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Abstract
BACKGROUND—Prostatic inflammation is an important factor in development and progression
of BPH/LUTS. This study was performed to characterize the normal development and vascular
anatomy of the mouse prostate and then examine, for the first time, the effects of prostatic
inflammation on the prostate vasculature.

METHODS—Adult mice were perfused with India ink to visualize the prostatic vascular
anatomy. Immunostaining was performed on the E16.5 UGS and the P5, P20 and adult prostate to
characterize vascular development. Uropathogenic E. coli 1677 was instilled transurethrally into
adult male mice to induce prostate inflammation. RT-PCR and BrdU labeling was performed to
assay anigogenic factor expression and endothelial proliferation, respectively.

RESULTS—An artery on the ventral surface of the bladder trifurcates near the bladder neck to
supply the prostate lobes and seminal vesicle. Development of the prostatic vascular system is
associated with endothelial proliferation and robust expression of pro-angiogenic factors Pecam1,
Tie1, Tek, Angpt1, Angpt2, Fgf2, Vegfa, Vegfc, Figf. Bacterial-induced prostatic inflammation
induced endothelial cell proliferation and increased vascular density but surprisingly decreased
pro-angiogenic factor expression.

CONCLUSIONS—The striking decrease in pro-angiogenic factor mRNA expression associated
with endothelial proliferation and increased vascular density during inflammation suggests that
endothelial response to injury is not a recapitulation of normal development and may be initiated
and regulated by different regulatory mechanisms.
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INTRODUCTION
The prostate is an androgen-dependent male accessory sex organ that is composed of the
epithelial ductal glands surrounded by the stromal components, including the vasculature. In
addition to androgen stimulation, the prostate requires nutrients and oxygen supplied by the
vasculature for normal development, growth and function. Studies of the adult rat prostatic
gland have consistently emphasized the importance of the prostatic vascular system in

*Correspondence to: Dr. Wade Bushman, MD, PhD, Department of Urology, University of Wisconsin School of Medicine and Public
Health, K6/562 Clinical Sciences Center, 600 Highland Avenue, Madison, WI 53792. bushman@urology.wisc.edu.

NIH Public Access
Author Manuscript
Prostate. Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
Prostate. 2014 April ; 74(4): 346–358. doi:10.1002/pros.22751.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



growth homeostasis, yet its aspect in prostate biology is still understudied. In response to
androgen deprivation, there was an early and rapid reduction in blood flow to the adult rat
ventral prostate after castration accompanied with vasoconstriction, increased vascular
permeability, increased apoptosis and decreased proliferation of endothelial cells that
occurred prior to the onset of prostatic epithelial cell apoptosis and tissue regression [1–7].
Androgen supplements rapidly restored the prostatic vasculature after castration that was
required for the subsequent epithelial regeneration [1,2,4]. Studies in human prostates have
further revealed vascular changes in prostate cancer and benign prostatic hyperplasia (BPH)
including increased vessels with tiny lumens and irregular shapes, increased vessel density,
and reduced blood flow, suggesting changes in vascular architecture or anatomy may have a
potential role in prostate diseases [8–11]. To date, there has been only one published study
to describe the vascular anatomy in the rat ventral prostate [12]. The arterial supply to the
ventral lobe of the adult rat prostate was shown to derive in common or individually from
the inferior vesical artery. The arterioles and venules traveled along the periphery of the
glandular lobules while thin walled capillaries predominated immediately adjacent to the
basement membranes of the glands as well as within the stroma surrounding the ducts. As of
yet, the vascular anatomy of the adult mouse prostate and the development of the mouse
prostatic vascular system have never been studied.

Vascular remodeling is a critical feature during inflammation after tissue injury and is
mediated by angiogenic factors [13–15]. Studies in rodents infected with the respiratory
pathogen Mycoplasma pulmonis have showed that bacterial infection induced airway
inflammation was accompanied by numerous early vascular responses that preceded the
tissue remodeling and was persistent as the infection continued toward chronic conditions
[16]. The vascular remodeling in the trachea in response to bacterial infection involved
increased endothelial cell proliferation, enhanced angiogenesis, increased vessel density,
increased vessel permeability, enlargement of vessel diameter, and vascular reorganization
in a non-uniform pattern [16–20]. Similarly, respiratory infection with herpes virus in mice
induced endothelial cell proliferation and vessel thickening in the lung [21]. Previous studies
have further suggested that these vascular changes were at least in part mediated by
Angiopoietin/Tek receptor signaling. Overexpression of Angpt1 in pathogen-free mice
induced the vascular remodeling similar to as in Mycoplasma pulmonis infected animals
while blocking its effect by injection of soluble Tek receptor in infected animals inhibited
the vascular responses to inflammation [22].

Prostatic inflammation is a common feature in aging men and is considered to be one of the
major factors in the development and progression of BPH and its associated lower urinary
tract symptoms (LUTS) as previous studies have demonstrated a strong association between
the presence of prostatic inflammation and the increased incidence of BPH/LUTS [23–26].
In spite of this connection, the underlying mechanisms of how prostatic inflammation
contributes to BPH/LUTS, has yet to be elucidated. There is increasing evidence suggesting
that the vascular pathogenesis is a potential contributor to the etiology of BPH/LUTS.
Studies in aging men have revealed that atherosclerotic diseases, such as coronary heart
disease, hypertension, diabetes mellitus, are a risk factor for BPH/LUTS and are associated
with the prevalence or symptom severity of BPH/LUTS [10–11, 27–32]. Subsequent studies
on BPH have indicated that reduced prostatic blood flow and increased vascular resistance
in the transition zone of the prostate were observed in patients with BPH/LUTS compared to
control healthy group [10, 11]. It also appears that BPH/LUTS patients with vascular
disorders had a greater reduction of prostatic blood flow and a greater severity of BPH
symptoms than men without vascular disorders [10, 29]. Given that prostatic inflammation
and vascular pathology are associated with BPH/LUTS and vascular response is essential
during inflammation for tissue repair, the mechanisms underlying the vascular changes in
response to inflammation in the prostate are postulated to contribute to the etiology of BPH/
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LUTS. Therefore, it is tempting to investigate the effect of inflammation on vascular
changes in the prostate.

In this study, the vascular development and its response to inflammation in the mouse
prostate were described. We began the study by describing the vascular anatomy of the
mouse prostate at the macroscopic level. We also evaluated the relationship of prostate
vasculature with the epithelium, endothelial proliferation and mRNA expression of the
major angiogenic factors in the developing and the mature adult mouse prostates. Finally
exploiting our previously described mouse model of bacterial-induced prostatic
inflammation [33], we characterized the vascular response to acute inflammation by
measuring endothelial proliferation, vessel density and changes in the mRNA expression of
the major angiogenic factors in the adult mouse prostate. The findings of this study are to
serve as a fundamental resource for future research aimed at elucidating the role of vascular
mechanisms in prostate development as well as the pathogenesis of inflammation associated
prostatic diseases.

MATERIALS AND METHODS
Visualization of the Vascular System by Intra-cardiac Perfusion of India Ink

Adult C57BL6/J (Jackson Laboratory) or CD-1 WT (Charles River) male mice were used in
these studies. To visualize the vascular anatomy of the mouse prostate, anesthetized mice
were perfused with 25% India ink in sterile PBS through the left ventricle. India ink is
commonly used in research for visualization of the blood vessels [34, 35]. After the ink is
completely distributed to all vessels in the entire body, the urogenital tracts were removed
immediately from the animals and were fixed in 10% neutral buffered formalin overnight at
4°C. The next day the tissues are rinsed in PBS and then incubated in PBS+1%KOH for two
days at 4°C followed by serial steps with graded increasing concentration of glycerol in PBS
+1% KOH starting at 25% to 50%, 75% and finally 100% for two days each with final
storage in glycerol, all incubations done at 4°C. Note that as the concentration of glycerol
goes up the concentration of the PBS/KOH goes down, starting with 1% KOH in PBS. The
vasculature of the prostate was visualized under the dissecting light microscope and images
were obtained using a digital SPOT camera.

Transurethral Instillation
Transurethral instillation was performed as previously described [33]. Briefly, eight to ten-
week old CD-1 (Charles River) or C57BL6/J (Jackson Laboratory) WT male mice were
anesthetized with isoflurane and a lubricated sterile polyethylene catheter was inserted into
the mouse urethra. Uropathogenic E. coli 1677 (2 ×106CFU/ml) or sterile PBS in a volume
of 200μl was instilled transurethrally into the adult male mice.

Animals were sacrificed 1, 2, 3, 5, and 7 days post-instillation. Naïve animals not
undergoing instillation procedures were also sacrificed to control for vascular changes
associated with catherization or transurethral instillation. In the study of the effect of
prostatic inflammation on endothelial proliferation, animals were intraperitoneally injected
with BrdU 2 hours prior to sacrifice and the prostate was collected from each animal for
histology and immunohistochemistry. In the study of the effect of prostatic inflammation on
gene expression of the angiogenic factors, the prostatic lobes were collected from each
animal for RNA isolation. Four to seven mice per time point and per treatment were used.
Ten animals without any treatment were sacrificed as naïve.
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Vascular Development
CD-1 WT pregnant females and eight-week old male mice were purchased from Charles
River. For study in quantitation of endothelial proliferation, animals were sacrificed at
postnatal day 15 (n=6) and 8 week (n=6). Prostatic tissues were harvested and processed as
described below for histology and immunohistochemistry. For study of angiogenic factor
expressions, the male urogenital sinus (UGS) at embryonic day 16 (n=4), the prostate at
postnatal day 5 (n=4) and the prostatic lobes at 8-week old animals (n=5) were collected for
RNA isolation.

Immunohistochemical staining
Co-staining for Brdu and PECAM was used to assess the proliferation in endothelial cells.
Tissue was removed from the animals and fixed in 4% PFA overnight at 4°C. PFA was
replaced with 20% sucrose and incubated at 4°C for three days after which sucrose was
replaced with OCT for 3 hours prior to embedding in fresh OCT. Samples were stored at
−80°C until sectioned. Serially sections were cut at 10μm and slides stored at −80°C until
staining. To begin staining tissue sections were washed in 0.01M PBS (pH 7.4) with 0.1%
triton X100 (3× 5min). Incubate in 1N HCl for 10min on ice followed by 2N HCl for 10min
at room temp and transfer to 37°C for another 20min. Immediately place in 0.1M borate
buffer (pH 9) for 12min at room temp. Slides were then washed in PBS+0.1% TritonX100,
three times 5min each at room temp. IHC blocking was with PBS
(pH7.4)+0.1%TritonX100+Glycine (1M)+5% normal donkey serum for 1hr at room temp.
Following blocking primary antibody in blocking solution was added, BrdU (Abcam 1893)
at 1:50 dilution and PECAM (BD 550274) at 1:200 dilution. Primary antibodies were
incubated at room temp overnight followed by three five min washes with PBS+0.1%
TritonX100. Secondary staining was done with fluorescence antibodies from Invitrogen,
(A21209, Alexa594 for PECAM, A11015, Alexa488 for BrdU) at 1:200 dilution in block
buffer for 1hr at room temp. Wash three times as above for primary antibody. To stain
nuclei add Hoechst 33258 at 4μg/ml in PBS for 10min at room temp. Wash three times, five
min each in PBS, coverslip and image.

Co-staining for CDH1 and KDR was used to assess the relationship of the endothelial cells
with the epithelial cells in the mouse UGS and prostate at different stages of development.
Male urogenital sinus from E16.5, and prostates from P5, P20 and adult C57BL/6J mouse
tissues were fixed in 4% paraformaldehyde, dehydrated in methanol, infiltrated with
paraffin, and cut into 5-μm sections. After deparaffinization, hydration, and antigen
unmasking in boiling 1mM Tris-EDTA buffer (pH 9), tissues were blocked for 1 hr in
TBSTw containing 1% Blocking Reagent (Roche Diagnostics, Indianapolis, IN), 5% normal
goat sera, and 1% bovine serum albumin fraction 5 (RGBTw). Tissues were incubated
overnight at 4°C with primary antibodies diluted in RGBTw as follows: 1:250 mouse anti-
CDH1 (61081, BD Transduction Laboratories, Franklin Lakes, NJ) and 1:600 rabbit anti-
KDR (2479S, Cell Signaling Technology). Secondary antibodies were diluted as follows:
1:250 Dylight 488-conjugated anti-mouse IgG (115-487-003, Jackson Immunoresearch,
West Grove, PA), 1:250 Alexa Fluor 594 Goat Anti-Rabbit IgG (A11012, Life
Technologies, Grand Island, NY). Immunofluorecent labeled tissues were counterstained
with 4′,6-diamidino-2-phenylindole, dilactate, and mounted in anti-fade media (phosphate-
buffered saline containing 80% glycerol and 0.2% n-propyl gallate).

Mean Blood Vessel Density (MVD)
Eight to twelve-week old C57BL6/J WT male mice (Jackson Laboratory) were instilled
transurethrally with uropathogenic E. coli or sterile saline as described above. Prostatic
tissues at day 3 (n=4 saline, n=3 E. coli) and 7 (n=4 saline, n=4 E. coli) post-instillation
were harvested, fixed in 10% formalin, embedded in paraffin and serially sectioned at 6μm.
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Standard H&E staining were performed for histology. The severity of inflammation was
graded based on our previous established grading system [33]. The identification of blood
vessels in the H&E images was consulted with a pathologist. The number of blood vessels in
the stromal area per 10X field were counted and used to determine MVD for the DLP. The
data are presented as the mean ± SEM.

Endothelial Proliferation
Immunohistochemical staining for BrdU and PECAM were performed on frozen sections as
described above. 20X field images were obtained using an Olympus fluorescent microscope
and a digital SPOT camera. Double positive BrdU/PECAM (+/+) cells representing
endothelial proliferation were counted. For developmental experiments comparisons were
made between animals at P15 and 8-week old. Comparisons between saline and 3, 5, 7-day
E. coli post-instillation were used to assess proliferation during inflammation. In addition,
H&E staining for histology was performed to confirm prostatic inflammation in the E. coli
infected animals. The data are presented as the mean ± SEM.

RNA isolation and cDNA
UGS tissues and prostatic lobes from animals were collected in 1.6ml microcentrifuge tubes
and snap frozen in liquid nitrogen immediately. RNA from the tissues was extracted using
RNeasy Micro Kit (Qiagen, Inc.) and following the manufacture's protocol and RNA yield
was measured and purity determined by 260/280nm ratio on a Nanodrop 1000
spectrophotometer (Thermo Scientific Inc.). RNA was converted to cDNA by reverse
transcription as previously described [33].

Semi-Quantitative Real-Time PCR
Semi-quantitative RT-PCR was performed with cDNA samples to quantitate gene
expression levels of the angiogenic factors. The forward and reverse primers of each
angiogenic factor Pecam, Pdgfa, Tie1, Tek, Angpt1, Angpt2, Angpt4, Fgf2, Vegfa, Vegfb,
Vegfc, and Figf were designed using the NCBI mouse nucleotide database, the mouse
genomic BLAST database and the Primer-3 program. The sequences of the primers used are
shown in Table I. RT-PCR cycle reactions were detected with SYBR green (Roche) and run
on a BioRad Real-Time CFX with run conditions of 95°C for 10 minutes, followed by 50
cycles of 95°C for 15 seconds and 60°C for 1 minute. Gene expression levels were
normalized to the housekeeping gene Gapdh.

Statistical Analysis
Gene expression between different time periods was compared using ANOVA (analysis of
variance), followed by a Fisher's LSD (Least Significant Difference) test for pair-wise
comparisons of different time periods. Prior to ANOVA, Levene's test was used to verify the
homoscedasticity assumption and a non-parametric procedure was used for non-conforming
data. All analysis was conducted using SAS 9.2 (SAS Institute, Cary NC) software. A p-
value < 0.05 was considered statistically significant in two-tailed statistical tests.

To explore the relationship between mean vessel density and inflammation score for
different prostatic lobes, Spearman's rank correlation coefficient (ρ) was calculated together
with its test statistic. Commonly the strength of the correlation ranges from −1 to 1, with
values closer to 1 indicating very strong correlation and to 0 representing very weak
correlation. The sign (+ or −) of the correlation coefficient defines the direction of the
relationship. Further, a comparison was performed on the inflammation score between WT
and E. coli for different prostatic lobes on day 3 and 7 using a two-sample t-test. All analysis
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was conducted using SAS 9.2 (SAS Institute, Cary NC) software. A p-value < 0.05 was
considered statistically significant in two-tailed statistical tests.

RESULTS
Vascular Anatomy of the Adult Mouse Prostate

We investigated the vascular anatomy of the adult mouse prostate vasculature by intra-
cardiac injection of India ink and light microscopy (Figure 1 A and B). The India ink
angiograms revealed one main artery on each side of the ventral aspect of the bladder
supplying the prostate/seminal vesicle complex. This artery branches into three vessels near
the neck of the bladder to supply the bladder, prostate, seminal vesicle and the urethra. The
central branch bifurcates - giving off one vessel that runs along the anterior prostate to
supply the anterior prostatic ducts and parts of the adjacent seminal vesicle and another
vessel that directly supplies the anterior prostate. The dorsal branch supplies the dorsolateral
prostate while the ventral branch supplies the ventral surface of the bladder and the ventral
prostate. Vessels supplying the ventral and dorsolateral prostate lobes enter near the junction
of the main prostate ducts with the urethra and arborize as they extend distally (Figure 1C
and D). Schematic illustrations of the vascular anatomy of the adult male mouse urogenital
tract are shown in Figure 1E and F.

Architecture of vascular development
To visualize the relationship between microvessels and prostate ducts during their initial
outgrowth (E16.5), branching morphogenesis (P5), glandularization (P20), and upon
maturation (P50), we conducted double immunofluorescent staining for vascular endothelial
growth factor receptor 2 (VEGFR2 also known as KDR, marks endothelium) and cadherin 1
(CDH1, marks prostatic epithelium). We observed a distinct vascular network in the stroma
along the entire cranial-caudal axis of the urethra of the male UGS at E16.5 (Figure 2A).
This network was also detected in the stroma of the seminal vesicle and ejaculatory duct
epithelium, similar to the observations made by Abler et al., 2011 [36]. Importantly, a
discernible vascular network circumscribed nascent ducts from the very beginning of their
development, suggesting a coordinated mechanism of pattern formation (Figure 2A). A
similar spatial relationship was observed at P5, when microvessels enveloped newly formed
prostatic branch tips (Figure 2B). Vessels were oriented along the proximodistal duct axis at
P20 (Figure 2C) and P50 (Figure 2D), again suggesting coordination in patterning of
prostatic ducts and the prostatic vascular supply.

Angiogenic Factor Expression in Mouse Prostate Development
We analyzed mRNA expression pattern of angiogenic factors in the male E16 UGS, P5
prostate and the individual lobes of the adult prostate (Figure 3). Expression of Pecam1,
Tie1, Tek, Angpt1, Angpt2, Fgf2, Vegfc, and Figf was higher at E16 than at the adult stage.
A subset of these genes (Tie1, Tek, Angpt1, Fgf2, Vegfc, and Figf) as well as Vegfa, were
expressed more abundantly at P5 as well. Several genes, including Angpt2, Angpt4 and
Vegfb, did not exhibit increased expression at either E16 or P5 and actually seemed to be
expressed more abundantly in the adult. In contrast, Pdgfa showed no significant differences
in expression at any of the time points examined. All of the angiogenic factors examined
have been shown to have important functions associated with angiogenesis. However, their
angiogenic effects are highly dependent on the presence of each other and the interaction
with specific receptors [37, 38]. Further, many of these angiogenic factors have multiple
isoforms with variable potency and activity [37, 38]. It is therefore difficult to directly
correlate the temporal patterns of mRNA expression for any factor with a specific
angiogenic process in either the developing or adult prostate. However, our finding that a
majority of angiogenic factors are expressed more abundantly in the perinatal period is
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clearly consistent with generally robust angiogenic activity required for vascularization of
the growing prostate.

Vascular Response to Acute Inflammation in the Mouse Prostate
To assess the response of vasculature in bacterial-induced injury and inflammation we
measured the mean blood vessel density, endothelial cell proliferation and the expression
profiles of angiogenic genes in the DLP following bacterial infection. The DLP was selected
for analysis since our previous work has shown that the DLP exhibits the most consistent
and robust inflammatory response to bacterial inoculation [33]. Analysis of H&E stained
sections showed a significant increase of inflammatory degree and mean blood vessel
density in the stromal area of the DLP of the E. coli infected mice at day 3 and 7 post-
instillation (Figure 4A and B). Correlation analysis revealed a strong positive relationship
between the severity of inflammation and the mean blood vessel density (Figure 4C and D).
To determine whether increased mean vessel density is associated with an increase in
endothelial proliferation, mice were injected IP with BrdU 2 hours before sacrifice.
Proliferating endothelial cells were identified by co-immunostaining for BrdU and the
endothelial marker (PECAM). The number of double positive PECAM/BrdU (+/+) cells was
sixteen-fold higher on day 3 post-infection as compared to saline control. Endothelial
proliferation returned to baseline by day 5 post-infection (Figure 5A–D, G). There was no
difference in endothelial BrdU labeling index between naïve and saline controls (data not
shown), demonstrating that the instillation procedure itself had no effect on endothelial
proliferation. To ascertain the relative magnitude of the proliferative response induced by
inflammation of the adult prostate, we compared the endothelial labeling index in adult and
P15 mice. P15 is a period of robust ductal morphogenesis and growth of the prostate ductal
network is at its peak. This revealed that endothelial proliferation was six-fold higher at P15
than in the adult (Figure 5E–F, H). These data show that there is a rapid vascular response to
bacterial-induced inflammation that is characterized by a very robust increase in endothelial
proliferation.

Angiogenic Factor Expression in the Bacterial-Inflamed Prostate
We analyzed mRNA expression pattern of angiogenic factors in the DLP (Figure 6) of the
adult mice at day 1, 2, 3, 5, and 7 post-instillation. Expression of Pecam, Pdgfa, Tie1, Tek,
Angpt1, Angpt2, Angpt4, Fgf2, Vegfb, Vegfc, and Figf decreased significantly in the first
three days following bacterial infection. By day 5 and 7 post-infection, expression of most
of these genes (Pdgfa, Tie1, Tek, Angpt1, Angpt2, Angpt4, Fgf2, Vegfb, and Vegfc)
returned to baseline while Pecam and Figf exhibited a rebound expression significantly
higher than baseline. Expression of Vegfa showed no significant changes at any time point.

DISCUSSION
We used intra-cardiac injection of India ink to visualize the mouse prostatic vasculature.
Injection into the beating heart allowed the ink to distribute through the arterial system. We
observed a single main artery on the ventral aspect of each side of the bladder running
laterally onto the side of the prostatic urethra and trifurcating near the bladder neck. The
ventral branch supplies the bladder and the ventral prostate; the central branch supplies the
seminal vesicle and the anterior prostate; the dorsal branch supplies the dorsolateral prostate.

Immunonstaining for VEGFR2 in the UGS demonstrated an abundant microvessel network
circumscribing the newly formed prostatic bud. This network enveloped the elongating
ducts and duct tips postnatally and generated the microvascular network of the adult
prostate. These observations complement a detailed electron-microscopy study of the
microvascular network in the adult rat previously published by Buttyan and colleagues [12].
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Formation of this vascular network during prostate development was accompanied by robust
expression of a variety of angiogenic factors, including Pecam1, Tie1, Tek, Angpt1, Angpt2,
Fgf2, Vegfa, Vegfc, and Figf. The association of angiogenic factor expression with
development of the vascular network is compelling, however, we cannot at this time ascribe
a specific role to any single or group of factors in the process of endothelial proliferation and
vascular remodeling in the prostate.

We observed a dramatic increase in endothelial proliferation in response to bacterial-induced
prostatic inflammation. Endothelial proliferation was increased 16-fold 3 days after bacterial
inoculation and decreased to baseline 5 days post-inoculation. Vascular density was also
increased. The magnitude of the vascular response to bacterial-induced inflammation was
assessed by comparing it to the angiogenic activity in the adolescent (P15) and the normal
adult prostate. We selected the P15 for comparison because P15 is a period of robust ductal
morphogenesis [39]. These studies revealed that endothelial proliferation was 6-fold higher
at P15 than in the adult, but the relative increase in proliferation was even higher in the
inflamed prostate. The increase in endothelial proliferation 3 days post-infection occurs
concomitant with a marked increase in epithelial proliferation as previously reported [33,
40].

Angiogenesis is a critical step during inflammation in response to tissue injury and is tightly
mediated by a variety of angiogenic factors. The resulting new vessels are essential to
provide oxygen in wounded area and facilitate tissue regeneration. Previous studies have
shown that airway inflammation induced by Mycoplasma pulmonis infection in C3H/HeN
mice increased angiogenesis as evidenced by increased endothelial cell proliferation
beginning as early as 1 day following infection [16]. The proliferative index of endothelial
cells peaked at 5 days, and sharply declined at day 9 post-infection but remained higher than
uninfected control. This angiogenic response to airway inflammation was accompanied by
numerous vascular modeling including enlargement of existing vessels, endothelial cell
enlargement and increased vessel density.

We found mRNA expression of a majority of angiogenic factors examined to be decreased
in the prostate after bacterial infection. This finding stands at odds with the robust
endothelial proliferation that accompanies the inflammatory response. It is, to our
knowledge, without precedent in the literature. One possible explanation is that
inflammation/injury induces the release of previously synthesized angiogenic factors. An
alternative explanation is that endothelial proliferation during bacterial-induced
inflammation may not be mediated by the angiogenic factors examined in this study but
instead by other factors produced following bacterial-infection. We have previously shown
that IL-1 is highly expressed in prostatic inflammation and is required for the epithelial
hyperplasia that occurs in response to bacterial-induced inflammation [40]. IL-1 has been
demonstrated to be pro-angiogenic and might contribute to the angiogenic response
observed. Previous studies have suggested that IL-1 can elicit production of both classical
pro-angiogenic factors and inflammatory cytokines such as IL-8, TNFα, HGF, TGFβ, and
COX2 that possess angiogenic activity [40, 43–51].

Despite the extensive focus in studying the pathogenesis of BPH, the role of angiogenesis
and the angiogenic factors in BPH is poorly studied. Previous studies have showed that
microvascularity was increased in BPH [9]. However, subsequent studies to characterize the
pro-angiogenic factor expression in BPH tissues are controversial. Studies by Jackson et al
have shown 100% cases of BPH were stained positive for VEGFA [52]. Stefanou and
colleagues have reported that VEGFA were expressed in 81.25% of BPH samples examined
[53]. In contrast, another studies have found that 83% of BPH cases were negative for
VEGFA [54]. Thus, it is unclear whether the classical pro-angiogenic factors are important
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in regulating angiogenesis in BPH due to these inconsistent findings. Intriguingly, previous
studies have shown that inflammatory factors including IL-1, IL-8, TGFβ were capable to
mediate angiogenesis in addition to their typical inflammatory functions and more
importantly, these factors were highly expressed in some cases of BPH tissues with
inflammation [40, 43–59]. Given that angiogenesis is a typical vascular response to
inflammation and prostatic inflammation is a common feature in BPH, it is tempting to
speculate that prostatic inflammation in BPH induces vascular remodeling through the
angiogenic effects of the inflammatory cytokines. The findings in our studies support this
concept, leading to a hypothesis that angiogenesis in response to prostatic inflammation may
be mediated by inflammatory cytokines rather than the classical angiogenic factors. This
suggests a mechanism that may explain the inconsistent findings of the correlation between
angiogenesis and classical angiogenic factor expression in BPH and provide a new
perspective for a possible role of inflammation-induced vascular remodeling and
angiogenesis in the pathogenesis of BPH.

CONCLUSIONS
The developing prostate and the inflamed adult prostate both exhibit robust endothelial
proliferation. However, the endothelial proliferation associated with inflammation is
characterized by a decrease in pro-angiogenic factor mRNA expression suggesting that it is
not a recapitulation of normal vascular development but a process initiated and regulated by
a different set of regulatory factors.
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ABBREVIATIONS

Angpt angiopoietins

AP anterior prostate

BPH benign prostatic hyperplasia

BrdU 5-bromo-2-deoxyuridine

DLP dorsal-lateral prostate

Fgf fibroblast growth factor

H&E hematoxylin and eosin

IHC immunohistochemistry

IP intraperitoneal

LUTS lower urinary tract symptoms

MVD mean vessel density

Pdgf platelet-derived growth factor

Pecam platelet endothelial cell adhesion molecule
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RNA ribonucleic acid

RT-PCR real-time polymerase chain reaction

Tek endothelial tyrosine kinase

Tie1 tyrosine kinase with immunoglobulin-like and EGF-like domains 1

UGS urogenital sinus

Vegf vascular endothelial growth factor

VP ventral prostate
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Figure 1.
Visualization of the prostatic vascular anatomy by intracardiac perfusion of India ink. A.
Low magnification brightfield image of the ventral and lateral side of adult male mouse
urogenital tract. The blood vessels were filled with black India ink. Black arrow indicates
the main artery supplying the male urogenital tract. Note that left lobe of the ventral prostate
was removed to visualize the vessels near the neck of the bladder. B. Low magnification
brightfield image of the dorsal side of adult mouse male urogenital tract. Black arrow
indicates the main artery supplying the seminal vesicle and anterior prostate. C–D. Images
of ventral prostate showing that the vessels supplying the lobe enter close to the urethra and
arborize distally. U Urethra. VP Ventral prostate. DLP Dorsalateral prostate. AP Anterior
prostate. SV Seminal vesicle. B Bladder. E–F. Schematic illustrations of the vascular
anatomy of the adult male mouse urogenital tract. E. A lateral and ventral view. F. A dorsal
view. The main artery on the ventral aspect of the bladder runs laterally onto each side of the
male urethra and branches into three vessels near the neck of the bladder: the ventral branch
supplies the bladder and the ventral prostate; the central branch supplies the seminal vesicle
and the anterior prostate; the dorsal branch supplies the dorsolateral prostate.

Wong et al. Page 14

Prostate. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Immunostaining for CDH1 (Green), KDR (Red) and DAPI (Blue) in the E16.5 UGS (A), P5
ventral prostate (B), P20 ventral prostate (C), adult ventral prostate (D). bl: bladder, sv:
seminal vesicle. In panel A, arrowheads indicate prostatic bud. Scale bars in panel A and
inset correspond to 100μm. Note that there is abundant auto-fluorescence of the red blood
cells shown as yellow in the E16.5 UGS.
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Figure 3.
qRT-PCR analysis for the angiogenic factors in the E16 male UGS, P5 prostate, and the AP,
DLP, VP of the adult. The data are presented as the mean ± SEM. * indicates a p-value <
0.05 compared to E16 UGS by two-sample t-test. # indicates a p-value < 0.05 compared to
P5 prostate by two-sample t-test. UGS Urogenital sinus. AP Anterior prostate. DLP
Dorsolateral prostate. VP Ventral prostate.
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Figure 4.
Vascular response to bacterial-induced acute inflammation. A. Comparisons of the
inflammatory infiltrate in the DLP of the saline and E. coli infected adult male mice at day 3
and 7 post-instillation (n=4 each time point). B. Comparisons of the mean blood vessel
density in the DLP of the saline and E. coli infected adult male mice at day 3 and 7 post-
instillation (n=4 each time point). The data are presented as the mean ± SEM. * indicates p-
value < 0.05 compared to saline by two-sample t-test. C–D. Spearman correlation analysis
of the relationship between inflammation and mean blood vessel density in the DLP of the
saline and E. coli infected adult male mice at day 3 (C) and 7 (D) post-instillation. PID Post
instillation day.
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Figure 5.
A–F. Immunostaining for BrdU (Green), PECAM (Red) and DAPI (Blue) in the adult
prostate of saline-instilled control (A), 3 days post-bacterial inoculation (B), 5 days post-
bacterial inoculation (C), 7 days post-bacterial inoculation (D), postnatal day 15 (E) and
adult (F) prostate. Scale bar 100μm. G. Comparisons of the endothelial proliferation
determined by double positive PECAM/BrdU (+/+) cells per 20X field in the prostate after
saline instillation (n=5) and day 3, 5, 7 post-bacterial inoculation (n=4 each time point). The
data are presented as the mean ± SEM. * indicates p-value < 0.05 compared to saline by
two-sample t-test. H. Comparison of endothelial proliferation determined by double positive
PECAM/BrdU cells per 20X field in the prostate of postnatal day 15 (n=6) and adult (n=6)
male mice. The data are presented as the mean ± SEM. * indicates a p-value < 0.05
compared to adult by two-sample t-test. PID Post instillation day.
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Figure 6.
qRT-PCR for the angiogenic factors in the DLP of the naïve and E. coli infected adult male
mice at day 1, 2, 3, 5, and 7 after instillation. The data are presented as the mean ± SEM. *
indicates p-value < 0.05 compared to naïve by two-sample t-test. PID post instillation day.
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TABLE I

Primer Sequences (5' to 3') Used for RT-PCR Analysis

Mediator Forward Sequence Reverse Sequence

Pecam1 GTCAGAGTCTTCCTTGCCCC CTGTTTGGCCTTGGCTTTCC

Pdgfa AGTCAGATCCACAGCATCCG TGGTTAATGGCATGGGACCC

Tie1 GCTGCTCCCCACTCTTTTCT GACACGCAGGTCAGGAAGAA

Tek (Tie2) ACCTCTTGTGTCTGATGCCG CAGTGGATCTTGGTGCTGGT

Angpt1 TTCTTCCAGAACACGACGGG AAGAGAAATCCGGCTCCACG

Angpt2 CATAGCAGCCCCTTTCCACA GACTGCAGTGCCTTTGGTTG

Angpt4 GGTAATGTGGCCAGAGAGCA TCCCAGTCATGCAGTTCCAC

Fgf2 GAGAAGAGCGACCCACACG CAGCCGTCCATCTTCCTTCA

Vegfa ACTTCTGAGGGGCCTAGGAG AGGTGGGGTAAGGAGAGGAC

Vegfb GTGCCTCTGAGCATGGAACT ACATTCCAGGCCATCGTCAG

Vegfc CAGCCCACCTCAATACCAG CTCACGTGGCATGCATTGAG

Figf (Vegfd) CCCATCGCTCCACCAGATTT CGCATGTCTCTCTAGGGCTG

Gapdh AGAACATCATCCCTGCATCC CACATTGGGGGTAGGAACAC
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