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castrated male mice.
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(Background: Eph kinases constitute the largest receptor tyrosine kinase family, and there is no knowledge about their
Results: Ephb6 regulates vascular smooth muscle cell contraction, and its knock-out resulted in increased blood pressure in

Conclusion: Ephb6 and its ligands can regulate vessel tone and blood pressure.
Significance: We have identified a new group of molecules capable of regulating blood pressure.
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Eph kinases constitute the largest receptor tyrosine kinase
family, and their ligands, ephrins (Efns), are also cell surface
molecules. Our study is the first to assess the role of Ephb6 in
blood pressure (BP) regulation. We observed that EphB6 and all
three of its Efnb ligands were expressed on vascular smooth
muscle cells (VSMC) in mice. We discovered that small arteries
from castrated Ephb6 gene KO males showed increased contrac-
tility, RhoA activation, and constitutive myosin light chain
phosphorylation ex vivo compared with their WT counterparts.
Consistent with this finding, castrated Ephb6 KO mice pre-
sented heightened BP compared with castrated WT controls. In
vitro experiments in VSMC revealed that cross-linking Efnbs
but not Ephb6 resulted in reduced VSMC contractions, suggest-
ing that reverse signaling through Efnbs was responsible for the
observed BP phenotype. The reverse signaling was mediated by
an adaptor protein Gripl. Additional experiments demon-
strated decreased 24-h urine catecholamines in male Ephb6 KO
mice, probably as a compensatory feedback mechanism to keep
their BP in the normal range. After castration, however, such
compensation was abolished in Ephb6 KO mice and was likely
the reason why BP increased overtly in these animals. It suggests
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that Ephb6 has a target in the nervous/endocrine system in addi-
tion to VSMC, regulating a testosterone-dependent cate-
cholamine compensatory mechanism. Our study discloses that
Ephs and Efns, in concert with testosterone, play a critical role in
regulating small artery contractility and BP.

Primary hypertension represents a high blood pressure (BP)?
condition that is not induced by other diseases. Approximately
90-95% of hypertension cases fall into this category. As a result
of numerous studies, some risk genes contributing to primary
hypertension have been identified, such as genes related to the
renin-angiotensin-aldosterone system (1), the sympatho-adre-
nal system (2), endothelial hormones (3, 4), and sex steroids
(5-7), to name a few. However, the etiology of primary hyper-
tension remains incompletely understood.

Ephs, the largest family of receptor tyrosine kinases, com-
prise ~25% of known receptor tyrosine kinases (8). The ligands
of Ephs, ephrins (Efns), are also cell surface molecules (8) and
can transduce signals into cells (9) in a phenomenon called
reverse signaling. Interactions among Ephs and Efns are pro-
miscuous. One Eph can interface with multiple Efns and vice
versa. In general, EphA members interact preferentially with
EfnA members, and EphB members interact preferentially with
EfnB members (10-12). Such interactions suggest that these
molecules are so vital to biological systems that heavy redun-
dancy is obligatory.

Various Eph and Efn members are expressed in various tis-
sues and organs. They are important not only in embryonic
development but also in physiological and pathophysiological
conditions in adults. Most reported functions of Ephs occur in
the central nervous system (10, 11). They are essential in the

3 The abbreviations used are: BP, blood pressure; VSMC, vascular smooth
muscle cell(s); gPCR, quantitative PCR; Ab, antibody; PE, phenylephrine;
MLC, myosin light chain; HR, heart rate.
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development of neuronal connections, circuit plasticity, and
repair. Some Ephs and Efns, expressed in endothelial cells, are
vital in angiogenesis during normal embryonic development as
well as in tumorigenesis (12, 13). This and other studies have
reported that Ephs and Efns, particularly their B family mem-
bers, as well as some A family members, are expressed in thy-
mocytes and T cells; they are capable of modulating T-cell
responses and survival (14). It has been shown that Ephs/Efns
are involved in intestinal epithelium self-renewal (15), urorectal
development (16), pancreatic 3-cell insulin secretion (17), bone
development, maintenance and repair (18, 19), regulation of
red blood cell production in response to hypoxia (20), clotting
(21), glomerular filtration (22), and ionic homeostasis of vestib-
ular endolymph fluid in the inner ear (23).

Efnb2 and Efnal are expressed in vascular smooth muscle
cells (VSMC) (24-27). Conditional KO of Efnb2 in pericytes
and VSMC with a platelet-derived growth factor receptor 3
promoter leads to perinatal lethality (24). VSMC with Efnb2
deletion manifest compromised migration (24). Ogita et al. (28)
showed that in long term cultures of rat and human VSMC,
Efnal triggered Epha4 signaling and actin stress fiber assembly,
but whether such signaling elicited changes in VSMC contrac-
tility was not investigated. Therefore, Eph and Efn function in
VSMC contractility and BP regulation has not been studied to
date.

Our earlier DNA microarray analysis of Ephb6 KO mouse
thymocytes indicated that the expression of some genes regu-
lating BP seems to be altered. Based on this clue, we hypothe-
sized that Ephb6 KO mice might have abnormal BP. This
hypothesis was the focus of our study.

MATERIALS AND METHODS

EphB6 KO Mice—EphB6 KO mice were generated in our lab-
oratory, as described previously (29). They have been back-
crossed to the C57BL/6 background for more than 10 genera-
tions. Age- and gender-matched WT littermates or C57BL/6
mice were used as controls and are referred to as WT mice.

We also generated transgenic mice with human B-actin pro-
moter-driven expression of a truncated Ephb6 (amino acids
1-667), whose intracellular domain was deleted, with a plasmid
construct pAC-Ephb6A, as illustrated in supplemental Fig. S1.
The transgenic mice were backcrossed to the C57BL/6 back-
ground for 10 generations and then crossed with Ephb6 KO.
The resulting mice, called Ephb6A/KO mice, expressed tailless
Ephb6 on the cell surface. Again, age- and gender-matched WT
littermates or C57BL/6 mice were used as controls and are
referred to as WT mice.

RT-qPCR—Ephn6, Efnbl, Efnb2, Efnb3, Dishevelled, PDZ-
RGS3, and Gripl mRNA levels were measured by RT-qPCR.
Total RNA from VSMC or mesenteric artery endothelial cells
was extracted with TRIzol® (Invitrogen) and then reverse-tran-
scribed with Superscript II™ reverse transcriptase (Invitro-
gen). The primers utilized in RT-qPCR and the fragment sizes
amplified are listed in supplemental Table SI. PCR conditions
for the reactions were as follows: 2 min at 50 °C, 2 min at 95 °C,
followed by 20-25 cycles of 10 s at 94 °C, 20 s at 58 °C, and 20 s
at 72 °C. B-Actin mRNA levels served as internal controls, and
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the data were expressed as signal ratios of test gene
mRNA/B-actin mRNA.

VSMC Isolation—Mouse VSMC were isolated as described
by Golovina and Blaustein (30) with modifications. The aorta
and mesenteric arteries, including their secondary branches,
were digested with collagenase type II (347 units/ml) (Wor-
thington Biochemical Corporation, Lakewood, NJ). These ves-
sels were washed twice, and the adventitia and endothelium
were removed with fine forceps and sterile cotton-tipped appli-
cators. They were further digested with both collagenase type II
(347 units/ml) and elastase type IV (6 units/ml) (Sigma-Al-
drich). The dissociated cells were cultured at 37 °C in Dulbec-
co’s modified Eagle’s medium (Wisent; St-Bruno, Canada) sup-
plemented with 15% fetal bovine serum for 4-5 days before
experimentation. In the studies of sex hormones, VSMC were
cultured in 15% stripped fetal bovine serum (serum reacted
with active charcoal for 24 h to remove bovine sex hormones).

Immunofluorescence Microscopy—VSMC cultured for 4-5
days were fixed with paraformaldehyde (4%) for 15 min. The
cells were blocked with 10% goat IgG in phosphate-buffered
saline for 20 min and then incubated with various first antibod-
ies (Abs, 2 pg/ml): goat anti-mouse Efnb1, Efnb1, Efnb3, and
Ephb6 Abs (R & D Systems, Minneapolis, MN). The cells were
reacted overnight at 4 °C with rhodamine-conjugated donkey
anti-goat Ab (0.15 pg/ml; Jackson ImmunoResearch Laborato-
ries, West Grove, PA). For intracellular a-actin staining, the
cells were permeabilized with permeabilization buffer (BD Bio-
sciences, San Jose, CA) for 20 min at 4 °C and then incubated
with mouse anti-human a-actin mAbs (2 ug/ml; Santa Cruz
Biotechnology, Santa Cruz, CA) followed by FITC-conjugated
goat anti-mouse IgG (0.2 ug/ml; Bethyl Laboratories, Mont-
gomery, TX). The stained cells were examined under a Zeiss
microscope.

Ex Vivo Vessel Constriction—Vessel constriction was studied
ex vivo as described previously (31). Mesenteric artery seg-
ments (2 mm in length) of third-order branches (exterior diam-
eter, 125-150 wm) were stripped off endothelium and mounted
on 20-um tungsten wires in small vessel myographs, stretched
to optimal tension, and maintained in physiological saline solu-
tion (130 mm NaCl, 4.7 mm KCl, 1.18 mm KH,PO,, 1.17 mm
MgSO,, 1.17 mm NaHCO, 1.6 mm CaCl,, 0.023 mm EDTA, 10
mM glucose, aerated with 12% O,, 5% CO,, 83% N,, pH 7.4) at
37 °C. After a 40-min stabilization period, arterial segments
were challenged with 40 mm KCI physiological saline solution
(KCl was substituted for an equivalent concentration of NaCl).
Single cumulative concentration-response curves to the al-ad-
renergic receptor agonist phenylephrine (PE, 1 nm to 100 wm;
Sigma) were charted. At the end of the protocol, maximal ten-
sion (E,,,) was determined by changing the physiological
saline solution to a solution containing 127 mm KCI. The data
are expressed as percentages of Emax. Student’s ¢ tests were
performed to compare concentration-response curves.

Immunoblotting of Myosin Light Chain (MLC) Phosphor-
ylation—The aorta and mesenteric arteries of WT and KO mice
were isolated, washed twice with Ca®" -free Hanks’ buffered salt
solution buffer, and then frozen in liquid nitrogen until they
were used. The vessels were homogenized for 1 min at room
temperature in 0.4 ml of radioimmunoprecipitation assay
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buffer, which contained Pho-stop and Protease Inhibitor Mix-
ture (Roche Applied Science, Laval, Canada). The samples were
spun at 12,000 rpm for 15 min at 4 °C, and the supernatants
were collected. Twenty micrograms of proteins/sample were
resolved in 12% SDS-PAGE. Proteins from the gel were trans-
ferred to PVDF membranes (Invitrogen), which were incubated
in blocking buffer containing 5% (w/v) skimmed milk (for MLC,
5% BSA was used in the blocking buffer) for 1 h at room tem-
perature and then hybridized overnight at 4 °C with mouse
anti-mouse phospho-MLC mAb or rabbit anti-mouse total
MLC Ab (both from Cell Signaling Technology, Danvers, MA).
The Abs were used at the manufacturer’s recommended dilu-
tions or at 1:1,000. The membranes were washed three times
and reacted with corresponding second Abs, i.e. horseradish
peroxidase-conjugated sheep anti-mouse IgG Ab (GE Health-
care, Baie D’Urfe, Canada) or horseradish peroxidase-conju-
gated rabbit anti-goat IgG Ab (R & D Systems) for 90 min. The
signals were detected with SuperSignal West Pico chemilumi-
nescent substrate (Thermo Scientific, Rockford, IL).

BP Measurements by Radiotelemetry—The mice were anes-
thetized with isoflurane and implanted surgically with
TA11PA-C10 radiotelemetry sensors (Data Sciences Interna-
tional, St. Paul, MN) in the left carotid artery for direct meas-
urement of arterial pressure and heart rate (HR), as described
previously (32). Seven days were allowed for recovery before
measurement. For castrated mice, the measurement was con-
ducted 21 days after surgery. In some experiments, male mice
were castrated one week after transmitter implantation; three
weeks after the castration, mice were administered with estro-
gen (240 mg) daily subcutaneously for 7 days. Their BP and HR
were measured by telemetry during the last 3 days of estrogen
administration.

Arterial pressure and HR in conscious, free-moving mice
were then recorded continuously for 3 days with the Dataquest
acquisition 3.1 system (Data Sciences International). Individual
10-s waveforms of systolic pressure, diastolic pressure, mean
arterial pressure, and HR were sampled every 2 min throughout
the monitoring period. The raw data were processed with the
Dataquest A.R.T-Analysis program (32) and are presented as
the means *+ S.E. Statistically significant differences between
the experimental groups were evaluated by unpaired ¢ test and
repeated measures analysis of variance with Statview. Values of
p < 0.05 were considered to be statistically significant.

Measurement of VSMC Contractility—Cultured primary
VMSC were washed once with Hanks’ buffered salt solution
and cultured in the same solution. They were placed under a
Zeiss microscope with environmental controls (37 °C and 5%
CO,). The cells were stimulated with PE (20 um), unless other-
wise indicated, and photographed continuously for 15 min at a
rate of 1 picture/min. Fifteen or more cells were selected ran-
domly, and their length was measured at each time point with
Zeiss Axiovision software. Percentage contraction was calcu-
lated as follows: % contraction = (cell length at time 0 — cell
length at time X)/cell length at time 0. Student’s £ test was per-
formed to assess statistically significant differences.

siRNA Transfection—siRNAs of Disheveled, PDZ-RGS3, and
Gripl as well as negative control siRNAs were synthesized by
Integrated DNA Technologies (Coralville, IA), and their
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sequences are shown in supplemental Table SII. VSMC were
cultured for 4 -5 days, with the last 16 h being free of antibiot-
ics, and then transfected with a mix of three pairs of siRNAs of
a particular gene (each pair at a final concentration of 10 nm),
with FuGENE HD X-tremeGENE siRNA transfection reagent
(Roche Applied Science). The transfected VSMC were further
cultured for 24 to 36 h, and their contractility was measured
upon PE (10 um) stimulation.

Activated RhoA Assay—GTP-associated activated RhoA lev-
els in mesenteric artery smooth muscles were determined by
G-LISK RhoA activation assay kit (Cytoskeleton Inc. Denver,
CO) according to the manufacturer’s instructions.

RESULTS

Expression of Ephb6 and Its Ligands in VSMC—The mRNA
expression of Ephb6, as well as three of its major ligands, Efnb1,
Efnb2, and Efnb3, in VSMC was detectable by RT-qPCR (Fig.
1A). We assessed these four molecules in VSMC at the protein
level by immunofluorescence (Fig. 1B). The expression of
Ephb6 and its ligands in these cells suggests that Ephb6 might
regulate VSMC function. Ephb6A/KO mice expressed tailless
Ephb6 (Ephb6A) on the cell surface. Fig. 1C demonstrates the
lack of Ephb6 expression in Ephb6 KO VSMC and re-expres-
sion of cell surface Ephb6A in Ephb6A/KO VSMC.

Ephb6 Null Mutation Alters Blood Vessel Contraction—BP is
controlled by cardiac output, vessel resistance, and blood vol-
ume. We did not observe any difference in cardiac output
between KO and WT mice according to echocardiography
(data not included). We then examined small artery contractil-
ity, a major factor contributing to BP in terms of peripheral
blood flow resistance. Ex vivo contractility of the mesenteric
arteries from KO and WT mice was assessed after stimulation
with PE. Male KO vessels showed lower contractility than male
WT vessels (Fig. 24), whereas female KO vessels presented
higher contractility than WT vessels after PE stimulation (Fig.
2B). This raised the possibility that Ephb6 might work in con-
cert with sex hormone to regulate vasoconstriction. To test
whether such is the case, we castrated male Ephb6 KO mice.
Indeed, vessels from castrated KO males manifested increased
contractility compared with castrated WT males (Fig. 2, C and
D).1tis to be noted that these observed contractility phenotypes
remained unchanged in the presence or absence of endothe-
lium (Fig. 2, A-D), indicating that the nitric oxide production
by the endothelium is not involved in the altered contractility in
the absence of Ephb6 and male sex hormone.

Consistent with the contractility results, at the molecular
level, freshly isolated mesenteric arteries without endothelium
from female KO and castrated male KO but not male KO mice
presented a constitutive increase of MLC phosphorylation (Fig.
2E), reflecting the increased sensitivity of VSMC to vasocon-
strictive stimuli.

Because activated RhoA could increase MLC phosphoryla-
tion via the RhoA-associated kinase/myosin phosphatase path-
way (33), we assessed the levels of GTP-bound RhoA in mesen-
teric artery smooth muscles. As shown in Fig. 2F, 5 s after the
activation by PE, endotheliumless mesenteric arteries from cas-
trated and female but not uncastrated male KO mice had sig-
nificantly elevated activated RhoA levels compared with their
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FIGURE 1. Expression of Ephb6 and Efnbs in mouse VSMC. All of the experiments were repeated at least twice, and data from a representative experiment
arereported. A, Ephb6, Efnb1, Efnb2, and Efnb3 mRNA expression in mouse VSMC. Ephb6, Efnb1, Efnb2, and Efnb3 mRNA expression in VSMC from mesenteric
arteries and aorta was measured by RT-qPCR with B-actin mRNA as internal control. The means = S.D. of Ephb6 or Efnb signal/B-actin signal ratios are shown.
B, Ephb6 and Efnb expression on VSMC according to immunofluorescence. WT VSMC cultured for 4-5 days were stained with FITC goat anti-a-actin (in
pseudo-green color) Ab and goat anti-mouse-Ephb6, Efnb1, Efnb2, and Efnb3 Abs, followed by PE donkey anti-goat IgG (in pseudo-red color). Cells stained with
controlisotypic first Ab control (normal goat IgG, last column) showed no specific signal. C, VSMC from Ephb6A/KO mice re-expressed cell surface Ephb6. VSMC
from WT (first and last columns), Ephb6A/KO, and Ephb6 KO mice were stained with anti-Ephb6 Ab (first three columns) or isotypic control Ab (last column) and

anti-a-actin Ab, as indicated, and two-color micrographs are presented.

counterpart WT mice. The RhoA activity in KO mice was
increased almost 15-fold after castration, much more than that
of WT males after castration. Such elevation was compatible
with the augmented MLC phosphorylation and constriction in
female and castrated KO vessels.

Castrated KO Mice Show Increased BP—We wondered
whether heightened vasoconstriction in female and castrated
KO mice led to elevated BP. The BP of Ephb6 KO and WT mice
was measured by radiotelemetry. The systolic pressure, dia-
stolic pressure, mean arterial pressure, and HR of male and
female KO mice presented no significant differences from their
respective WT controls (supplemental Fig. S2). However, 3
weeks after castration, KO mice manifested increased systolic
pressure, diastolic pressure, and mean arterial pressure com-
pared with castrated WT mice, whereas both groups main-
tained similar HR (Fig. 3A4).

Weas the lack of BP elevation in female KO mice due to that
estrogens lowered the BP? To answer this question, we admin-
istered estrogen for 7 days to the castrated KO and WT mice. As

6822 JOURNAL OF BIOLOGICAL CHEMISTRY

shown in Fig. 3B, BP of castrated KO did not come down after
estrogen administration and remained higher compared with
the castrated WT males treated with estrogen, indicating that
the lack of BP elevation in female KO mice was not due to a
suppressive effect of estrogen.

We next tested whether these in vivo findings could be
reproduced in a defined in vitro culture system. For this pur-
pose, female KO VSMC were cultured in medium containing
15% strip serum, in which the bovine sex hormones had been
removed by active charcoal adsorption. In this system, the
female KO VSMC contractility in the absence of testoster-
one was significantly higher than that female KO VSMC in
the presence of testosterone, whereas testosterone did not
affect the contractility of WT female VSMC (Fig. 3C). On the
other hand, the addition of estrogen to the cultured male KO
or WT VSMC did not alter their contractility (Fig. 3D). The
results indicate that Ephb6 and testosterone need to be
removed simultaneously to elevate VSMC contractility.
These in vitro results are compatible with the ex vivo vessel
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FIGURE 2. Contractility, MLC phosphorylation, and RhoA activation of mesenteric arteries from Ephb6 KO and WT mice. A-D, contractility of mesenteric
arteries from EphB6 KO and WT mice following PE stimulation. Segments (2 mm) of the third order branch of the mesenteric artery with endothelium or with
endothelium removed were stimulated with PE. A single cumulative concentration-response curve to PE (1 nm to 100 um) was obtained. The maximal tension
(Enax) Was determined by challenging the vessels with a physiological saline containing 127 mm KCl. Vessel contractility is expressed as a percentage of the
E,ax- The data from three mice per group were pooled, and the means = S.E. are shown. ¥, p < 0.01 (paired Student’s t test). A, vessel contractility of males; B,
vessel contractility of females; C, vessel contractility with endothelium of castrated males; D, vessel contractility without endothelium of castrated males. E,
constitutive MLC phosphorylation in Ephb6 KO arteries. Proteins from freshly isolated mesenteric arteries and aortas of male, castrated male (Male-Cast), and
female WT and Ephb6 KO mice were analyzed for total and phosphorylated MLC by immunoblotting. The experiments were repeated three times, and data
from representative immunoblotting are shown. The means = S.D. of signal ratios of phosphorylated versus total MLC of three independent experiments were
determined by densitometry and illustrated in the bar graph in the lower panel. F, activated RhoA levels in PE-stimulated smooth muscles of mesenteric arteries.
Mesenteric arteries were isolated from WT and KO mice, and the epithelium of the vessels was removed. The vessels were subjected to PE stimulation (20 um)
for 5 s at room temperature and then quickly frozen in liquid nitrogen. The vessels were then homogenized, and the activated RhoA (GTP-associated RhoA)
levels were determined in duplicate by the G-LISK RhoA activation assay kit. The results of two independent experiments were pooled, and the means *+ S.D.
are illustrated. The data were analyzed by paired Student’s t tests, and the p values are indicated.

contraction and in vivo BP phenotype of castrated KO mice
and demonstrate that Ephb6 and testosterone are necessary
to maintain normal VSMC contractility and BP, both of
which will increase only when Ephb6 and testosterone are
simultaneously missing.

BP-related Hormone Levels in Ephb6 KO Mice—We ques-
tioned whether some key hormones involved in BP regulation
were affected directly by or as a compensatory consequence of
Ephb6 null mutation. As depicted in supplemental Fig. S3,
plasma angiotensin II and serum aldosterone levels in male,
female, and castrated KO mice were comparable with those in
their WT counterparts. Twenty-four-h urine catecholamines
(i.e. adrenaline, noradrenaline, and dopamine) were similar in
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KO females and WT females during fasting (Fig. 4, middle col-
umn). However, 24-h urine catecholamines under this condi-
tion were significantly lower in KO males than in WT males
(Fig. 4, left column). After KO males were castrated, their 24-h
urine catecholamines rose to levels comparable with those in
castrated WT mice (Fig. 4, right column). This suggests that in
male KO mice, there is a compensative reduction of ambient cat-
echolamines, and such compensation is abolished after castration.

Ephb6 Modulates BP and VSMC Contractility through Efnb
Reverse Signaling—Ephb6 and its major ligands, Efnbl, Efnb2,
and Efnb3, are capable of bidirectional signaling, i.e. Ephb6 can be
stimulated by its ligands and transmit signals into cells, and Efnbs
can also be stimulated by Ephb6, transmitting signals into cells.
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FIGURE 3. The effect of sex hormones on BP and VSMC contraction of castrated Ephb6 KO mice. A, increased BP in castrated Ephb6 KO mice. The mice were
implanted with telemetry transmitters and then castrated. After 3 weeks, BP and HR were measured for 3 consecutive days. B, administration of estrogen to the
castrated Ephb6 KO mice did not lower BP. Male mice were castrated 1 week after transmitter implantation; 3 weeks after the castration, the mice were
administered with estrogen (240 ug) daily subcutaneously for 7 days. Their BP and HR were measured by telemetry during the last 3 days of estrogen
administration. For A and B, mouse numbers per group are shown. The values are expressed as the means = S.E. 24-h BP and HR for each day =+ S.E. SP, systolic
pressure; DP, diastolic pressure; MAP, mean arterial pressure. The data were analyzed by repeated analysis of variance, and the p values are shown. C, female KO
VSMC showed higher contraction in the absence exogenous testosterone. VSMC from WT and KO female mice were cultured in 15% stripped FCS for 4 days in
the presence of 10 ug/ml testosterone or vehicle. The cells were then stimulated with 20 um PE. D, estrogen did not affect VSMC contraction in the absence of
Ephb6. VSMC from WT and KO male mice were cultured in 15% stripped FCS for 4 days in the presence of 10 ug/ml estrogen or vehicle. The cells were then
stimulated with 20 um PE. For C and D, each point represents the mean = S.E. of percentage contraction of 10 or more cells. All of the experiments were
repeated at least twice, and data from a representative experiment are shown. *, significant differences compared with controls (p < 0.05; paired Student's t

test).

We investigated which signaling direction was responsible for the
effect of Ephb6 in BP control. This was first done in primary
VSMC culture.

Mouse VSMC from the mesenteric arteries and aorta after
4-5 days of culture were stimulated by PE. Approximately 80%
of these cells responded dose-dependently to PE stimulation
(Fig. 5, A and B), indicating that they were still mainly of the
contractile phenotype at that time. We monitored the speed of
VSMC contraction in terms of percentages of their original
length at different time points after PE stimulation. This
parameter reflects the force of VSMC contraction, which dis-
lodges adherent VSMC from the plastic well surface. WT
VSMC, whether from males, females, or castrated males, were
cultured in wells coated with goat anti-mouse Ephb6 Ab, so that
they would receive forward signaling because of Ephb6 cross-
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linking by solid phase anti-Ephb6 Ab on the wells. The contrac-
tion response of these VSMC to PE was similar to that of cells
cultured in wells coated with control normal goat IgG (Fig. 5C),
indicating that the forward signaling received by these cells via
Ephb6 did not have any effect on their contractility. Then these
WT cells were cultured in wells coated with Ephb6-Fc (the Fc of
recombinant protein is of human origin), which would cross-
link Efnbs on VSMC and trigger reverse signaling through
Efnbs (either single or multiple Efnbs, i.e. Efnb1, Efnb2, and/or
Efnb3). The contractility of all these VSMC types (from WT
males, females, and castrated males) after PE stimulation was
significantly decreased relative to those cultured in wells coated
with control normal human IgG (Fig. 5D). The results reveal
that reverse signaling from Ephb6 to Efnb(s) down-regulates
VSMC contractility. Possible reasons for the similarly reduced
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FIGURE 4. Twenty-four-h urine catecholamine levels in Ephb6 KO mice.
Male, female, and castrated Ephb6 KO and WT mice were placed in metabolic
cages. Urine was collected during a 24-h fasting period. Urine catecholamines
were measured by ELISA, and the means =+ S.D. of hormones excreted during
the 24-h period and mouse number per groups (n) are presented.

contractility of VSMC from males, females, and castrated males
will be discussed later. The decrease in VSMC contraction in
Ephb6-Fc-coated wells was not due to the mechanical binding
of Ephb6-Fc to Efnbs expressed on VSMC, because similarly
coated anti-EphB6 Ab did not have any influence on VSMC
(Fig. 5C), which express Ephb6 on their surface.

To confirm our in vitro findings in vivo, we measured the BP
of male or castrated male Ephb6A/KO mice, which express
transgenic tailless Ephb6 in the Ephb6 KO background. Male
and castrated male Ephb6A/KO mice showed no BP increase
compared with their WT counterparts (supplemental Fig. S4),
indicating that the missing intracellular Ephb6 tail, which is
needed for forward signaling from ligands to Ephb6, is not
important for its function in BP regulation. In other words, this
result suggests that the observed BP control phenotype of
Ephb6 is the consequence of a lack of reverse signaling from
Ephb6 to Efnbs.

Identification of Gripl as a Component of Efub Reverse Sig-
naling Pathway Related to VSMC Contraction—Efnbs have no
enzymatic activity but use adaptor proteins to link Efnb intra-
cellular tails to various signaling pathways. To identify mole-
cules in the Efnb reverse signaling pathway that regulate VSMC
contractility, siRNAs were deployed to knock down the expres-
sion of Gripl, Disheveled, and PDZ-RGS3 that are known to
associate with Efnbs (34-36). The effectiveness of mRNA
knockdown was verified by RT-qPCR (Fig. 64). The solid phase
EphB6-Fc-induced hyporesponsiveness of WT VSMC to PE
stimulation could be partially negated by Grip1 siRNA, but not
by Disheveled or PDZ-RGS3 siRNA (Fig. 6B). These data indi-
cate that Gripl is involved in the Ephb6 reverse signaling that
dampens VSMC contractility.
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DISCUSSION

This study identified a previously unknown function of Eph
and Efn in vasoconstriction and BP regulation. We demon-
strated that 1) Ephb6 triggered reverse signaling via Efnbs, lead-
ing to hyporesponsiveness of VSMC; 2) Ephbé, in coordination
with testosterone, controlled ambient catecholamine secretion;
and 3) the absence of both Ephb6 and testosterone overtly
increased BP.

A few words are warranted to reconcile the differences in
results on VSMC contraction, small artery contraction, and in
vivo BP measurements. Increased vessel contraction (Fig. 2C),
accompanied by augmented constitutive MLC phosphoryla-
tion and BP (Figs. 2D and 3), was observed consistently in cas-
trated Ephb6 KO mice compared with castrated W'T mice. On
the other hand, some of the data related to VSMC contractility,
small artery contraction, and BP were at odds with each other.
For example, VSMC, regardless of whether they were from
males, females, or castrated males, were susceptible to Ephb6-
Fc-triggered reverse signaling, culminating in reduced contrac-
tility. However, in intact small artery contraction studies, only
small arteries from KO females and castrated KO males, but not
males, presented increased contraction. Moreover, although
female KO arteries demonstrated enhanced contractility,
female KO mice showed no overt BP elevation. Possible expla-
nations are as follows.

In small arteries, VSMC are in close contact with each other,
whereas under cell culture conditions, this contact is limited
because cells are not confluent. In our experiments, the cells
were used at ~20% confluence (Fig. 54), because it was difficult
to conduct contraction studies if they were connected to each
other. In any case, even at full confluence, VSMC were still not
packed as tightly as they would be in vessels. Consequently, WT
VSMC in culture lack sufficient Ephb6 stimulation from neigh-
boring cells, and individual cells exist in a state close to Ephb6
KO cells. The lack of sufficient Ephb6 stimulation in cultured
VSMC was evident from the fact that when cultured WT
VSMC from males, females and castrated males were exposed
to solid phase Ephb6-Fc, which gave sufficient stimulation to
Efnbs in VSMC, their response to PE was drastically reduced
(Fig. 5D). This suggests that the fundamental effect of reverse
signaling through Efnbs in VSMC is a diminished response to
vasoconstrictive stimuli. A lack of such reverse signaling trans-
lates into ex vivo increased small artery contractility and aug-
mented constitutive MLC phosphorylation at the molecular
level, as well as increased RhoA activity in female and castrated
KO mice. Why then did KO females not show elevated BP? BP
is a tightly controlled physiological parameter with many com-
pensatory feedback mechanisms. In KO males, reduced ambi-
ent catecholamine release seems to be one such mechanism to
balance the defect caused by Ephb6 deletion. Only when this
compensation is also affected by castration is BP overtly ele-
vated. Indeed, we have discovered that Ephb6 is highly
expressed in the adrenal medulla, the major source of ambient
catecholamines (supplemental Fig. S5). In females, it is possible
that there is a different in vivo compensatory mechanism irrel-
evant to catecholamines. As a consequence, female KO mice
still maintained normal BP.
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FIGURE 5. Reverse but not forward signaling between Ephb6 and Efnbs dampens VSMC contractility. Data presentation and statistical analysis are the
same as described for Fig. 3 (Cand D). A, micrographs of VSMC contraction after PE stimulation. VSMC were stimulated with 20 um PE and imaged every min.
Images at 0, 5,10, and 15 min are presented. Four arrows point to the same four cells during the 15-min imaging period and show their contraction. The photos
also reveal that ~85% of the cells are capable of contraction, indicating the purity of VSMC in such cell preparations. B, dose-dependent response of VSMC
contractility to PE stimulation. WT VSMC were stimulated with PE at different concentrations for 15 min at 37 °C. C, solid phase anti-Ephb6 Ab had no effect on
VSMC contractility. Wells were coated with goat anti-Ephb6 Ab or normal goat IgG (2 wg/ml during coating). VSMC from WT male (left panel), WT female (middle
panel), or castrated WT male (right panel) mice were cultured in these wells for 4 days and then stimulated with 20 um PE. D, solid phase Ephb6-Fc reduced VSMC
contractility. The wells were coated with recombinant Ephb6-Fc or normal human IgG (2 wg/ml during coating). VSMC from WT male (left panel), WT female

(middle panel), or castrated WT mice (right panel) were cultured in these wells for 4-5 days and then stimulated with 20 um PE.

A more interesting question is why male VSMC receiving
Efnb reverse signaling manifested reduced contractility, but
this phenotype was not reflected in intact vessels from male KO
mice. In fact, mesenteric arteries from male Ephb6 KO showed
even lower contractility than those from WT males (Fig. 24),
and they presented no constitutive increase of MLC phosphor-
ylation (Fig. 2D) or increased RhoA activity (Fig. 2F), unlike the
small arteries from females and castrated male KO mice. One
possible explanation is that under the influence of testosterone,
a compensatory mechanism in VSMC at the vascular level (in
addition to the systemic change in ambient catecholamine
secretion) overreaches its goal, resulting in dampened contrac-
tility. This overcompensation is not operational without testos-
terone, so vessels from females and castrated males showed
increased but not decreased contractility. Examples of such
overcompensation do exist in biological systems. For example,
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when ILK, a major signaling molecule in the integrin signaling
pathway that controls hepatocyte differentiation, is null
mutated in the liver, overexpression of multiple integrin chains
and enzymes involved in the synthesis of collagens has a net
result of putting ILK null-mutated hepatocytes in an overcom-
pensated state (37). In our case, such overcompensation only
occurs in intact vessels and not in isolated VSMC, because in
the latter, low cell density limits cell-cell contact, and most cells,
regardless of whether they are KO or WT, are all in a de facto
nearly KO phenotype.

We attempted to elucidate the mechanism by which Ephb6
null mutation affects vasoconstriction and BP. We noted that
neither Ephb6 null mutation nor castration affects the expres-
sion of Efnb1, Efnb2, Efnb3, and type la a-adrenoreceptor in
VSMC at the protein level (supplemental Fig. S6A4) or altered
Efnb1, Efnb2, Efnb3, Ephb6, and Grip1 expression at the mRNA
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FIGURE 6. Grip1 in the Efnb reverse signaling pathway in VSMC. The experiments in this figure were repeated more than twice, and representative data are
shown. A, effective mRNA knockdown of Disheveled, PDZ-RGS3, and Grip1 by siRNAs. Cultured WT VSMC were transfected with a mixture of siRNAs of a
particular gene or control siRNAs, as indicated. After additional 24-h culture, the cells were harvested, and the mRNA expression of each gene was determined
by RT-qPCR. The data are expressed as the means = S.D. of the ratios of the target gene signal versus the B-actin signal. B, Grip1 knockdown by siRNAs partially
reversed the inhibitory effect of solid phase Ephb6-Fc. VSMC from WT males were cultured in wells coated with Ephb6-Fc (2 wg/ml for coating). After 2 days, the
cells were transfected with siRNAs targeting Disheveled, PDZ-RGS3, or Grip1 or with control siRNA. On day 4 of culture, they were stimulated with PE (20 um),
and their percentage contraction was registered. Means * S.D. of the percentage are shown. The thin line (indicated as Normal Contraction) represents the
mean percentage contraction of VSMC cultured in wells coated with normal human IgG (2 ng/ml) without siRNA transfection (for a better visual effect, the S.D.
of each time point in this control is omitted). *, p < 0.05 according to paired Student’s t test, between Grip1 siRNA- and control siRNA-transfected VSMC.

level (supplemental Fig. S6B). Because endothelial cells are in
close contact with VSMC, their Efn and Eph expression might
influence the contractility of VSMC. We confirmed that neither
Ephb6 deletion nor castration altered the expression of Efnb1,
Efnb2, and Efnb3 expression in the mesenteric artery endothe-
lial cells (supplemental Fig. S6C). We further demonstrated
that cultured VSMC in the presence or absence of testosterone
or estrogen expressed similar levels of Efnb1, Efnb2, Efnb2, and
Gripl (supplemental Fig. S6, D and E). These data show that the
mechanisms of Ephb6 in influencing VSMC contraction and BP
are not via modulating the expression of their ligands or Grip1.
We also examined the histology of small arteries of WT versus
KO mice and uncastrated versus castrated KO mice, but no
obvious difference was observed (data not shown).

Our additional mechanistic studies established that reverse
signaling from Ephb6 to Efnbs, but not forward signaling trans-
duced by Ephbé6 intracellular domains, was responsible for the
observed phenotype, according to in vivo BP measurements in
Ephb6A/KO mice and in vitro VSMC contraction with solid
phase Ephb6-Fc. This conclusion on the critical role of Efnb
reverse signaling in BP regulation is corroborated by our find-
ing that Efnbl smooth muscle-specific conditional KO mice
presented similar, although not identical, abnormal BP regula-
tion, like Ephb6 KO mice (to be reported elsewhere).

EphB6 null mutation and Efnb reverse signaling did not mod-
ulate Ca®** flux (supplemental Fig. S7). Thus, parameters
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upstream of Ca>* flux regulating VSMC contractility seem to
be normal. We discovered that constitutive VSMC MLC phos-
phorylation, a critical event controlling VSMC responsive-
ness to Ca®" influx, was increased in female KO mice and
castrated male KO mice. Therefore, although there was no
change in Ca®" flux, these VSMC became more responsive
to Ca®* because of their increased MLC phosphorylation,
and this translated into increased vessel constriction upon
PE stimulation.

Although Efnbs only have short intracytoplasmic tails with
no enzymatic activity, there are five conserved tyrosine phos-
phorylation sites in the tails in addition to a PDZ-binding motif
at the C terminus. The former can dock SH2 domain-contain-
ing proteins, such as Tiam1 (37) and Disheveled (33), and the
latter, PDZ domain-containing signaling proteins, such as Grip
(34) and PDZ-RGS3 (35). We discovered that knocking down
Gripl but not Disheveled or PDZ-RGS3 expression in VSMC
by siRNAs partially reversed the hyporesponsiveness induced
by solid phase Ephb6-Fc. Therefore, Grip1 is located in the Efnb
reverse signaling pathway that leads to the reduced response of
VSMC. We also discovered that RhoA activation in the form of
GTP-associated RhoA was augmented in the mesenteric artery
smooth muscles of KO females and castrated KO males but not
unmanipulated KO males within 5 s after PE activation, com-
pared with their WT counterparts. Activated RhoA can activate
RhoA-associated kinase, which phosphorylates myosin phos-
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phatase. The phosphorylation of the phosphatase will reduce its
activity, which will then prolong the phosphorylation of MLC
(33). This might be a mechanism to increase the responsiveness
of MLC to Ca>* flux in the VSMC of castrated and female KO
small arteries. How the reverse signaling through Efnb in
VSMC leads to a reduction of RhoA activity is not clear, and we
can only speculate at this point. Gripl contains seven PDZ
domains (38). It is possible that multiple PDZ domains in Gripl
can bridge Efnbs and modulators of RhoA activity, such as GDP
dissociation inhibitors or GDP exchange factors, and influence
the function of these modulators, which will in turn regulate
RhoA activity. Indeed, Gripl can associate with a Rho GDP
dissociation inhibitor (39) and a Ras GDP exchange factor (40)
through its PDZ domains. Validation of such a hypotheses is in
progress.

Based on the observations described above, we propose the
following unified scheme regarding the newly discovered func-
tions of Ephb6 and Efnbs in BP regulation. Under physiological
conditions, Ephb6 on neighboring cells provides VSMC with a
negative signal to dampen their contractility. Because interac-
tions between Ephb6 and Efnbs are constant, such a dampening
effect is not regulated rapidly and likely controls constitutive
vascular tone rather than fast responses to neuroendocrine
stimulation. The dampening signal is transmitted reversely
through Efnbs into VSMC via an Efnb-associating protein,
Gripl. Through a so-far unknown signaling pathway that leads
to the activation of RhoA, the reverse signaling modulates con-
stitutive MLC phosphorylation, which is increased in the
absence of reverse signaling and results in enhanced contrac-
tion responses to Ca>" flux in VSMC. Although Efnb reverse
signaling can alter VSMC contractility at the cellular level
regardless of gender or castration, such a modulation is not
always reflected in BP because of various in vivo compensatory
mechanisms. In male KO mice, one of these mechanisms is a
negative feedback loop that decreases ambient catecholamine
secretion by the nervous/endocrine system. This loop depends
on both Ephb6 and testosterone. When both are absent, the
loop is no longer functional, and catecholamine secretion is no
longer reduced. In combination with heightened VSMC
responsiveness, it leads to overtly increased BP. Conceivably,
defects in Ephb6 and Efnb interactions or in the Efnb reverse
signaling pathway, in combination with declining testosterone
levels in a subpopulation of aging males, might result in ele-
vated BP.
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