
Int J Clin Exp Med 2018;11(10):10781-10787
www.ijcem.com /ISSN:1940-5901/IJCEM0076510

Original Article
Hypertensive venous changes and Eph-B4/caveolin-1 
pathways: an exploratory study

Qian Wang1, Min Zhou2, Yang Li3, Bo Zhang4, Na Li5, Zhen Xu6, Ling Li6

1Special Medical Service Center, 6Department of Neurology, Guangdong Key Laboratory for Diagnosis and Treat-
ment of Major Neurological Diseases, National Key Clinical Department, National Key Discipline, The First Affili-
ated Hospital, Sun Yat-Sen University, Guangzhou, China; 2Medical Affairs, Glaxosmithkline, Guangzhou, China; 
3Department of Geriatrics, Zhujiang Hospital, Southern Medical University, Guangzhou, China; 4Department of 
Neurology, The Eighth People’s Hospital of Guangzhou, Guangzhou, China; 5Department of Rehabilitation, The 
Third Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China

Received March 22, 2018; Accepted July 7, 2018; Epub October 15, 2018; Published October 30, 2018

Abstract: Hypertension is a major risk factor for cerebral vascular disease (CVD). Previous studies have only focused 
on cerebral artery disease, failing to attach importance to the role of the cerebral venous system in CVD. The aim of 
this study was to investigate the structural change of jugular veins and to explore whether Eph-B4/caveolin-1 (Cav-
1) pathways plays a role in jugular venous changes caused by arterial hypertension. A stroke-prone renovascular 
hypertensive rat (RHRSP) model was established. Expression of MMP-9, EphB4, Cav-1, and p-Cav-1 was detected 
through Western blot, PCR, immunohistochemistry, or immunofluorescence. Jugular veins in the RHRSP group were 
thicker than those in the sham group, as were the intima of the jugular veins, mainly composed of type I collagen. 
Compared to the sham group, expression of Eph-B4 was significantly decreased and levels of Caveolin-1 (Cav-1) and 
phosphorylated Caveolin-1 (p-Cav-1) were significantly increased in jugular veins of the RHRSP group. Furthermore, 
endothelial p-Cav-1 and Eph-B4 were found to be diminished in jugular veins of the RHRSP group. Arterial hyper-
tension caused venous collagenosis in the jugular veins. These changes may be strongly related to Eph-B4 and its 
downstream factor Cav-1/p-Cav-1.
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Introduction

Cerebrovascular disease remains the leading 
cause of death, worldwide, and hypertension is 
one of the primary causes of cerebrovascular 
disease. At the same time, vascular remodeling 
is the most primary pathological mechanism 
caused by hypertension. A previous study [1] 
observed changes in the cerebral veins of 
stroke-prone renovascular hypertensive rats 
(RHRSPs) using susceptibility-weighted imag-
ing (SWI) and histopathological methods, find-
ing that long-term hypertension in RHRSPs 
leads to increased visibility of cerebral veins on 
SWI and thickened cerebral venous walls 
(venous collagenosis). Thickened walls of the 
affected veins in RHRSPs may be ascribed to 
several conditions that result from hyperten-
sion. However, how arterial hypertension 
affects the venous system, effects on venous 

remodeling, and mechanisms responsible for 
these changes remain unknown. 

Eph-B4 is a member of the Eph receptor tyro-
sine kinase (RTK) family. It has been described 
as a marker of venous endothelial cell (EC) 
determination in embryonic development of 
diverse species, including mice, chicks, and so 
forth [2]. Kudo et al. [3] found that Eph-B4 was 
regulated during vein graft adaptation in 
humans and aged rats and that venous identity 
was preserved in the veins of aged animals, but 
lost during adaptation to arterial circulation. 
These results demonstrated that markers of 
vessel identity are plastic and that their sel- 
ective regulation may mediate structural and 
functional changes of veins in aged animals 
and humans. Thus, whether “vein marker” Eph-
B4 plays a role in jugular venous changes 
caused by arterial hypertension is questioned. 

http://www.ijcem.com
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To resolve this issue, further research was  
performed on jugular veins using an RHRSP 
model, examining the effects and mechanisms 
of altered Eph-B4 signaling.

Materials and methods

Animal treatment

All animal procedures were approved by the 
Sun Yat-Sen University (Guangzhou, China) 
Committee for the Care and Use of Animals. A 
total of 80 male Sprague-Dawley rats, weighing 
80-100 g, were obtained from the Experimental 
Animal Center of Guangdong Province and were 
randomly divided into the following 2 groups: 
sham-clipped group (sham, n=28) and RHRSP 
model group (RHRSP, n=52).

These male Sprague-Dawley rats were fed ad 
libitum and housed in conventional conditions 
with controlled temperature (23±2°C), humidity 
(55±10%), and light (12-hour light/12-hour da- 
rkness). All animal were treated in strict accor-
dance with International Ethical Guidelines and 
the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals.

An RHRSP rat model was used to induce reno-
vascular hypertension [4-6]. Under anesthesia 
with 3% sodium pentobarbital (36 mg/kg body 
wt IP), a midline laparotomy was used for bilat-
eral placement of partially occlusive silver clips 
(0.3 mm internal diameter) on the renal arter-
ies of RHRSP rats. The ring part of the clip was 
placed around the root of each artery and the 
outer gap of the clip was then shut. Rats in the 

tracted protein were loaded onto 10% gels for 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). Membranes were 
blotted using the following primary antibodies: 
caveolin-1 (R&D Systems, Minneapolis, USA), 
EphB4 (Santa Cruz Biotechnology, California, 
USA), and phosphorylated caveolin-1 (p-Cav-1, 
Santa Cruz Biotechnology, California, USA).

Real-time quantitative PCR

The cDNA sequence of rat EphB4 was pur-
chased from Open Biosystems. The following 
primers were used for real-time PCR: GAPDH 
forward, 5’-GGCCTCCAAGGAGTAAGAAA-3’ and 
GAPDH reverse, 5’-GCCCCTCCTGTTATTATGG-3’; 
and EPHB4 forward, 5-GCTCGGAACATCTTG- 
GTCAA-3’ and EPHB4 reverse, 5’-CCCAGGG- 
AACTTGTGTAGGT-3’. PCR conditions were as 
follows: one cycle at 94°C for 4 minutes, fol-
lowed by 30 cycles at 94°C for 30 seconds,  
and 60°C for 30 seconds. Amplification was 
quantified using miScript SYBR Green PCR Kit 
(Qiagen, Hilden, Germany). Quantified results 
for individual cDNAs were normalized to GAPDH 
using the ΔΔct method. Purities of the amplified 
products were examined using dissociation 
curves.

Immunohistochemistry and immunofluores-
cence

Samples were fixed with 4% paraformaldehyde, 
embedded in paraffin, and cut into 5-μm cross 
sections. Hematoxylin and eosin (H&E) and 
Masson trichrome staining were performed for 
all samples.

Figure 1. SBPs before and after surgery in the two groups (n=28). Baseline: 
before surgery; 20th week: 20 weeks after surgery. *P < 0.05 vs SBP of the 
RHRSP group in 20th week. Error bars denote SEM. 

sham surgery group under-
went laparotomies and iso- 
lation of the bilateral renal 
arteries was without clip pl- 
acement. After 4 weeks of 
recovery from surgery, systol-
ic blood pressure (SBP) was 
measured with a tail cuff once 
per week.

Western blot analysis

The cortex of the parietal 
region of the brain was used 
for Western blots. This region 
matched that used for two-
photon observations. Jugular 
veins were also used for We- 
stern blots. Samples contain-
ing equivalent amounts of ex- 
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Primary antibody treatments were performed, 
according to manufacturer instructions. Expe- 
riments for antibody validation and document-
ed controls were carried out (Figure 1). Co- 
ncentrations of all antibodies were optimized 
as needed. Primary antibodies included Cav-1, 
p-Cav-1, and Eph-B4. Antigen retrieval was  
performed using 10-mmol/L citrate buffer at 
pH 6.0. For immunohistochemistry, secondary 
detection was performed using DAB. Sections 
were counterstained with Mayer’s hematoxylin. 
For immunofluorescence, secondary detection 
was performed using Alexa Fluor 488 and 568 
and DAPI counterstain (Sigma, St. Louis, MO, 
USA). Images were captured with a fluorescent 
microscope under identical conditions. 

Statistical analysis

SPSS 19.0 was used for statistical analyses. 
Data are expressed as mean ± SD. Student’s 
t-tests were used to compare pairs of groups.  
P values < 0.05 are considered statistically 
significant.

Results

Of the 80 Sprague-Dawley rats, 4 rats died dur-
ing the experiment in the RHRSP group. The 
sham group consisted of 28 normal healthy 
rats, used as a reference control group.

RHRSP model was established successfully

SBP increased gradually in all RHRSP rats but 
did not significantly increase in the sham gro- 
up. Compared to baseline and sham group val-
ues, SBPs of the RHRSP group were significant-
ly increased 4 weeks after surgery. Twelve we- 
eks after the RHRSP rats underwent surgery, 
increased SBPs were maintained at a relatively 
higher and stable level (Figure 1, p < 0.05).

Jugular veins thickened in the RHRSP group 
and walls were mainly composed of collagen I

H&E staining demonstrated normal thin walls 
of jugular veins in the sham group and thick-
ened walls of jugular veins in the RHRSP group 

Figure 2. Jugular veins thickened in the RHRSP group and the walls were mainly composed of collagen I. MMP9 
expression increased in the jugular veins (n=5). A. H&E staining demonstrating normal thin walls of jugular veins 
of the sham group and thickened walls of jugular veins in the RHRSP group. Masson trichrome staining illustrated 
that thickened walls in RHRSP group were composed of collagen. Arrows show intimal thickening. Bar, 100 μm. B. 
Jugular vein intima thickness of two groups. C. The type I collagen and smooth muscle actin (SMA) in the walls of 
jugular veins of both groups. D. MMP9 expression increased in jugular veins of the RHRSP group compared to the 
sham group. *P < 0.05. Error bars denote SEM.
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(Figure 2A). Masson trichrome staining rev- 
ealed that these thickened walls were com-
posed of collagen (Figure 2A). Intimal thickn- 
ess of jugular veins was measured for both 
groups. Differences between the two groups 
were significant (Figure 2B).

To explore the main constituent of the thick-
ened walls of jugular veins, this study dealt with 
jugular veins of both groups using immunohis-
tochemistry staining (Figure 2C). It was found 
that the thickened walls mainly consisted of 
type I collagen, however, no significant differ-
ences were detected concerning expression of 
smooth muscle actin (SMA) in the jugular veins 
between the sham group and RHRSP group.

MMP9 expression increased in jugular veins 
of the RHRSP group compared to that of the 
sham group

Protein expression of MMP9 was examined in 
jugular veins via Western blotting, finding that it 

was significantly increased in the RHRSP group, 
compared to the sham group (Figure 2D).

Eph-B4 expression decreased and Cav-1 and 
p-Cav-1 expression increased in jugular veins 
of the RHRSP group 

Levels of Eph-B4, Cav-1, and p-Cav-1 proteins 
were detected by Western blot in the jugular 
veins of sham and RHRSP groups. Compared  
to the sham group, protein expression of Eph-
B4 was significantly decreased and levels of 
Cav-1 and p-Cav-1 were significantly increased 
in jugular veins of the RHRSP group (Figure 
3A-D).

Next, mRNA levels of Eph-B4 were examined in 
the jugular veins of both groups using quantita-
tive real-time PCR. The RHRSP group exhibited 
less detectable Eph-B4 than the sham group, 
suggesting that expression of Eph-B4 tran-
scripts was downregulated in the hypertensive 
rats (Figure 3E). 

Figure 3. Eph-B4 expression decreased and Cav-1 
and p-Cav-1 protein expression increased in jugular 
veins of the RHRSP group (n=5). A-D. Representa-
tive Western blot bands and quantitative analyses 
of Eph-B4, Caveolin-1, and p-Caveolin-1 protein ex-
pression in both groups. E. mRNA levels of Eph-B4 
decreased in the jugular veins of RHRSP group. * P 
< 0.05. Error bars denote SEM. 
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Eph-B4 and p-Cav-1 expression diminished 
in endothelial cells of jugular veins of the 
RHRSPs

Immunohistochemistry demonstrated that en- 
dothelial Cav-1 was detectable in jugular veins 
of both groups, but endothelial p-Cav-1 was 
strongly diminished in the RHRSP group (Figure 
4A). Immunofluorescence showed that Eph-B4 
was diminished in jugular veins of the RHRSP 
group (Figure 4B). 

Discussion

In a previous study [1], it was proven that arte-
rial hypertension affects the venous system of 
the brain. Increased visibility of cerebral veins 
on SWI and thickened cerebral venous walls 
(venous collagenosis) were both consequenc- 
es of long-term hypertension in RHRSPs. Fu- 
rthermore, it was validated that stenosis in 
these affected veins led to slower velocities, 
resulting in disordered venous drainage. The 
present study investigated venous remodeling 
in jugular veins of the RHRSP group, examining 

tension (CWT), an important determinant of 
vascular remodeling. Moreover, it was found 
that expression of MMP9 was increased in the 
jugular veins of hypertensive rats. Thus, it was 
hypothesized that elevated blood pressure 
leads to overload capacity of the body, increas-
ing CWT. This, on one hand, stimulates the pro-
liferation of vascular smooth muscle cells and 
collagen. On the other hand, it promotes MMP9 
secretion which reduces the elasticity of blood 
vessels. The pathologic changes above, in turn, 
increase CWT, forming a vicious circle and lead-
ing to venous remodeling. 

Remodeling of jugular veins in hypertensive 
rats (i.e., venous collagenosis) is substantially 
different from the corresponding process in 
arteries. This elicits the question, through 
which signaling pathways does venous remod-
eling occur?

During embryonic development, Eph receptors 
and their membrane-bound ephrin ligands  
play essential roles in the formation of func-
tional vascular networks [7-9]. Eph-B4 is an 

Figure 4. Endothelial p-Cav-1 and Eph-B4 was diminished in jugular veins of 
RHRSP group (n=5). A. Immunohistochemistry against Cav-1 and p-Cav-1, 
Bar, 200 μm. Arrowheads denote loss of p-Cav-1 signal; B. Immunofluores-
cence against Eph-B4, Bar, 100 μm. Arrowheads denote loss of Eph-B4 sig-
nal. *, lumen. 

possible mechanisms. It was 
found these changes may be 
strongly related to Eph-B4 
and its downstream factor 
Cav-1/p-Cav-1.

A previous study by Bruno 
reported that an aged group 
displayed an increment of col-
lagen fibers versus a young 
group. Moreover, even in the 
youngest group, hypertensi- 
on accelerated collagen de- 
position in the small arteries. 
Histopathology results in the 
present study indicated that 
hypertension also caused ve- 
nous collagenosis, rather th- 
an smooth muscle cell mito-
gen secretion, in jugular veins 
of the RHRSPs. This was in 
accord with venous collage- 
nosis observed in a previous 
study. Bruno’s study found 
that collagenosis may cause 
jugular veins to become less 
distensible and slower to 
relax, impairing blood flow 
from the brain back to the 
heart. This process leads to 
increased circumferential wall 
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active determinant of embryonic venous devel-
opment [2, 10-12]. It is also present in adult 
veins where it provides a marker of venous 
identity. Kudo [3] used immunofluorescence to 
confirm that Eph-B4 is expressed in aged rat 
jugular veins in both the endothelium and 
α-actin-positive medial SMCs. He also con-
firmed that Eph-B4 is strongly diminished, but 
not eliminated in the intima media of venous 
grafts placed in the relatively hypertensive 
environment of arterial circulation. The present 
study obtained similar results. Eph-B4 signal-
ing was reduced in jugular veins of the hyper-
tensive rats, as was signaling in the intima. 
Thus, it was questioned whether reduced Eph-
B4 expression is responsible for venous re- 
molding in hypertensive rats. 

A study in 2011 [13] demonstrated that the 
loss of Eph-B4 during venous transposition to 
the arterial circulation was directly responsible 
for the loss of normal venous structures and 
excessive venous wall thickening and remo- 
deling. Lynn S. Model et al. [14] examined 
changes in vessel identities of human saphe-
nous veins in a flow circuit in which shear stress 
could be precisely controlled. They found that 
venous Eph-B4 expression was diminished and 
expression of osteopontin was increased with 
exposure to arterial magnitudes of shear st- 
ress. These authors concluded that arterial 
magnitudes of shear stress cause the loss  
of venous identity. To increase knowledge of 
the function of Eph-B4, a study in 2013 found 
that diminished venous endothelial Eph-B4 
expression was associated with an angioge- 
nic and mitogenic phenotype that is charact- 
erized by increased secretion of smooth mus-
cle cell mitogens and reduced nitric oxide pro-
duction [15]. This result suggests that de- 
creased Eph-B4 expression is related to vascu-
lar remodeling. 

Cav-1 is a major structural protein of the caveo-
lae in endothelial cells. It is thought to be 
involved in the mechanotransduction of dynam-
ic shear stress changes via interactions with 
several signaling protein families, including Eph 
receptors [16, 17]. Forrester’s research [18] 
found that Cav1(-/-) mice, infused with AngII, 
showed attenuation of medial thickness and 
perivascular fibrosis in the thoracic aorta, in- 
dicating that dysfunction of Cav-1 leads to vas-
cular remodeling. Moreover, a study by Muto 
[13] suggested that Cav-1 is downstream of 

Eph-B4 signaling during venous adaptation. 
This author examined vein graft adaptation  
in WT and Cav-1 KO mice, finding that vein 
grafts derived from Cav-1 KO mice exhibit sig-
nificantly increased wall thickness, like that 
observed in vein grafts with reduced Eph-B4 
function. However, vein grafts derived from 
Cav-1 RC mice, such as Cav-1 KO mice with an 
EC-specific Cav-1 transgenic reconstitution, 
exhibited greatly reduced thickness compar- 
ed with vein grafts derived from Cav-1 KO mi- 
ce. These results suggest that the thickening 
response is a result of endothelial Cav-1, not 
global Cav-1, dysfunction and that endotheli- 
al Cav-1 is essential to the Eph-B4 signaling 
that limits venous wall thickness. The present 
study further observed increased Cav-1 and 
p-Cav-1 in the thickened jugular veins of 
RHRSPs at both protein and mRNA levels. This 
seemed to contradict the findings that Eph-B4 
stimulated phosphorylation of Cav-1 in the 
endothelial cells [13] and that Eph-B4 was 
greatly reduced in RHRSPs. Furthermore, im- 
munohistochemistry was used to detect endo-
thelial Cav-1 and p-Cav-1. It was found that 
endothelial Cav-1 was detectable in both gro- 
ups, but endothelial p-Cav-1 was strongly dimin-
ished in the RHRSP group, in accord with Mito’s 
results. Results also suggest that probably only 
p-Cav-1 in the endothelial cells is functional 
active and plays a role in vascular remodeling. 
Decreased p-Cav-1 in the endothelium may 
have been caused by the reduction in Eph-B4 
in the RHRSP group. 

In conclusion, the present study found that 
arterial hypertension caused venous collage- 
nosis but no change of expression of smooth 
muscle actin in jugular veins. Moreover, these 
changes may be strongly related to Eph-B4 and 
its downstream factor Cav-1/p-Cav-1, especial-
ly the active protein p-Cav-1 in endothelial cells. 
Until now, substantial research in this field has 
not focused on target protein expression of 
special delicate structures, including endothe-
lial cells and the smooth muscle layer. Studies 
have reported that Cav-1 can inhabit vascular 
remodeling through reducing superoxide pro-
duction and vascular smooth muscle cell prolif-
eration [19]. However, specific mechanisms of 
venous remodeling in the environment of arte-
rial hypertension are still ambiguous. Thus, fur-
ther research is required to explore this big 
problem. 
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