological saline/LPS50 p < 0.01, pairwise
comparison, Dunn’s test, Fig. 4, I) wa seen, along with a
decrease in the ratio of the mRNA quantities Grin2a/Grin2b
in the ventral hippocampus of these animals as compared
with controls (physiological saline/LPS25 p = 0.12; physio-
logical saline/LPS50 p <0.01, pairwise comparison, Dunn’s
test, Fig. 4, L).

The level of expression of the gene for the GluAl
subunit of the AMPA receptor was not different the mPFC
of in adult animals of the three groups (H =3.2, p =0.21,

Kruskal-Wallis test, Fig. 5, A), while increased levels were
seen in the dorsal and ventral areas of the hippocampus,
these being statistically significant for the dorsal area af-
ter LPS 25 pg/kg (physiological saline/LPS25 p < 0.01,
physiological saline/LPS50 p = 0.08, pairwise comparison,
Dunn’s test, Fig. 5, B) and after LPS 50 pg/kg in the ventral
area (physiological saline/LPS25 p = 0.83, physiological
saline/LPS50 p < 0.01, pairwise comparison, Dunn’s test,
Fig.5,0).

A high level of mRNA for the GluA2 AMPA receptor
subunit was also seen in the ventral area of the hippocampus,
after 50 ug/kg LPS as compared with control animals (phys-
iological saline/LPS25 p = 0.80, physiological saline/LPS50
p =0.03, pairwise comparison, Dunn’s test, Fig. 5, F). There
were no differences in the level of expression of the Gria2
gene in the mPFC and DH of adult animals of the three
groups (H=4.8,p=0.09; H=4.2, p =0.12, Kruskal-Wallis
test, (Fig. 5, D, E).

Discussion. The present studies identified long-term
impairments to exploratory behavior, decreased anxiety lev-
els, and changes in the expression of genes for the subunits of
ionotropic glutamate receptors in the rat hippocampus after
administration of bacterial LPS in the early postnatal period
at doses inducing the development of inflammatory reactions
(increased proinflammatory cytokine synthesis) in the brain.

The closest analog to our work is a study reported by
Harré et al., [46], who assessed the expression of genes for
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NMDA receptors in rats given single doses of bacterial LPS
at different stages of early postnatal ontogeny. Features of
our study were that apart from NMDA receptor subunits, we
addressed changes in the expression of the genes for AMPA
receptor subunits, LPS was given as courses, and each LPS
dose was smaller (25 or 50 pg/kg vs. 100 ug/kg used by
Harré et al.). In addition, our study included a differential
analysis of changes occurring in the ventral and dorsal parts
of the hippocampus. The latter was important in relation to
appearance in recent years of studies demonstrating differ-
ent functional roles for the ventral and dorsal areas of the
hippocampus [47-49].

Our studies showed that courses of LPS in the third
week of life increased the expression of the gene for the
GluN2b subunit of the NMDA receptor and decreased the
GluN2a/2b mRNA ratio in the ventral but not the dorsal hip-
pocampus and not in the medial prefrontal cortex. These

results are consistent with data obtained by Harré et al., who
demonstrated an increase in the production of GluN2b
mRNA in rat hippocampal cells after administration of LPS
on day 14 of life [46]. In contrast to these authors, we did
not find any increase in the expression of the GluN2b sub-
unit gene in the frontal cortex, nor any increase in the ex-
pression of the GluN2a subunit gene in the hippocampus,
which may be associated with the lower LPS dose used in
our experiments.

Expression of AMPA receptor subunit genes was not
studied in the work reported by Harré et al., though it was in-
vestigated by Galic et al. using another experimental model
— after intracerebroventricular administration of Polyl:C (a
synthetic molecule which models viral infection) on day 14
of life. In adulthood, these experimental rats showed increas-
es in the expression of the GluA1 subunit gene in the hippo-
campus [50], which is consistent with our results obtained in
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the bacterial LPS model. In addition, we found an increase
in the production of GluA2 subunit mRNA in the ventral
hippocampus, which was not seen in the Polyl:C model [50].

Attention is drawn to the fact that the most marked
changes in the expression of genes both for proinflammatory
cytokines and ionotropic glutamate receptor subunits were
seen in these experiments in the hippocampus but not in the
medial prefrontal cortex. The greater sensitivity to system-
ic LPS administration of hippocampal neurons over medial
prefrontal cortex neurons has been demonstrated in electro-
physiological studies [51]. Systemic LPS administration pro-
duces spike-wave discharges in the hippocampus but not the
cortex. Some authors have suggested that the hippocampus
has selectively elevated sensitivity to proinflammatory agents
[47]. This may be linked with the high density of receptors
for proinflammatory cytokine interleukin-1, which mediates
the central effects of LPS, in hippocampal cells [52].

In our studies, adult rats given LPS in the third week
of life showed more marked changes in the expression of
genes for NMDA and AMPA receptor subunits in the ventral
(as compared with the dorsal) hippocampus. As the ventral
hippocampus plays an important role in regulating emotion-
al behavior, particularly anxiety levels [47], these results
provided the opportunity to analyze the effects of neonatal
administration of LPS on anxiety behavior in adult animals.

Courses of LPS in week 3 of life were found to lead to
minor decreases in exploratory behavior in the open field
test and anxiety levels in the elevated plus maze.

The influence of neonatal injections of LPS on these
forms of behavior have previously been evaluated in a num-
ber of studies. Most investigators gave injections of LPS to

experimental animals in the first days of life. Increased anx-
iety, including in the elevated plus maze, was demonstrated
in adolescent rats given injections of LPS 50 ug/kg on days
5 and 7 of life [53]. High anxiety levels were also seen in
adult rats given LPS 25 pg/kg on the first day of life [54] or
50 pg/kg on days 3 and 5 of life [55]. However, other au-
thors using the same models (administration of 50 pg/kg of
LPS on days 3 and 5 of life) noted decreased anxiety in ad-
olescents [56] and adults [57].

There are significantly fewer studies in which LPS was
given in the third week of life. Doenni et al. showed that
injection of LPS 100 pg/kg on day 14 of life led to impair-
ment of the extinction of fear in response to a conditioned
stimulus in adult trained rats, with no impairment to behav-
ior in the elevated plus maze [58]. Spencer et al. used an
analogous experimental paradigm and found no changes in
anxiety levels, though impairments to exploratory behavior
were demonstrated [59]. The effects of neonatal LPS injec-
tions on anxiety levels may depend on the endotoxin dose
and its timing.

The decreased anxiety levels seen here may be asso-
ciated with the changes seen in the expression of NMDA
receptor genes in the ventral hippocampus. Involvement of
these receptors in controlling anxiety behavior has previ-
ously been demonstrated in several pharmacological stud-
ies. Thus, administration of N-methyl-D-aspartate itself
into the ventral hippocampus was found to increase the time
spent in the open arms of the elevated plus maze, which is
evidence of decreased anxiety [60]. Furthermore, injections
of the NMDA receptor antagonist D-AP5 into the same part
of the brain blocked the anxiolytic effect of morphine [61].



Changes in Behavior and the Expression of Ionotropic Glutamate Receptor Genes

Overall, our studies showed that administration of bac-

terial LPS during the period of active formation of NMDA
and AMPA glutamate receptors led to long-term changes in
the expression of the genes for the subunits of these recep-
tors and their associated forms of behavior.

This study was supported by the Russian Foundation

for Basic Research (Grant No. 17-04-02116) and Program
No. 18 of the Presidium of the Russian Academy of Sciences.

REFERENCES

1.

10.

11.

13.

14.

16.

B. Bandelow and S. Michaelis, “Epidemiology of anxiety disorders in
the 21st century,” Dialog. Clin. Neurosci., 17, No. 3,327-335 (2015).
O. Remes, C. Brayne, R. van der Linde, and L. Lafortune, “A sys-
tematic review of reviews on the prevalence of anxiety disorders in
adult populations,” Brain Behav., 6, No. 7, 00497 (2016).
S.Maccari, H. J. Krugers, S. Morley-Fletcher, et al., “The consequenc-
es of early-life adversity: neurobiological, behavioural and epigenetic
adaptations,” J. Neuroendocrinol., 26, No. 10, 707-723 (2014).

R. D. Goodwin, “Association between infection early in life and
mental disorders among youth in the community: a cross-sectional
study,” BMC Public Health, 11, 878 (2011).

M. M. Buchanan, M. Hutchinson, L. R. Watkins, and H. Yin, “Toll-
like receptor 4 in CNS pathologies,” J. Neurochem., 114, No. 1,
13-27 (2010).

R. Dantzer, “Cytokine, sickness behavior, and depression,” Immunol.
Allergy Clin. North Am.,29,No. 2,247-264 (2009).

Z.Ling, Y. Zhu, C. W. Tong, et al., “Prenatal lipopolysaccharide does
not accelerate progressive dopamine neuron loss in the rat as a result
of normal aging,” Exp. Neurol., 216, No. 2,312-320 (2009).

J. Majidi, M. Kosari-Nasab, and A.-A. Salari, “Developmental mi-
nocycline treatment reverses the effects of neonatal immune activa-
tion on anxiety- and depression-like behaviors, hippocampal inflam-
mation, and HPA axis activity in adult mice,” Brain Res. Bull., 120,
1-13 (2016).

J. Majidi-Zolbanin, M. Azarfarin, H. Samadi, et al., “Adolescent
fluoxetine treatment decreases the effects of neonatal immune ac-
tivation on anxiety-like behavior in mice,” Behav. Brain Res., 250,
123-132 (2013).

A .-L. Dinel, C. Joffre, P. Trifilieff, et al., “Inflammation early in life
is a vulnerability factor for emotional behavior at adolescence and
for lipopolysaccharide-induced spatial memory and neurogenesis
alteration at adulthood,” J. Neuroinflammation, 11, 155 (2014).
M.-H. Doosti, A. Bakhtiari, P. Zare, et al., “Impacts of early inter-
vention with fluoxetine following early neonatal immune activa-
tion on depression-like behaviors and body weight in mice,” Prog.
Neuropsychopharmacol. Biol. Psychiatry, 43, 55-65 (2013).

A. Tishkina, M. Stepanichev, I. Kudryashova, et al., “Neonatal
proinflammatory challenge in male Wistar rats: Effects on behavior,
synaptic plasticity, and adrenocortical stress response,” Behav. Brain
Res., 304, 1-10 (2016).

H. Sun,N. Jia, L. Guan, et al., “Involvement of NR1, NR2A different
expression in brain regions in anxiety-like behavior of prenatally
stressed offspring,” Behav. Brain Res., 257, 1-7 (2013).

J.D. Sweatt, “Neural plasticity and behavior — sixty years of concep-
tual advances,” J. Neurochem., 139, Supplement, 179-199 (2016).
G. H. Diering and R. L. Huganir, “The AMPA Receptor code of syn-
aptic plasticity,” Neuron, 100, No. 2, 314-329 (2018).

J. Lisman, “Glutamatergic synapses are structurally and biochemical-
ly complex because of multiple plasticity processes: long-term poten-
tiation, long-term depression, short-term potentiation and scaling,”
Philos. Trans. R. Soc. Lond. B Biol. Sci., 372, No. 1715) (2017).

K. Sarantis, K. Antoniou, N. Matsokis, and F. Angelatou, “Exposure
to novel environment is characterized by an interaction of D1/

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

1247

NMDA receptors underlined by phosphorylation of the NMDA and
AMPA receptor subunits and activation of ERK1/2 signaling, lead-
ing to epigenetic changes and gene expression in rat hippocampus,”
Neurochem. Int., 60, No. 1, 55-67 (2012).

J.Du, J. Quiroz, P. Yuan, C. Zarate, and H. K. Manji, “Bipolar disor-
der: involvement of signaling cascades and AMPA receptor traffick-
ing at synapses,” Neuron Glia Biol., 1, No. 3, 231-243 (2004).
J.Du, T.K. Creson, L.-J. Wu, et al., “The role of hippocampal GluR1
and GluR2 receptors in manic-like behavior,” J. Neurosci.,28,No. 1,
68-79 (2008).

R. Machado-Vieira, I. D. Henter, and C. A. Zarate, “New targets for
rapid antidepressant action,” Prog. Neurobiol., 152,21-37 (2017).
C. Barkus, S. B. McHugh, R. Sprengel, et al., “Hippocampal NMDA
receptors and anxiety: at the interface between cognition and emo-
tion,” Eur. J. Pharmacol., 626, No. 1,49-56 (2010).

J. Solati, “Dorsal hippocampal N-methyl-D-aspartate glutamatergic
and O-opioidergic systems modulate anxiety behaviors in rats in a
noninteractive manner,” Kaohsiung J. Med. Sci.,27,No. 11,485-493
(2011).

M. Gielen, B. Siegler Retchless, L. Mony, et al., “Mechanism of
differential control of NMDA receptor activity by NR2 subunits,”
Nature, 459, No. 7247,703-707 (2009).

K. B. Hansen, F. Yi, R. E. Perszyk, H. Furukawa, et al., “Structure,
function, and allosteric modulation of NMDA receptors,” J. Gen.
Physiol., 150, No. 8, 1081-1105 (2018).

J. M. Henley and K. A. Wilkinson, “Synaptic AMPA receptor com-
position in development, plasticity and disease,” Nat. Rev. Neurosci.,
17, No. 6, 337-350 (2016).

I. H. Greger and J. A. Esteban, “AMPA receptor biogenesis and traf-
ficking,” Curr. Opin. Neurobiol., 17, No. 3, 289-297 (2007).

S. Liu, L. Lau, J. Wei, et al., “Expression of Ca(2+)-permeable
AMPA receptor channels primes cell death in transient forebrain
ischemia,” Neuron, 43, No. 1,43-55 (2004).

A.Wenzel,J. M. Fritschy, H. Mohler, and D. Benke, “NMDA recep-
tor heterogeneity during postnatal development of the rat brain: dif-
ferential expression of the NR2A, NR2B, and NR2C subunit pro-
teins,” J. Neurochem., 68, No. 2, 469-478 (1997).

T. L. Babb, N. Mikuni, I. Najm, et al., “Pre- and postnatal expres-
sions of NMDA receptors 1 and 2B subunit proteins in the normal rat
cortex,” Epilepsy Res., 64, No. 1-2,23-30 (2005).

T. M. du Bois and X .-F. Huang, “Early brain development disruption
from NMDA receptor hypofunction: relevance to schizophrenia,”
Brain Res. Rev., 53, No. 2,260-270 (2007).

J.J. Lippman-Bell, C. Zhou, H. Sun, et al., “Early-life seizures alter
synaptic calcium-permeable AMPA receptor function and plastici-
ty,” Mol. Cell. Neurosci., 76, 11-20 (2016).

T. Yuan and C. Bellone, “Glutamatergic receptors at developing syn-
apses: the role of GluN3A-containing NMDA receptors and GluA2-
lacking AMPA receptors,” Eur. J. Pharmacol.,719,No. 1-3, 107-111
(2013).

E. Szczurowska and P. Mares, “NMDA and AMPA receptors: devel-
opment and status epilepticus,” Physiol. Res., 62, Suppl. 1, S21-S38
(2013).

H. Monyer, N. Burnashev, D. J. Laurie, et al., “Developmental and
regional expression in the rat brain and functional properties of four
NMDA receptors,” Neuron, 12, No. 3, 529-540 (1994).

T. R. Guilarte and J. L. McGlothan, “Hippocampal NMDA receptor
mRNA undergoes subunit specific changes during developmental
lead exposure,” Brain Res., 790, No. 1-2,98-107 (1998).

I. Farhy-Tselnicker and N. J. Allen, “Astrocytes, neurons, synapses:
a tripartite view on cortical circuit development,” Neural Dev., 13,
No. 1,7 (2018).

S. S. Kumar, A. Bacci, V. Kharazia, and J. R. Huguenard, “A devel-
opmental switch of AMPA receptor subunits in neocortical pyrami-
dal neurons,” J. Neurosci., 22, No. 8, 3005-3015 (2002).



1248

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

E. Blanco-Suarez, T.-F. Liu, A. Kopelevich, and N. J. Allen,
“Astrocyte-secreted chordin-like 1 drives synapse maturation and
limits plasticity by increasing synaptic GluA2 AMPA receptors,”
Neuron, 100, No. 5, 1116-1132,e13 (2018).

G. Paxinos and C. Watson, The Rat Brain in Stereotaxic Coordinates,
Academic Press (2007), 6th ed.

W. Lin, C. A. Burks, D. R. Hansen, et al., “Taste receptor cells ex-
press pH-sensitive leak K* channels,” J. Neurophysiol, 92, No. 5,
2909-2919 (2004).

I. Rioja, K. A. Bush, J. B. Buckton, et al., “Joint cytokine quantifica-
tion in two rodent arthritis models: kinetics of expression, correla-
tion of mRNA and protein levels and response to prednisolone treat-
ment,” Clin. Exp. Immunol., 137, No. 1, 65-73 (2004).
C.C.Giza,N.S.S.Maria, and D. A. Hovda, “N-methyl-D-aspartate
receptor subunit changes after traumatic injury to the developing
brain,” J. Neurotrauma, 23, No. 6, 950-961 (2006).

D. W.Floyd, K.-Y. Jung, and B. A. McCool, “Chronic ethanol inges-
tion facilitates N-methyl-D-aspartate receptor function and expres-
sion in rat lateral/basolateral amygdala neurons,” J. Pharmacol. Exp.
Ther., 307, No. 3, 1020-1029 (2003).

S.L.Malkin, D. V. Amakhin, E. A. Veniaminova, et al., “Changes of
AMPA receptor properties in the neocortex and hippocampus fol-
lowing pilocarpine-induced status epilepticus in rats,” Neuroscience,
327, 146-155 (2016).

K.J.Livak and T. D. Schmittgen, “Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta C(T))
Method,” Methods, 25, No. 4, 402-408 (2001).

E.-M. Harré, M. A. Galic, A. Mouihate, et al., “Neonatal inflamma-
tion produces selective behavioural deficits and alters N-methyl-D-
aspartate receptor subunit mRNA in the adult rat brain,” Eur. J.
Neurosci., 27, No. 3, 644-653 (2008).

N. V. Gulyaeva, “Functional neurochemistry of the ventral and dor-
sal hippocampus: stress, depression, dementia and remote hippo-
campal damage,” Neurochem. Res., 44, No. 6, 1306-1322 (2019).
M. S. Fanselow and H.-W. Dong, “Are the dorsal and ventral hippo-
campus functionally distinct structures?”” Neuron, 65, No. 1, 7-19
(2010).

A. Floriou-Servou, L. von Ziegler, L. Stalder, et al., “Distinct pro-
teomic, transcriptomic, and epigenetic stress responses in dorsal and
ventral hippocampus,” Biol. Psychiatry, 84, No. 7, 531-541 (2018).
M. A. Galic, K. Riazi, A. K. Henderson, et al., “Viral-like brain in-
flammation during development causes increased seizure suscepti-
bility in adult rats,” Neurobiol. Dis., 36, No. 2, 343-351 (2009).

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Trofimov, Rotov, Veniaminova, et al.

O.Mamad, M. N. Islam, C. Cunningham, and M. Tsanov, “Differen-
tial response of hippocampal and prefrontal oscillations to systemic
LPS application,” Brain Res., 1681, 64-74 (2018).

W. L. Farrar, P. L. Kilian, M. R. Ruff, et al., “Visualization and char-
acterization of interleukin 1 receptors in brain,” J. Immunol., 139,
No. 2,459-463 (1987).

C. S. Custédio, B. S. F. Mello, A. J. M. C. Filho, et al., “Neonatal
immune challenge with lipopolysaccharide triggers long-lasting sex-
and age-related behavioral and immune/neurotrophic alterations in
mice: Relevance to autism spectrum disorders,” Mol. Neurobiol., 55,
No. 5,3775-3788 (2018).

H. Benmhammed, S. El Hayek, A. Nassiri, et al., “Effects of lipo-
polysaccharide administration and maternal deprivation on anxiety
and depressive symptoms in male and female Wistar rats: Neurobe-
havioral and biochemical assessments,” Behav. Brain Res., 362,
46-55 (2019).

L. Sominsky, E. A. Fuller, E. Bondarenko, et al., “Functional pro-
gramming of the autonomic nervous system by early life immune
exposure: implications for anxiety,” PLoS One, 8, No. 3, e57700
(2013).

J. L. R. Rico, D. B. Ferraz, F. J. Ramalho-Pinto, and S. Morato,
“Neonatal exposure to LPS leads to heightened exploratory activity
in adolescent rats,” Behav. Brain Res., 215, No. 1, 102-109 (2010).
L. D. Claypoole, B. Zimmerberg, and L. L. Williamson, “Neonatal
lipopolysaccharide treatment alters hippocampal neuroinflamma-
tion, microglia morphology and anxiety-like behavior in rats selec-
tively bred for an infantile trait,” Brain Behav. Immun.,59, 135-146
(2017).

V.M. Doenni, C. M. Song, M. N. Hill, and Q. J. Pittman, “Early-life
inflammation with LPS delays fear extinction in adult rodents,”
Brain Behav. Immun., 63, 176-185 (2017).

S. J. Spencer, J. G. Heida, and Q. J. Pittman, “Early life immune
challenge-effects on behavioural indices of adult rat fear and anxi-
ety,” Behav. Brain Res., 164, No. 2,231-238 (2005).

P. Bina, M. Rezvanfard, S. Ahmadi, and M. R. Zarrindast, “Anxio-
Iytic-Like effects and increase in locomotor activity induced by in-
fusions of NMDA into the ventral hippocampus in rat: Interaction
with GABAergic system,” Basic Clin. Neurosci., 5, No. 4,267-276
(2014).

T. Motevasseli, A. Rezayof, M.-R. Zarrindast, and T. Nayer-Nouri,
“Role of ventral hippocampal NMDA receptors in anxiolytic-like
effect of morphine,” Physiol. Behav., 101, No. 5, 608-613 (2010).



