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Seasonal expressions of VEGF and its receptors VEGFR1 and VEGFR2 in the prostate
of the wild ground squirrels (Spermophilus dauricus)
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ABSTRACT

As a vital male accessory reproductive gonad, the prostate requires vascular endothelial growth factors for pro-
moting its growth and development. In this study, we investigated the localizations and expressions of vascular
endothelial growth factor (VEGF) and its receptors including VEGF-receptorl (VEFGR1) and VEGF-recep-
tor2 (VEGFR?2) in the prostate of the wild ground squirrels during the breeding and the non-breeding seasons.
The values of total prostate weight and volume in the breeding season were higher than those in the non-breed-
ing season. Histological observations showed that the exocrine lumens of the prostate expanded in the breeding
season and contracted in the non-breeding season. The mRNA expression levels of VEGF and VEGFR?2 in the
prostate were higher in the breeding season than those in the non-breeding season, but the mRNA expression
level of VEGFRI1 had no significant change between the breeding and non-breeding seasons.
Immunohistochemical results revealed that VEGF, VEGFR1 and VEGFR2 were presented in epithelial and
stromal cells during the breeding and non-breeding seasons. In addition, the microvessels of the prostate were
widely distributed and the number of microvessels increased obviously in the breeding season, while decreased
sharply in the non-breeding season. These results suggested that expression levels of VEGF and VEGFR2
might be correlated with seasonal changes in morphology and functions of the prostate, and VEGF might serve
as pivotal regulators to affect seasonal changes in the prostate functions of the wild male ground squirrels via
an autocrine/paracrine pathway.
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Introduction

As a part of the male reproductive tract in mammals, the
prostate has always played a unique and irreplaceable role.
Although the prostate is present in many mammalian species, the
growth, development, morphology and function of the prostate
vary widely among mammals.! It is a compact solitary structure in
humans, while in rodents, such as the mouse, the prostate is made
up of distinct lobes.>* The prostate is comprised of epithelial and
stromal elements, and tall columnar secretory epithelial cells are
lined in the duct that are surrounded by stromal cells.*> The stro-
mal cells is consisted of smooth muscle cells, fibroblasts, myofi-
broblasts, vascular endothelial cells, nerve cells, and inflammatory
cells.® The prostate has a variety of physiological functions, and its
main function is to produce a slightly alkaline liquid, which is one
of the main components of seminal plasma. This can provide
sperm with nutrition and protection to stimulate sperm capacitation
and to promote the formation of fertilized eggs.® The development
and function of the prostate are not invariable. In seasonal breeding
animals,’® there were obvious seasonal changes in the shape and
function of the prostate. In humans, the prostate expands with the
increase of age and leads to a range of diseases, including benign
prostatic hyperplasia and the prostate cancer.’ This process
involves the regulation of various endocrine and local factors, the
most obvious of which are sex steroids and downstream growth
factors.!*!!

Vascular endothelial growth factor (VEGF) is a protein with
angiogenic activity and a potent stimulator of microvascular per-
meability."12 It plays an important role in physiological and patho-
logical neovascularization via its receptors FItl/VEGFR1 and
kinase insert domain containing region (KDR)/VEGFR2, both of
which have tyrosine kinase activity.'3 During the processes of neo-
vascularization, endothelial glycoprotein CD105, as a specific
marker of microvascular density, participates in the proliferation
and migration of endothelial cells in response to VEGF signaling.'
Existing literature suggested that in mammals the regulation of sex
steroid hormone for VEGF plays an important role, a lot of studies
found that the level of LH was closely related to that of VEGF and
induced the expression of VEGF.!>!1¢ In the mammalian reproduc-
tive system, the regulation effect of sex steroid hormone on VEGF
is more obvious. In female mammals, FSH and LH regulated
VEGF expression in the uterus and ovaries.'”!'® In male animals,
VEGF played an important role in testicular development under
the regulation of sex steroid hormone.!* In recent years, it has
been found that VEGF plays an important role in the development
of mammalian prostate and human prostate tumor.?"-?2

The wild ground squirrel (Spermophilus dauricus) is a typical
seasonal breeder that has a shorter breeding season from April to
May, following with a longer non-breeding season from June to
March of next year.?>?* The seasonal switch of reproductive system
between the breeding and non-breeding seasons provides us a
unique model to study the functional regulation of the male repro-
ductive tract.>® Our previous studies have found that seasonal
change of cyclooxygenases-1 (COX-1), cyclooxygenases-2 (COX-
2), prostaglandins E2 (PGE2) receptor and androgen receptor (AR)
were correlated with circulating concentrations of testosterone (T)
and dihydrotestosterone (DHT) in the prostate of the wild ground
squirrels.??7 To extend our knowledge, in this study, we investigat-
ed the expression patterns of VEGF, VEFGR1 and VEFGR?2 in the
prostate of the wild ground squirrels during the breeding and non-
breeding seasons, to gain a better understanding of the relationship
between VEGF system and the seasonal changes of the prostate
functions in the wild ground squirrels.
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Materials and Methods

Animals and tissues collection

The wild ground squirrels were collected from the grassland of
Zhangjiakou, Hebei Province, China on April 19%, 2018 (the
breeding season, n=11) and on September 24", 2018 (the non-
breeding season, n=12). The wild ground squirrels were weighed
and sacrificed after deep anaesthesia with ether. After the prostate
samples were quickly removed and dissected, their weights were
immediately measured using a balance. Then the length, width and
thickness of prostate were also measured and the prostate volume
was calculated by multiplying these three values. Parts of the
prostate samples were placed in freezing tubes and immediately
frozen in liquid nitrogen for mRNA detection. The other parts of
the prostates were preserved in 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) for future histological and immuno-
histochemical observations.

Histology

The fixed prostate or testicular samples were dehydrated in
ethanol-xylene series and embedded in paraffin wax. Successive
sections (5 um) were attached to poly-L-lysine (Sigma-Aldrich)
coated slides. The sections were histologically observed with
hematoxylin and eosin. The remaining sections were treated and
observed by immunohistochemistry.

Immunohistochemistry

Simply stated, paraffin sections of the prostates were deparaf-
fined with xylene-ethanol series, followed by antigen retrieval
using autoclave at 121°C for 10 min. In order to reduce the non-
specific background staining caused by endogenous peroxidase,
sections were incubated in the 0.3% hydrogen peroxide diluted
with methanol for 30 min. And then the sections were hatched with
10% normal goat serum (C-0005, Beijing Biosynthesis
Biotechnology Co. Ltd., Beijing, China) to diminish background
discoloration and then incubated with primary rabbit polyclonal
antibodies (1:500 dilutions) against CD105 (bs-0579R) (Bioss
Antibodies, Beijing, China), VEGF (bs-0279R) (Bioss
Antibodies), VEGFR1 (bs-0170R) (Bioss Antibodies), VEGFR2
(bs-1142R) (Bioss Antibodies), PSA (bs-1964R) (Bioss
Antibodies) for 12 h at 4°C. After that, incubations with the sec-
ondary antibody, goat anti-rabbit IgG (c-0006; Bioss Antibodies)
bound to biotin, and peroxidase bound to avidin, using SP toolkit
(Rabbit) (SP-0023; Beijing Biosynthesis Biotechnology) was per-
formed, followed by incubation with 30 mg 3,3’-diaminobenzidine
(DAB) (Wako, Tokyo, Japan) solution in 150 mL of 0.05 M Tris-
HCI buffer, pH 7.6, plus 30 pl H,0O,. The specificity of VEGF,
VEGFR1 and VEGFR?2 antibodies has been described in our pre-
vious studies.?® Normal goat serum was selected to replace the ini-
tial antiserum treatment in the sections of the control group. The
DAB staining was evaluated using ImagelJ and the integrated den-
sity of positive staining area were calculated. Based on the rank of
integrated density, immunohistochemical staining results were
marked as positive (+), strong positive (++), very strongly positive
(+++) and negative (—).

RNA isolation

Thawed 100 mg or so of the prostate samples and immediately
mixed in 1000 pL of Trizol reagent (Invitrogen Co., CA, USA) and
homogenized with an ultrasonic crusher. The resulting homogenate
was incubated on ice for 10 min to complete the dissociation of the
nucleoprotein complexes. After 200 pL chloroform was added to the
mixture, the mixture was shaken forcefully for 15 s, and centrifuged at
12,000% g and 4°C for 20min. The aqueous phase was transferred to
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the RNase free tube and mixed with isopropyl alcohol of equal volume.
Then the tubes were kept on ice for 10 min. RNA was precipitated by
centrifugation at 12,000% g and 4°C for 20min. The newly obtained
RNA particles were washed twice with 70% ethanol, dried briefly in a
super-clean workbench, and then shaken and mixed in 50 puL of diethyl-
propane-treated water. Finally, the integrity of RNA was detected by
gel electrophoresis and the concentration of RNA was determined by
spectrophotometer.

qRT-PCR

The cDNA in the sample was synthesized using a reverse transcrip-
tion kit (GenStar, Beijing, China). The target genes of the prostate sam-
ple were treated with a designed primer (Table 1) for quantitative real-
time PCR detection. The exact reaction circumstances were followed:
pre-denaturation at 95°C for 10 min, followed by a total of 40 cycles at
95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. After that, dissolution
curvature was distinguished. The expression level of each target mRNA
relative to B-actin mRNA was regulated using the 2-*4 method.

Microvascular counts in the prostate

Clusters of cells with the positive staining for CD105 were counted
as blood vessels. Three random areas under 400x microscopic fields of
vision in each section were chosen for microvessels counting. The
microvascular density was calculated with the number of stained
microvessels divided by area (mm?). Vessels with diameters greater
than the lengths of 8 red blood cells or with thick-walls were not includ-
ed in the counting range. At least 5 sections in each period were
observed in each sample. Finally, two researchers with rich experimen-
tal experience counted them separately and calculated the mean value.

Statistical analysis

All results were presented as mean =+ standard deviation (SD), and
the normality and homoscedasticity tests were evaluated by Shapiro-
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Wilk test and F test, respectively. And statistical significance between
differences groups was ensured by two-tailed unpaired Student’s #-test.
The linear correlations were performed by linear regression and the
goodness of fit was presented by calculating the Pearson correlation
coefficients (R square value). The statistical analysis was carried out by
Prism 6.0 (GraphPad Software, San Diego, CA, USA) and a value of
p<0.05 was considered indication of statistical significance.

Results

Morphological and histological features of the prostate

The prostatic morphology of the wild ground squirrels was
observed in both the breeding and non-breeding seasons (Figure
1). The prostate was located at the junction between the bladder
and the urethra (Figure 1a). The prostate showed obviously mor-
phological changes between the breeding season (Figure 1b) and
the non-breeding season (Figure 1c). The average value of the

Table 1. Oligonucleotide primers used for qPCR.

VEGF F: 5’GAGCCTTGCCTTGCTGCTCTACS’ 174
R: 5’CACCAGGGTCTCGATTGGATG3’
VEGFRI F: S’AGAACCCCGATTATGTGAGAAA3’ 232
R: 5’GATAGATTCGGGAGCCATCC3’
VEGFR2 F: 5’GAACATTTGGGAAATCTCTTGCS’ 187
R: 5’CGGAAGAACAATGTAGTCTTTGC3’
Bactin F: 5’GACTCGTCGTACTCCTGCTTS’ 233

R: 5’AAGACCTCTATGCCAACACCS’
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Figure 1. Morphological features of the prostate of the wild ground squirrels in the breeding season and the non-breeding season. a)
Anatomic localization and morphology of the prostate gland in the wild ground squirrel; the blue arrow indicates the location of the
prostate. Morphological observation of the fresh the prostate in the breeding season (b) and the non-breeding season (c). The average
weight (d) and volume (e) of the prostate in the breeding and non-breeding seasons. B, the breeding season; NB, the non-breeding sea-
son. The error bars represent the SD (n=5, each period). ***p<0.001; ****p<0.0001.
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prostate weight and volume of the wild ground squirrels were sig-
nificantly higher during the breeding season than those during the
non-breeding season (Figure 1 d,e).

Prostate specific antigen (PSA) was used to label the prostate
of the wild ground squirrels during the breeding and non-breeding
seasons (Figure 2 a,b). The prostate of the wild ground squirrels
was composed mainly of two main types of cells including epithe-
lial cells and stromal cells (Figure 2 c,d). The testicular morpholo-
gy was observed to confirm the reproductive status of the wild
ground squirrel. The results showed that the mature spermatids in
the seminiferous tubules were found in the breeding season,
whereas no mature spermatids were observed in the non-breeding
season (Figure 2 e,f).

Immunohistochemical localizations of VEGF, VEGFR1
and VEGFR?2 in the prostate of the wild ground squirrels

The immunohistochemical localizations of VEGF, VEGFR1
and VEGFR2 in the prostate of the wild ground squirrels were
shown in Figure 3. Additionally, VEGF, VEGFRI1 and VEGFR2
showed immunoreactivity responses in epithelial and stromal cells
during the breeding and non-breeding seasons (Figure 3 a-f), while
the immunoreactivity responses of VEGF, VEGFR1 and VEGFR2
in the epithelial cells were stronger than those in the stromal cells.
No signal was detected in the negative controls (Figure 3 g,h). All
staining images of VEGF, VEGFR1 and VEGFR2 were quantified
and summarized in Table 2.

The mRNA expressions of VEGF, VEGFR1 and
VEGFR2 in the prostate of the wild ground squirrels

The mRNA levels of VEGF, VEGFR1 and VEGFR2 (tran-

Prostate

Prostate

Testis

scripts from the genes VEGF, VEGFRI and VEGFR?2, respective-
ly) were assessed by qPCR (Figure 4 a-c). The mRNA expression
levels of VEGF and VEGFR2 were significantly higher in the
breeding season than those of the non-breeding season (Figure 4
a,c), while the mRNA expression level of VEGFRI showed no dif-
ference between the two different seasons (Figure 4b).

The linear correlation and scatter diagram of relative mRNA
expressions levels of VEGF, VEGFRI, VEGFR2 and weights of
the prostate of the wild ground squirrels during the breeding and
non-breeding seasons were shown in Figure 5. Scatter diagram of
relative expressions of VEGF and VEGFR2 were positively corre-
lated with the weights of the prostate (p<0.01) (Figure 5 a,c), while
the relative expression levels of VEGFRI were not correlated with
the weights of the prostate of the wild ground squirrels (Figure 5b).

Table 2. Relative abundance of ta.rl%et proteins in the prostate of
the wild ground squirrels during the breeding and non-breeding

seasons.

r\\\ B
VEGF ++ ++ +++ +++
VEGFRI1 + ++ +++ +++
VEGFR2 + ++ +++ +++

Immunohistochemical staining results were marked as positive (+), strong positive (++), very
strongly positive (+++) and negative (-) by ImageJ. SC, stromal cell; EC, epithelial cell; B, the
breeding season; NB, the non-breeding season.

[ 4

Figure 2. Histological features of the prostate of the wild ground squirrels in the breeding season and the non-breeding season. PSA
serves as a validation of the prostate in the breeding (a) and non-breeding seasons (b). Histological observations of the prostate in the

breeding (c) and non-breeding seasons (d). Histological observations of

e testis in the breeding (e) and non-breeding seasons (f). B,

the breeding season; NB, the non-breeding season; EC, epithelial cell; SC, stromal cells; LC, Leydig cell; SC, Sertoli cell; Spg, spermato-
gonium; pSpc, primary spermatocyte; rSpd, round spermatid. Scale bars: 80 pm and 10 pm.
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Figure 3. Immunolocalizations of VEGF, VEGFR1 and VEGFR2 in the prostate of the wild ground squirrels. Black arrows indicate the
two cell types: epithelial cells and stromal cells. Inmunolocalizations of VEGF in the prostate glands of wild ground squirrels during
the breeding (a) and non-breeding seasons (b). Immunolocalizations of VEGFR1 in the prostate glands of wild ground squirrels during
the breeding (c) and non-breeding seasons (d). Immunolocalizations of VEGFR?2 in the prostate glands of wild ground squirrels during
the breeding (¢) and non-breeding seasons (f). Sections were treated with normal rabbit serum instead of primary antisera represent
negative controls of the breeding (g) and non-breeding seasons (h). B, the breeding season; NB, the non-breeding season; EC, epithelial
cell; SC, stromal cells. Scale bars: 80 pm and 10 pm.
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The linear correlation and diagram of the microvascu-
lar density, the prostatic weight and the mRNA expres-
sions of VEGF and VEGFRs

The immunohistochemical results of CD105 and the linear cor-
relation of microvascular density, the weight and the relative
expression of VEGF and VEGFRs in the prostate of the wild
ground squirrels in the breeding and non-breeding seasons are
shown in Figure 6. CD105 was mainly localized in the interstitial
region of the prostate during the breeding (Figure 6a) and non-
breeding seasons (Figure 6b). The microvascular density in the
prostate of the wild ground squirrels during the breeding season
was significantly higher than that during the non-breeding season
(Figure 6¢). The scatter pattern of the microvascular density was
positively correlated with the weight of prostate (Figure 6d).
Scatter diagram of relative expressions of VEGF and VEGFR2
were positively correlated with the microvascular density of the
prostate (p<0.01) (Figure 6 e,g), while the relative expression level
of VEGFR1 was not correlated with the microvascular density of
the prostate of the wild ground squirrels (Figure 6f).

Discussion

In the present study, we demonstrated clearly the respective
expressions and localizations of VEGF, VEGFR1 and VEGFR2 in
the prostate of the wild ground squirrels during the breeding and
non-breeding seasons. The immunohistochemical data revealed
that VEGF, VEGFR1 and VEGFR2 were presented in epithelial
and stromal cells during the breeding and non-breeding seasons. In
addition, the mRNA expression levels of VEGF and VEGFR?2 in
the prostate were both correlated with the changes in the prostate
morphology and functions during the breeding and non-breeding
seasons. These findings suggested that the prostate was able to
synthesize VEGF, and this might play an important regulatory role
in the seasonal changes of the prostate functions via an
autocrine/paracrine pathway.

The male reproductive organ of seasonal breeders underwent
significant morphological and physiological alterations, so as to
adapt to the seasonal environment changes.” The morphological
and histological characteristics of the affiliated gonads showed
annual reproductive cycle changes with reproductive hormones.?’
In this study, it was shown that the values of the prostate weight
and volume in the breeding season were higher than those in the
non-breeding season, while the histological observations revealed
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Figure 4. The mRNA expressions of VEGEF, VEGFR1 and
VEGFR2 detected by quantitative real-time PCR in the prostate
of the wild ground squirrels during the breeding and non-breed-
ing seasons. The relative mRNA levels of VEGF (a), VEGFR1 (b),
and VEGFR2 (¢) in the prostate of the wild ground squirrels dur-
ing different seasons. The error bars represent the SD (n=5, each
period). B, the breeding season; NB, the non-breeding season.
*Statistically significant values (**p<0.01).
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the wild ground squirrels. Each dot means the relative mRNA level and weight of the prostate of three individual the wild ground squirrels
obtained in the breeding (n=3) and non-breeding seasons (n=3). a) R=0.969, P<0.01. b) R=0.006, p=0.907. c) R=0.987, p<0.01.
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that the exocrine lumens in the prostate were expanded in the
breeding season and contracted in the non-breeding season. This
seasonal variation of the prostate shown in the present study was
in agreement with previous reports regarding this species.?*?’ In
addition, the present results showed that CD105 was strongly
expressed in angiogenic vascular endothelial cells of the prostate
during the breeding season than that in the non-breeding season,
indicating that the microvessels of the prostate were widely distrib-
uted and the number of the microvessels increased obviously in the
breeding season. This finding might be related to the increased
nutrient supply and metabolism required for the rapid prostate
development during the breeding season. Our previous studies
indicated that significant seasonal changes occurred in the testes
and epididymis of the wild ground squirrels in terms of both mor-
phology and histology, which suggested that the male reproductive
relative organs of the wild ground squirrels were highly developed
during the breeding season.?>?’ This conclusion was similar to that
of other seasonal breeding mammals, including the raccoon dog,*
black bear®! and roe deer,’? which showed increased activity in the
reproductive organs during their reproductive period. Therefore,
the present results further supported the views that augmentation in
reproductive organ size and function could be an optimal strategy
formed throughout evolution for seasonal breeders.?

It was also shown that VEGF could regulate most of the
endothelial response, such as the proliferation and migration of
endothelial cells in the prostate, vascular permeability, and the
selection of tip and stalk cells.!** VEGF signaling also regulat-
ed organ homeostasis in adults; e.g., when an organ was
exposed to severe injury, VEGF induced the release of
paracrine factors from endothelial cells, which in turn increased
the rate of regeneration of the organ.® In the present study,
VEGF, VEGFR1 and VEGFR2 were presented in epithelial and
stromal cells during both the breeding and non-breeding sea-
sons, which suggested that the prostate of the wild male ground
squirrels potentially possessed the ability to synthesize VEGF
and its receptors, and it was concluded that VEGF might affect
the physiological functions of the prostate. Similar results also
were observed in other breeding mammals, including human,3
mice’’ and dogs,*® which showed that VEGF and its receptors
regulated a series of physiological responses, such as prolifera-
tion and migration of prostatic endothelial cells and vascular
permeability, in the form of paracrine or autocrine. Our previ-
ous studies showed that COX-1, COX-2, prostaglandin E syn-
thase (PTGES) and prostaglandins E2 receptors (PTGERs)
were expressed in the epithelial and stromal cells of the prostate
during the breeding and non-breeding seasons, thus suggesting
that PGE2 synthesis and signaling might play an important
autocrine or paracrine role in the regulation of seasonal changes
in the prostatic function of the wild ground squirrels.* Other
studies have also shown that androgens adjust most of the
endothelial response by regulating a quantity of downstream
growth factors,*’ including VEGF*' and COX-2.** The present
study further addressed the view that local intrinsic factors
might operate in concert with testicular steroid hormones,
thereby playing an important regulatory role in the prostatic
function of male mammals.*>4

VEGF, as a major signaling protein that activates and pro-
motes mitosis and permeability of vascular endothelial cells,
has been shown to serve an important function in regulating
angiogenesis and vascular permeability through its binding to
receptors, which was closely related to the rapid expansion of
the prostate.!! It is also different in human prostate circulating
VEGF levels in normal prostate tissue, benign prostatic hyper-
plasia and prostate cancer. The VEGF expression level was
lowest in normal prostate tissue, higher in benign prostatic
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hyperplasia, and highest in prostate cancer,* thereby suggesting
that VEGF plays a key role in the process of the prostate prolif-
eration and differentiation. In this study, the mRNA levels of
VEGF and VEGFR2 expression were significantly higher in the
breeding season than the non-breeding season. However, the
VEGFRI1 expression level was not different between the two
seasons, suggesting that VEGF-VEGFR?2 signaling plays a key
role in the regulation of seasonal expansion and retraction of
the prostate in wild ground squirrels. Difference in expression
levels of the two VEGF receptors were also present in other
mammals, such as in mice, where VEGF signaling through
VEGFR2 was found to be a major angiogenic pathway.*
However, in human prostate tissue, all ligands and receptors
other than VEGFR2 were extensively stained in human benign
prostate tissue and prostate cancer tissue.’’ In human prostatic
epithelial cells in particular, VEGF and VEGFRI1 expression
was higher in tumor tissue than in benign tissue.’* Combined
with the above results, the present data were shown to be in
agreement with the view that VEGF relies on various receptors
to play a biological role in different mammalian prostates.

In conclusion, the present results clearly demonstrated that
VEGF and its receptors were expressed in the prostate of the
wild ground squirrels, and suggested that VEGF and its recep-
tors might serve as pivotal regulators affecting the morphology
and functions of the prostate via an autocrine/paracrine path-
way. This study provided a basis for a comprehensive under-
standing of the seasonal expansion and retraction of the prostate
of the wild ground squirrels. Future studies will be performed
to delineate the finer details underlying this process.
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