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Short Communication

Post-weaning social isolation of rats induces reduction in the gene
expression of vascular endothelial growth factor (VEGF)

in the hippocampus
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Abstract. The role of vascular endothelial growth factor (VEGF) in chronic stress and neurode-
velopmental disorders is of growing research interest. Here we show that post-weaning isolation
rearing of rats decreased gene expression of VEGF in the hippocampus. Gene expression of VEGF
upstream regulator fibroblast growth factor-2 (FGF-2) or its downstream mediator endothelial nitric
oxide synthase (eNOS) was unchanged. Other signaling pathways appear to be involved in isolation-
induced reduction in VEGF gene expression. Sex differences in VEGF and eNOS gene expression
with significantly higher mRNA levels in females than males were revealed.
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Vascular endothelial growth factor (VEGF) is a potent
growth factor playing a crucial role in vasculogenesis and
angiogenesis. Intensive research over the last decade has
brought evidence that VEGF exerts direct action in different
neural cell types to produce neurotrophic and neuroprotec-
tive effects (Licht et al. 2011; Howell and Armstrong 2017).
It has been suggested that the disruption in VEGF signaling
during early life can impair neural development, and thus
underlie the severe behavioral and cognitive deficits observed
in neurodevelopmental disorders. Thus, the role of VEGF in
neurodevelopmental pathologies is a subject of increasing
research interest (Howell and Armstrong 2017).

The expression of VEGF is modulated by fibroblast growth
factor-2 (FGF-2), a potent angiogenesis inducer (Cross and
Claesson-Welsh 2001). VEGF is an important downstream
mediator of the FGF-2 activity in the endothelial cells (Seghe-
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zzi et al. 1998). FGF-2 has been shown to stimulate prolifera-
tion and differentiation of neuroprogenitor cells in the adult
hippocampus after brain insult (Yoshimura et al. 2001). On
the other hand, one of the downstream mediators of VEGF
action is endothelial nitric oxide synthase (eNOS) (Fukumura
et al. 2001; Guo et al. 2016), which has been implicated in
angiogenesis as well as in neurogenesis (Reif et al. 2004) and
synaptic plasticity (Hopper and Garthwaite 2006).

There are several animal models allowing to approach
mechanisms involved in neurodevelopmental pathological
states. Isolation rearing of rats from weaning produces lasting
developmental changes in behavior and brain neurobiology
that may have translational pathophysiological relevance
to alterations seen in schizophrenia or affective disorders
(Fone and Porkess 2008). Due to the involvement of VEGF
in neurodevelopmental processes, we have predicted that
post-weaning social isolation of male and female rats re-
sults in decreased expression of VEGF in the hippocampus.
Since this indeed turned out to be the case, in the second
step we explored whether isolation rearing also affected the
expression of FGF-2 and eNOS as an upstream regulator and
downstream mediator of VEGF action, respectively.
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A total of 42 male and female Sprague-Dawley pups
(AnLab, Prague, Czech Republic) were used in this study.
At weaning, rats from both sexes were randomly assigned
to the isolation-reared (one rat per cage) and socially-reared
(3 rats of the same sex per cage) groups (1 =9-12 per sex and
group). Animals were reared under these conditions from
postnatal day 21 for 9 weeks. They were housed in plastic
cages (55.5 x 34.5 x 19.5 cm for social groups and 43.5 x 28
x 23 cm for isolation groups) containing sawdust bedding
with metal grid lids, and had visual, auditory and olfactory
contact with other rats in the same animal room. Animals
were kept under standard housing conditions with a constant
12:12 h light/dark cycle (lights on at 06:00 h), temperature
(22°C £2°C) and humidity (55 + 10%). Food and water were
available ad libitum. All experimental procedures were ap-
proved by the Animal Health and Animal Welfare Division of
the State Veterinary and Food Administration of the Slovak
Republic and conformed to the EU Directive 2010/63/EU
on the protection of animals used for scientific purposes.

Following 9 weeks of isolation or social rearing, animals
from all experimental groups were quickly decapitated with
a guillotine. The brain was quickly removed from the skull.
The hippocampus was quickly removed, frozen in liquid
nitrogen and stored at -70°C until analyzed. Real-time
qPCR was used for quantitative evaluation of gene expres-
sion of VEGF, FGF-2 and eNOS in the hippocampus. Total
RNA from the hippocampus was isolated and purificated
by TRIzol® Reagent (Life Technologies, California, USA).
Isolated RNA (1 ug) was reverse-transcribed by oligo
(dT) nucleotides using ProtoScript® First Strand cDNA
Synthesis Kit (NEB, England). Real-time qPCR analysis
was performed on a Fast Real-Time PCR System 7900 HT
(Applied Biosystems, USA) using GoTaq qPCR Master Mix
(Promega, USA) as described previously (Pokusa et al. 2016;
Graban et al. 2017). Specific primers (Table 1) for VEGF,
FGEF-2 and eNOS were designed by Primer BLAST NCBI
software. All data obtained by qPCR analysis were evaluated
as an ng of mRNA (cDNA) according to a standard curve
and was normalized to gene expression of peptidylprolyl
isomerase A (PPIA) and TATA box binding protein (TBP)
as reference genes (Table 1).

The obtained data were first checked for distributional
properties by Shapiro Wilk’s test and Levene’s test and
subsequently winsorized using a 15% two-tailed quantile
trimming to treat the identified outlying observations (1.5 x
interquartile range rule). All data were analyzed by two-way
analysis of variance (ANOVA) with main factors of rearing
conditions (social vs. isolation) and sex (male vs. female)
followed by Tukey post-hoc test when appropriate. Partial n’
was used as the measure of effect size in the ANOVA models.
Pearson’s correlation analysis was used to assess relation-
ships among parameters studied. Results are expressed as
means + SEM. The overall level of statistical significance
was defined as p < 0.05.

This study investigated the effects of post-weaning social
isolation on gene expression of VEGE, FGF-2 and eNOS
in the hippocampus of male and female rats. A two-way
ANOVA revealed significant main effects of rearing condi-
tions (F(, 38 = 11.19, p < 0.01, n* = 0.23) and sex (F(}, 35) =
7.43, p < 0.05, n* = 0.16) on the gene expression of VEGF
in the hippocampus (Fig. 1). Isolation rearing resulted in
a reduction in mRNA levels coding for VEGF irrespective
of sex, as indicated by a non-significant interaction between
the factors. Generally, females exhibited higher VEGF
mRNA levels than males. Neither rearing conditions nor sex
significantly influenced the gene expression of FGF-2 in the
hippocampus. There was no significant interaction between
the rearing conditions and sex (Fig. 1). Statistical analysis did
not reveal a significant effect of isolation rearing on the gene
expression of eNOS (Fig. 1). There was, however, a signifi-
cant effect of sex (F(j, 37)=4.76, p < 0.05, 1> = 0.11) showing
higher eNOS mRNA levels in females compared to males.
No significant interaction between the factors was detected.

Pearson’s correlation analysis revealed a moderate positive
correlation between the hippocampal mRNA levels coding
for VEGF and eNOS (r = 0.58, p < 0.001) as well as VEGF
and FGF-2 mRNA levels (r = 0.35, p < 0.05). There was also
a moderate positive correlation between eNOS and FGF-2
mRNA levels (r = 0.44, p < 0.01)

The present study showed that isolation rearing of rats
from weaning led to a reduction in hippocampal gene ex-
pression of VEGF irrespective of sex. Somewhat surprisingly,

Table 1. Nucleotide sequence of primers used in gene expression evaluation of VEGE, FGF-2, eNOS, PPIA and TBP

Target gene Forward primer 5'- 3

Reverse primer 5°- 3”

VEGF AAGACCGATTAACCATGTCA
FGEF-2 TCTATGGATCGCCTCACTTTGA
eNOS GGGCTCCCTCCTTCCGGCTGC
PPIA AAGCATACAGGTCCTGGCATCT
TBP TTCGTGCCAGAAATGCTGAA

ATGTCAGGCTTTCTGGATTA
ACACATTGTATCCGTCCTTAAGCA
GGATCCCTGGAAAAGGCG
CATTCAGTCTTGGCAGTGCAG
GTTCGTGGCTCTCTTATTCTCATG

VEGE vascular endothelial growth factor; FGF-2, fibroblast growth factor-2; eNOS, endothelial NOS; PPIA, peptidylprolyl isomerase A;

TBT, TATA box binding protein.
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Figure 1. Gene expression of VEGF (A), FGF-2 (B) and eNOS
(C) in the hippocampus of male and female rats reared in social
isolation or in social groups from weaning for 9 weeks. Each value
represents mean = SEM (n = 12-15 rats/group). Statistical signifi-
cance as revealed by two-way ANOVA.

the gene expression of FGF-2 and eNOS, which are closely
related to VEGF regulation and action, were not changed.
Moreover, we revealed sex differences in VEGF and eNOS
gene expression, with significantly higher mRNA levels in
females compared to males.

This is the first study demonstrating the reduction in hip-
pocampal VEGF mRNA levels in animals exposed to early

adverse experience caused by post-weaning isolation rearing
from weaning. Previous studies which reported a decreased
expression of VEGF in the hippocampus of rats exposed to
chronic stress or social isolation were performed on adult
animals (Heine et al. 2005; Shilpa et al. 2017). Present results
are in agreement with the utility of post-weaning social
isolation of rats to induce brain alterations similar to those
occurring in schizophrenia (Powell 2010; Murinova and
Riecansky 2016; Murinova et al. 2017). In particular, a hu-
man post-mortem study has shown that VEGF mRNA levels
are decreased in the brain tissue samples of schizophrenia
patients (Fulzele and Pillai 2009). Relatedly, Storkebaum
and Carmeliet (2004) proposed VEGF to play a role in the
structural brain changes in schizophrenia.

Despite the finding of positive correlation between VEGF
and eNOS as well as FGF-2 mRNA levels, the gene expres-
sion of these factors was not affected by isolation rearing. It
is surprising since FGF-2 is an upstream regulator of VEGF
expression and eNOS is a downstream effector of VEGF
actions. It has been reported that both FGF-2 and VEGF
increase nitric oxide production but only FGF-2 increases
eNOS expression, indicating that these factors may differ-
entially increase the activity and/or protein expression of
eNOS in the endothelial cells (Mata-Greenwood et al. 2008).
Present results strengthen this suggestion as the reduction in
VEGF was not associated with changes in FGF-2 and eNOS.

An interesting finding of this study is the existence of
sexual dimorphism in VEGF and eNOS gene expression in
the hippocampus. Females showed higher mRNA levels cod-
ing for VEGF and eNOS than males. The authors of a recent
study found no sex differences in VEGF mRNA copies in
the hypothalamus, pituitary gland, and hippocampus (Obu-
chowicz et al. 2017). To our knowledge, sex difference in the
eNOS expression level in the hippocampus has not yet been
reported. It is tempting to speculate that the increased gene
expression of VEGF and eNOS in females is due to estrogens,
as 17B-estradiol was found to up-regulate VEGF expression
in the hippocampus (Barouk et al. 2011).

The limitation of this study is that all measurements
were performed only at the level of gene expression. The
findings obtained should be verified at the protein level in
future studies. In conclusion, post-weaning isolation rear-
ing as a model of early stressful events impairing normal
neurodevelopment in young rats reduces expression of
VEGF in the hippocampus. Since parallel changes in FGF-2
and eNOS gene expression did not occur, other signaling
pathways appear to be involved in isolation-induced reduc-
tion in VEGF expression. We brought the first evidence on
sexual dimorphism in hippocampal VEGF and eNOS gene
expression with higher levels in females. The present study
supports the suggestion that VEGF is advancing towards
being a novel biomarker and a potential therapeutic target
in neurodevelopmental disorders.
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