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Background: Currently, there is no knowledge about the function of ephrins in vascular smooth muscle contraction and
blood pressure regulation.
Results: Stimulating Efnb1 reduces vascular smoothmuscle cell contraction. Efnb1nullmutation increases RhoAactivation and
heightens blood pressure in mice.
Conclusion: Efnb1 can regulate vessel tone and blood pressure.
Significance:We identified a new group of molecules capable of regulating blood pressure.

Eph kinases constitute the largest receptor tyrosine kinase fam-
ily, and their ligands, ephrins (Efns), are also cell surfacemolecules.
Althoughtheyare ligands,Efnscantransducesignals reversely into
cells.We have no prior knowledge of the role played by anymem-
bers of this family of kinases or their ligands in bloodpressure (BP)
regulation. In thepresent studies,we investigated the role of Efnb1
in vascular smoothmuscle cell (VSMC) contractility and BP regu-
lation. We revealed that reverse signaling through Efnb1 led to a
reductionofRhoAactivationandVSMCcontractility invitro.Con-
sistent with this finding, ex vivo, there was an increase of RhoA
activity accompanied by augmented myosin light chain phospho-
rylation inmesenteric arteries frommicewith smoothmuscle-spe-
cific conditional Efnb1 gene knock-out (KO). Small interfering
RNA knockdown of Grip1, a molecule associated with the Efnb1
intracellular tail, partially eliminated the effect of Efnb1 onVSMC
contractility andmyosin light chainphosphorylation. In supportof
these in vitro and ex vivo results,Efnb1KOmice on a high salt diet
showed a statistically significant heightened increment of BP at
multiple time points during stress compared with wild type litter-
mates.Ourresultsdemonstrate thatEfnb1isapreviouslyunknown
negative regulator of VSMC contractility and BP and that it exerts
such effects via reverse signaling throughGrip1.

Eph kinases form the largest family of receptor tyrosine
kinases. Eph kinases can be divided into A and B families based
on their sequence homology (1). There are ninemembers in the
Epha family and six members in the Ephb family. Each species
does not necessarily have all the members of each family. In
mice, there are only five members in the Ephb family. The
ligands of Eph kinases are also cell surface proteins (2–4) and
this dictates that interactions between Ephs and ephrins (Efns)4
are mainly local and restricted to neighboring cells. Efns are
divided intoA andB families: the former are glycosylphosphati-
dylinositol-anchored cell surface proteins, and the latter are
transmembrane proteins (2–4). Ephs and Efns interact promis-
cuously, but Ephas predominantly bind to Efnas, and Ephbs
mainly bind to Efnbs (2–4). Interestingly, Efnbsmay also trans-
duce signals into cells upon binding to Ephbs, and this phenom-
enon is called reverse signaling (2–4).
The functions of Eph/Efn molecules in the central nervous

system were the first to be studied in depth (3, 4). In recent
years, their functions have been revealed in various other tissue
and organs. These molecules are involved in immune regula-
tion (5), intestinal and urorectal tract development and func-
tion (6, 7), angiogenesis (8), bone formation (9, 10), insulin
secretion by islet �-cells (11), kidney glomerular filtration (12),
and ionic homeostasis of vestibular endolymph fluid in the
inner ear (13) to name a few.
There are a few reports showing that Efnb2 and Efna1 are

expressed in vascular smooth muscle cells (VSMCs) (14–16),
andVSMCswith Efnb2 deletionmanifest compromisedmigra-
tion (14). One study has shown that Efna1 could trigger Epha4
signaling and actin stress fiber assembly (17). However, there
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are no studies to date on the function of Ephs andEfns inVSMC
contractility and blood pressure (BP) regulation.
In an unrelated project, our DNA microarray assay showed

that some genes controlling BP were differentially expressed in
Ephb6 gene knock-out (KO) versuswild type (WT) thymocytes.
This prompted us to investigate the roles of Ephs and Efns in BP
regulation. In this report, we have demonstrated for the first
time that Efnb1 regulates VSMC contractility and blood pres-
sure in mice with conditional deletion of the Efnb1 gene.

MATERIALS AND METHODS

Generation of Smooth Muscle Cell-specific Efnb1 KO Mice—
The scheme, procedures, and verification of the generation of
Efnb1 floxedmice have been reported recently by us (18). Efnb1 is
an X-linked gene. Mice with loxP sites flanked by the first Efnb1
exon were named Efnb1f/f (loxP insertions in both alleles in
females)orEfnb1f (loxP insertion inoneallele inmales).Theywere
backcrossed with C57BL/6 for five or 10 generations and then
mated with smooth muscle myosin heavy chain promoter-driven
Cre transgenic mice in the C57BL/6 background (smMHC-Cre-
IRES-eGFP; Ref. 19) to obtain smooth muscle cell-specific Efnb1
gene KOmice.
Reverse Transcription-Real Time Quantitative Polymerase

Chain Reaction (RT-qPCR)—Efnb1, Grip1, Disheveled, and
PDZ-RGS3mRNA levelsweremeasured byRT-qPCR. Forward
and reverse primers and the size of amplified fragments are
listed in Table 1. Total RNA from VSMCs or spleen cells was
extracted using TRIzol� (Invitrogen) and then reverse tran-
scribed with Superscript IITM reverse transcriptase (Invitro-
gen). The PCR condition for the reactions were as follows: 2
min at 50 °C and then 2min at 95 °C followedby 45 cycles of 10 s
at 94 °C, 20 s at 58 °C, and 20 s at 72 °C. �-Actin mRNA levels
were used as internal controls, and data were expressed as sig-
nal ratios of test gene mRNA/�-actin mRNA.
Immunoblotting—The aorta and mesenteric arteries of WT

and KO mice were isolated, washed twice with HBSS buffer,
and then frozen in liquid nitrogen until use. The vessels were
homogenized for 1min at room temperature in 0.4ml of radio-
immunoprecipitation assay buffer, which containedPhosSTOP
and protease inhibitor mixture (Roche Applied Science). The
samples were spun at 12,000 rpm for 15 min at 4 °C, and the
supernatants were collected. Twenty micrograms of proteins
per sample were resolved by 12% SDS-PAGE. Proteins from the
gel were transferred to PVDF membranes (Invitrogen), which
were incubated in blocking buffer containing 5% (w/v)
skimmedmilk (formyosin light chain (MLC), 5% BSAwas used
in the blocking buffer) for 1 h at room temperature and then
hybridized overnight at 4 °C with goat anti-mouse Efnb1 Ab

(R&D Systems, Minneapolis, MN), rabbit anti-mouse �-actin
Ab, mouse anti-mouse phospho-MLC mAb, or rabbit anti-
mouse totalMLCAb (all fromCell Signaling Technology, Dan-
vers, MA). The Abs were used at the manufactures’ recom-
mended dilutions or at 1:1000. The membranes were washed
three times and incubated with corresponding second Abs, i.e.
horseradish peroxidase-conjugated donkey anti-rabbit IgG Ab
(GE Healthcare), horseradish peroxidase-conjugated sheep
anti-mouse IgG Ab (GE Healthcare), or horseradish peroxi-
dase-conjugated rabbit anti-goat IgGAb (R&D Systems), for 90
min. The signals were detected with SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific, Rockford,
IL).
VSMC Isolation—Mouse VSMC isolation was conducted as

described by Golovina and Blaustein (20) with modifications.
Briefly, the mesenteric arteries, including their secondary
branches from the 10–15-week-old mice, were cleaned of the
adventitia with fine forceps and sterile cotton-tipped applica-
tors under sterile conditions. The isolated blood vessels were
cut into small pieces (1mm3) and digested at 37 °C for 20min in
low Ca2� HBSS containing both collagenase type II (347 units/
ml, Worthington) and elastase type IV (6 units/ml) (Sigma-
Aldrich). The digestion mixture was centrifuged at 1,500 � g
for 5 min to bring down cells. The dissociated cells were sus-
pended and plated on 12-well plates. The cells were cultured at
37 °C in Dulbecco’s modified Eagle’s medium (Wisent, St.
Bruno, Quebec, Canada) supplemented with 15% fetal bovine
serum (FBS) for 4–5 days before experimentation.
Immunofluorescence Microscopy—VSMCs were cultured in

24-well plates with a cover glass placed at the bottom of the
wells. After 4–5 days, the cells were washed twice with PBS and
fixed with paraformaldehyde (4%) for 20 min. For cell surface
antigen staining, cells were blocked with 10% goat IgG in PBS
for 20 min and then incubated with first Abs (2 �g/ml) goat
anti-mouse Efnb1 Ab (R&D Systems), rabbit anti-mouse type
1a � adrenoreceptor Ab (Abcam Inc., Cambridge, MA), and
rabbit anti-mouse angiotensin II (AngII) receptor Ia Ab (Santa
Cruz Biotechnology, Santa Cruz, CA) overnight at 4 °C. Cells
were then incubated with the corresponding second Abs (i.e.
rhodamine-conjugated donkey anti-goat Ab (0.15 �g/ml; Jack-
son ImmunoResearch Laboratories, West Grove, PA) and
FITC-conjugated sheep anti-rabbit IgG (0.2 �g/ml; Chemicon
International, Billerica, MA)) overnight at 4 °C. For intracellu-
lar antigen staining, the cells were permeabilized with permea-
bilization buffer (BD Biosciences) for 20 min at 4 °C and then
incubated with first Abs mouse anti-human �-actin mAb (2
�g/ml; Santa Cruz Biotechnology), rabbit anti-mouse MLC (2

TABLE 1
qPCR primer sequences for �-actin, Efnb1, Grip1, Disheveled, and PDZ-RGS3 mRNA quantification
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�g/ml; Santa Cruz Biotechnology), and rabbit anti-mouse
phospho-MLCAb (0.2�g/ml; SantaCruz Biotechnology) over-
night at 4 °C. Cells were then washed and incubated with the
secondAbs rhodamine (TRITC)-conjugated AffiniPure F(ab�)2
fragment of goat anti-mouse IgG (heavy � light chain) (0.2
�g/ml; Jackson ImmunoResearch Laboratories), FITC-conju-
gated goat anti-mouse IgG (0.2 �g/ml; Bethyl Laboratories,
Montgomery, TX), and FITC-conjugated sheep anti-rabbit IgG
(0.2 �g/ml; Chemicon International), respectively, at room
temperature for 2 h and imbedded with ProLong� Gold anti-
fade reagent (Invitrogen). The stained cells were examined
under a Zeiss microscope. In some experiments, the total fluo-
rescence intensity of a cell and the cell sizeweremeasured using
AxioVision software from Zeiss; results are presented as fluo-
rescence intensity per arbitrary unit of cell area (1 pixel).
Measurement of VSMC Contractility—Cultured primary

VMSCs were washed once with Ca2�-free HBSS and cultured
in the same solution. The cells were placed under a Zeissmicro-
scope with environmental controls (37 °C and 5% CO2). The
cells were stimulated with phenylephrine (PE) (20�M) or AngII
(10�M) (both fromSigma-Aldrich). These concentrationswere
determined to be optimal according to pilot studies. The cells
were photographed continuously for 15 min at a rate of one
picture per min. Fifteen or more cells were randomly selected,
and their length was measured at each time point with Zeiss
AxioVision software. The percentage of contraction was calcu-
lated as follows: percent contraction � (cell length at time 0 �
cell length at time x)/cell length at time 0.
Measurement of Ca2� Flux—VMSCs were incubated in 2%

FBS, DMEM containing 5 �M Fura-2-AM for 30 min. The cells
were washed in warmed medium for 15–20 min to remove
extracellular dye. The cells were recultured in HBSS with Ca2�

(1.26 mM) and placed under a Zeiss microscope with environ-
mental controls (37 °C and 5% CO2). The cells were stimulated
with PE (20�M) and imaged for 5min at a rate of six pictures per
min. The excitation wavelengths were switched between 340
and 380 nmwith an illumination time of 180 ms, and the emis-
sion wavelength was 510 nm. Signals from more than 15 ran-
domly selected cells were registered, and the results are
expressed as ratios of fluorescence intensity at 510 nm excited
by 340 versus 380 nm.
Small Interfering RNA (siRNA) Transfection—siRNA of

Grip1, Disheveled, and PDZ-RGS3 and negative control siRNA
were synthesized by Integrated DNA Technologies (Coralville,

IA); the sequences of these siRNAs are shown in Table 2.
VSMCs were cultured for 4- 5 days with the last 16 h free of
antibiotics and then transfected with amixture of three pairs of
siRNAs of a particular gene (each pair at a final concentration
of 10 nM) using FuGENE HD X-tremeGENE siRNA Transfec-
tion Reagent (Roche Applied Science). The transfected VSMCs
were further cultured for 24–36 h. Contractility was measured
upon PE stimulation, andMLC phosphorylation wasmeasured
by immunofluorescence.
Transient Grip1 Overexpression in VSMCs—AGrip1 expres-

sion plasmid, pCEP4-Grip1, was constructed by cloningmouse
Grip1 cDNA (aNotI/HincII fragment of cloneMGC80644 con-
tainingGrip1 cDNA from position 1 to 4064 according to Gen-
BankTM accession number BC072632 sequence) in the NotI/
XhoI sites downstream of the CMV promoter in a mammalian
cell protein expression vector, pCEP4. WT VSMCs were cul-
tured for 6 days and then transfected with pCEP4-Grip1 or the
control empty vector pCEP4 using 0.2 �g of plasmid DNA
mixed with FuGENE HD X-tremeGENE siRNA Transfection
Reagent (Roche Applied Science) per well of VSMCs in 6-well
plates. Cell contraction was conducted 24 h later.
Activated RhoA Assay—GTP-associated activated RhoA lev-

els inmesenteric artery smoothmuscles were determined using
a G-LISK RhoA Activation Assay Biochem kit (Cytoskeleton
Inc., Denver, CO) according to themanufacturer’s instructions.
Ex Vivo Vessel Constriction—Vessel constriction was studied

ex vivo as described previously (21). Mesenteric artery seg-
ments (2 mm in length) of third order branches (exterior diam-
eter, 125–150 �m) were stripped off the endothelium and
mounted on 20-�m tungsten wires in small vessel myographs,
stretched to optimal tension, and maintained in physiological
saline solution (130 mM NaCl, 4.7 mM KCl, 1.18 mM KH2PO4,
1.17 mM MgSO4, 1.17 mM NaHCO3, 1.6 mM CaCl2, 0.023 mM

EDTA, 10 mM glucose aerated with 12% O2, 5% CO2, 83% N2,
pH 7.4) at 37 °C. After a 40-min stabilization period, arterial
segments were challenged with 40 mM KCl physiological saline
solution (KCl was substituted for an equivalent concentration
of NaCl). Single cumulative concentration-response curves to
the �1-adrenergic receptor agonist PE (1 nM to 100 �M; Sigma)
were charted. At the end of the protocol, maximal tension
(Emax) was determined by changing the physiological saline
solution to a solution containing 127 mM KCl. The data are
expressed as percentages of Emax. Student’s t tests were per-
formed to compare concentration-response curves.

TABLE 2
siRNA sequences of Grip1, Disheveled, PDZ-RGS3, and control siRNA
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BP Measurements by Radiotelemetry—Mice were anesthe-
tized with isoflurane and surgically implanted with TA11PA-
C10 radiotelemetry sensors (Data Sciences International, St.
Paul, MN) in the left carotid artery for direct measurement of
arterial pressure and heart rate (HR) as described previously (22).
Mice were given 7 days to recover. Next, BP andHR in conscious,
freely moving mice were continuously recorded for 3 days using
the Dataquest acquisition 3.1 system (Data Sciences Interna-
tional). Individual 10-s waveforms of systolic pressure (SP), dia-
stolic pressure (DP), mean arterial pressure (MAP), and HR were
sampled every 2min throughout themonitoring period. To assess
the impact of immobilization stress on BP and HR, BP and HR
were measured continuously during 30-min immobilization in a
restraining device (IITC Life Science, Woodland Hills, CA) (23).
Raw data were processed by the Dataquest A.R.T Analysis pro-
gram (24) and are presented asmeans� S.E. The statistical signif-
icance of differences between the experimental groups was evalu-
ated by unpaired t test and repeatedmeasures analysis of variance
tests with the StatView program. Values of p � 0.05 were consid-
ered to be statistically significant.
ELISA for Urine Catecholamine and Plasma AngII Meas-

urements—The 24-h urine catecholamines were assayed using
a catecholamine ELISA kit (Rocky Mountain Diagnostics, Col-
orado Springs, CO). The plasma AngII was measured using an
angiotensin ELISA kit (Phoenix Pharmaceuticals, Burlingame,
CA). The assays were conducted according to the manufacturers’
instructions.

RESULTS

Generation of SMC-specific Efnb1 Conditional Gene KO
Mice—Efnb1 null mutation causes embryonic lethality (25). To
study the function of Efnb1 in VMSCs, we generated condi-
tional KOmice (18). Thesemice (Efnb1f/f for females andEfnb1f
for males as Efnb1 is an X-linked gene) were crossed with
smMHC-Cre-IRES-eGFP transgenic mice (19). The resulting
Efnb1 conditional KO mice were named smMHC-Cre-Efnb1f/f
for females and smMHC-Cre-Efnb1f for males. For reasons to
be elucidated, female smMHC-Cre-Efnb1f/f mice were embry-
onic lethal, and only male smMHC-Cre-Efnb1f mice could be
generated. Therefore, smMHC-Cre-Efnb1f male mice (back-

crossed to the C57BL/6 background for five or 10 generations)
were used as KO mice throughout this study, whereas age-
matched Cre-Efnb1f male mice with the same generation of
backcrossing were used as controls. These mice were called
Efnb1 KO andWTmice, respectively, hereafter.
As shown in Fig. 1A, the SMC-specific deletion of exon 1 in

the genome resulted in Efnb1 mRNA deletion in Efnb1 KO
VSMCs but not in spleen cells of Efnb1 KO mice according to
RT-qPCR.ThemRNAdeletion in theKOarterial tissuewas not
complete probably because of the presence of small amounts of
fibroblasts and endothelial cells in the vessel. Efnb1 deletion in
KOVSMCs at the protein level was demonstrated by immuno-
blotting. As shown in Fig. 1B, Efnb1 could be detected from
lysates of freshly isolated WT but not Efnb1 KO arteries.
Efnb1 deletion in VSMCs at the protein level was also

clearly demonstrated by immunofluorescence (Fig. 1C) as
WT �-actin-positive (green) VSMCs were Efnb1-positive
(red), whereas �-actin-positive Efnb1 KO VSMCs were
Efnb1-negative. The result proved not only VSMC-specific
deletion of Efnb1 in Efnb1 KOmice but also the specificity of
anti-Efnb1 Ab.
Efnb1 Engagement inVSMCsResults in TheirDecreasedCon-

tractility Due to Efnb1 Reverse Signaling—We established a
method of intravital microscopy to assess the contractility of
KO and WT VSMCs. Isolated VSMCs were cultured for 4–5
days and then stimulated with vasoconstricting agents such as
PE andAngII. Images of the cells were recorded for 15min, and
VSMC length was measured digitally at different time points.
As illustrated in Fig. 2A, the majority of the cells (more than
80%) showed drastic contraction upon PE stimulation, and the
contraction reached its maximum 15min after the stimulation.
This result indicates that after 4–5 days of culture the isolated
VSMCs retained their contractile phenotype. A few non-con-
tracting cells were likely contaminating fibroblasts. By ran-
domly selecting contracting cells and measuring their length at
different time points, we were able to assess their contractility
as a function of cell length and time elapsed.
The contractility of Efnb1 KO and WT VSMCs was meas-

ured on the basis of their responses to PE and AngII, but

FIGURE 1. Generation of mice with SMC-specific deletion of Efnb1. A, deletion of Efnb1 at the mRNA level in the artery of male Efnb1 KO mice. mRNA from
the VSMCs and spleen cells of male Efnb1 KO and WT mice was assessed for Efnb1 mRNA by RT-qPCR. Means � S.D. of the ratios of Efnb1 versus �-actin signals
are presented. B, deletion of Efnb1 at the protein level in Efnb1 KO arteries according to immunoblotting. Proteins extracted from the mesenteric arteries of
Efnb1 KO and WT mice were subjected to immunoblotting analysis. �-Actin levels were used as a loading control. The signal ratios of Efnb1 and �-actin (lower
panel) were determined by densitometry. C, VSMC-specific deletion of Efnb1 protein in Efnb1 KO mice according to immunofluorescence microscopy. VSMCs
and non-VSMCs from Efnb1 KO and WT mice were isolated from mesenteric arteries, and their Efnb1 (red; lower row) and �-actin (green; upper row) expression
was detected by immunofluorescence microscopy. The experiments in this figure were repeated three times, and representative experiments are shown.
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both types of VSMCs presented similar contractility (Fig.
2B). A possible explanation is that unlike VSMCs in vivo
where the cells have close contact with neighboring VSMCs,
allowing constant Eph/Efn engagement, the cultured
VSMCs had limited interaction with neighboring cells and

hence limited engagement between Efn and Eph especially in
our culture conditions in which VSMCs were always non-
confluent. Under such circumstances, the difference of
Efnb1 KO and WT in contractility (if there was any) was
difficult to detect.

FIGURE 2. Decreased contractility of Efnb1-engaged VSMCs. A, VSMC contraction after PE stimulation. VSMCs were isolated from the mesenteric arteries of
WT mice and cultured for 4 days. The cells were stimulated with 20 �M PE and imaged every min. Images at 0, 5, 10, and 15 min are shown. Four arrows point
to the same four cells during the 15-min imaging period and show their contraction. The photographs also reveal that about 85% of the cells are capable of
contraction, indicating the purity of VSMCs in such cell preparations. B, VSMCs from Efnb1 KO and WT mice presented similar contractility upon PE and AngII
stimulation when cultured in uncoated wells. VSMCs from Efnb1 KO and WT mice were stimulated with 20 �M PE (left column) or 10 �M AngII (right column). The
means � S.D. of their percentage of contraction are illustrated. Data were analyzed with a paired Student’s t test, but no significant difference was found.
C, solid phase anti-Efnb1 Ab caused decreased contractility in WT but not Efnb1 KO VSMCs. Efnb1 KO or WT VSMCs were cultured in wells coated with goat
anti-Efnb1 Ab (�Efnb1 Ab) or goat IgG-coated wells (2 �g/ml/well for 12-well plates during coating at 4 °C overnight) for 4 days and then stimulated with PE (20
�M; left panel) or AngII (10 �M; right panel). Means � S.D. of percentage of contraction of these VSMCs are illustrated. *, significant differences between Efnb1
KO and WT VSMCs on anti-Efnb1 Ab-coated wells and between WT VSMCs cultured on isotypic Ab-coated wells and WT VSMCs cultured on wells coated with
anti-Efnb1 Ab (p � 0.05; paired Student’s t test). No significant difference was found between Efnb1 KO VSMCs on anti-Efnb1 Ab-coated wells and WT VSMCs
on isotypic Ab-coated wells. D, soluble recombinant Efnb1-Fc blocked the effect of solid phase anti-Efnb1 Ab on WT VSMC contraction upon PE stimulation. WT
VSMCs were cultured in anti-Efnb1 Ab-coated wells in the presence of soluble Efnb1-Fc or normal human IgG (NHIgG) (both at 10 �g/ml). Means � S.D. of
percentage of contraction of these VSMCs stimulated with PE (20 �M) are illustrated. *, significant differences (p � 0.05; paired Student’s t test). E, solid phase
Efnb1-Fc had no effect on VSMC contraction stimulated by PE. WT VSMCs were cultured in Efnb1-Fc- or normal human IgG-coated wells (both at 10 �g/ml for
coating). Percentage of contraction of these VSMCs stimulated with PE (20 �M) are illustrated. Data were analyzed with a paired Student’s t test, but no
significant difference was found. All experiments in this figure were conducted more than twice, and data from representative experiments are shown.
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We reasoned that if VSMCs were cultured on wells coated
with anti-Efnb1 or recombinant Efnb1 then they might receive
sufficient reverse or forward signaling, respectively, to mimic
the in vivo condition. Indeed, when cultured in wells coated
with anti-Efnb1 Ab and upon PE or AngII stimulation, WT
VSMC contraction was reduced about 45–70% ((percentage of
contraction of WT cells in isotypic Ab-coated wells)/(percent-
age of contraction of WT cells in anti-Efnb1 Ab-coated wells))
at multiple time points compared with those cultured in wells
coatedwith isotypic control Ab (Fig. 2C). For Efnb1KOVSMCs
cultured in wells coated with anti-Efnb1 Ab, their contractility
upon PE and AngII stimulation showed no significant differ-
ence from that of WT VSMCs cultured in wells coated with
isotypic Ab. This is logical as anti-Efnb1 Ab could not react to
these cells due to their null mutation of Efnb1. These results
indicate that the function of Efnb1 inVSMCs is to dampen their
contractility through reverse signaling. As the presence of solid
phase anti-Efnb1Abdampened the contractility ofWTVSMCs
in response to both PE andAngII, the reverse signaling through
Efnb1 was not specific to adrenoreceptor (AR) or AngII type I
receptor (AT1R) but was probably on a downstream event after
AR and AT1R signaling converges. The effects of solid phase
anti-Efnb1 Ab in reducing WT VSMC contractility could be
brought back to a near-normal level (the contraction was only
about 10% lower than that of the WT cells cultured in isotypic
Ab-coated wells without soluble Efnb1-Fc) by soluble Efnb1-Fc
(Fig. 2D), demonstrating the specificity of the interaction
between anti-Efnb1Ab and Efnb1-Fc.
When WT VSMCs were cultured in wells coated with

recombinant Efnb1-Fc, the contractility of the cells was no dif-
ferent from that of cells cultured in wells coated with normal
human IgG (Fc in Efnb1-Fc is of human origin) (Fig. 2E). This
proves that forward signaling from Efnb1 to its receptors in
VSMCs is of no consequence in terms of VSMC contractility.
Normal Expression of AR and AT1R in Efnb1 KO VSMCs—

The reduced contractility of WT VSMCs in the presence of
Efnb1 engagement in response to PE and AngII could be due to
modulation of AR or AT1R expression by Efnb1. We therefore
assessed the expression levels of AR and AT1R on VSMCs by
immunofluorescence microscopy. The staining was quantified
using Zeiss AxioVision software by measuring the immunoflu-
orescence intensity per arbitrary unit of cell surface area (1
pixel). Efnb1KOVSMCswere no different fromWTVSMCs in
their AR andAT1R expressionwhen cultured in uncoatedwells
(Fig. 3A). Although Efnb1 WT VSMCs, when cultured in wells
coated with anti-Efnb1 Ab, showed reduced contractility com-
pared with KO VSMCs, their AR and AT1R expression levels
did not change (Fig. 3B). In this experiment, WT VSMC Efnb1
was stimulated by solid phase anti-Efnb1 Ab, whereas KO
VSMCs could not be stimulated by the Ab due to a lack of
Efnb1. The results indicate that the presence or absence of
Efnb1 engagement did not alter AR and AT1R expression.
Effect of Efnb1 Reverse Signaling on Calcium Flux of VSMC—

Calcium flux is an essential early signaling event common to
both PE and AngII stimulation in VSMCs that leads to their
contraction. We investigated whether the deletion or engage-
ment of Efnb1 in VSMCs led to an increased basal calcium level
and/or amplitude of calcium flux, which could in turn lead to

increased contractility. As shown in Fig. 3, C (cells cultured in
wells coated with isotypic control Abs with no Ca2� in the
medium) and D (cells cultured in wells coated with anti-Efnb1
Ab with no Ca2� in the medium), Efnb1 KO and control WT
VSMCs showed no significant difference in basal and stimu-
lated intracellular calcium levels upon PE (left panel) and AngII
(right panel) stimulation. Note that in Fig. 3D WT VSMCs
received stimulation from solid phase anti-Efnb1 Ab, whereas
KOVSMCs could not because of their lack of Efnb1. In Fig. 3,C
andD, the calcium influx seen in these cells wasmobilized from
intracellular Ca2� storage in sarcoplasmic reticulum.
We next cultured Efnb1 KO and WT VSMCs in medium

containing Ca2� and stimulated them with PE. In this case, the
source of increased intracellular calcium in VSMCs came from
both extracellular culture medium and intracellular sarcoplas-
mic reticulum. WT and KO VSMCs in wells coated with iso-
typic control Ab (Fig. 3E, left panel) again showed similar
basal Ca2� levels and Ca2� flux. In this case, even if Efnb1 in
WT VSMCs received some stimulation from neighboring
cells, whereas KO VSMCs did not, there was no difference in
their Ca2� levels. We then cultured WT and KO VSMCs
in wells coated with anti-Efnb1 Ab in the presence of calcium
in the culture medium. In this case again, WT could receive
stimulation from solid phase anti-Efnb1 Ab, whereas KO
VSMC cannot due to their Efnb1 deletion. However, their
basal Ca2� levels and Ca2� flux showed no differences (Fig.
3E, right panel).
The results from this section indicate that Efnb1 null muta-

tion or anti-Efnb1 Ab-triggered reverse signaling in VSMCs
does not affect the function of Ca2� ion channels related to
Ca2� mobilization from either intracellular or extracellular
sources. Therefore, the reduced VSMC contractility upon
Efnb1 reverse signaling is not due to abnormalities of the imme-
diate early signaling event, Ca2� flux.
Effect of Efnb1 Reverse Signaling on VSMC MLC Phosphory-

lation and RhoA Activation—Because there was no difference
in basal and flux levels of calcium in VSMCs with or without
Efnb1 signaling, we wondered whether Efnb1 reverse signaling
altered the sensitivity of VSMCs to Ca2�. We evaluated these
cells for their MLC phosphorylation, which is the main mech-
anism regulating VSMC sensitivity to Ca2� (26, 27). Levels of
total MLC and phosphorylated MLC ex vivo in freshly isolated
arteries (with adventitia and endothelium removed) were
determined by immunoblotting. As shown in Fig. 4A, there was
a significant increase in levels of constitutiveMLC phosphoryl-
ation but not total MLC in Efnb1 KO vessels compared with
those inWT vessels. We next assessed constitutiveMLC phos-
phorylation in cultured VSMCs by immunofluorescence
microscopy, which was used because the amount of proteins
that could possibly be obtained from these cultured VSMCs
was too small for immunoblotting. Consistent with the findings
of immunoblotting in vessels ex vivo,WTVSMCscultured in anti-
Efnb1Ab-coatedwells showed reduced levels of constitutiveMLC
phosphorylation (Fig. 4B, right panel) but not total MLC (Fig. 4B,
left panel) compared with those without anti-Efnb1 stimulation
(cultured in wells coated with isotypic control Ab). These results
suggest that Efnb1 reverse signaling dampens VSMC responsive-
ness to Ca2� flux by reducing MLC phosphorylation. Consistent
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findings between immunoblotting and quantitative immunofluo-
rescence microscopy validated the microscopy as an alternative
method to immunoblotting.

As activated RhoA could increase MLC phosphorylation via
the RhoA-associated kinase/myosin phosphatase pathway (28),
we wondered whether Efnb1 reverse signaling in VSMCs

FIGURE 3. Early Efnb1-mediated signaling events in VSMCs stimulated by PE and AngII. A, normal AR and AT1R expression in Efnb1 KO VSMCs. VSMCs from
male Efnb1 KO or WT mice were cultured in uncoated wells for 4 days and then stained with Abs against AR or AT1R as indicated. VSMCs were identified with
anti-�-actin Ab staining. For each experiment, more than 15 �-actin-positive cells were randomly selected, and their total immunofluorescence intensity and
cell size were registered. The means � S.D. of the fluorescence intensity per arbitrary cell area unit (1 pixel) of all cells examined are shown. Data were analyzed
with a paired Student’s t test, but no significant difference was found. B, normal AR and AT1R expression in WT VSMCs with Efnb1 engagement. VSMCs from
male WT mice were cultured in wells coated with goat anti-Efnb1 Ab (�Efnb1Ab) or normal goat IgG (2 �g/ml during coating) for 4 days, then stained with Abs
against AR or AT1R, and analyzed as described above. Data were analyzed with a paired Student’s t test, but no significant difference was found. C–E, normal
Ca2� flux in VSMCs with or without Efnb1 engagement. VSMCs from male Efnb1 KO or WT mice were cultured for 4 days and then loaded with Fura-2 (5 �M). The
cells were then placed in HBSS with or without 1.26 mM Ca2� at 37 °C and stimulated with PE (20 �M) or AngII (10 �M). The ratio of emissions at 510 nm triggered
by 340- versus 380-nm excitation in each cell was registered every 10 s for a duration of 5 min, and the means � S.D. of the ratios of more than 15 randomly
selected VSMCs are shown. The arrows indicate the time point at which PE was added. C, VSMCs from male Efnb1 KO or WT mice were cultured in normal goat
IgG-coated wells for 4 days and stimulated with PE (left panel) or AngII (right panel) in Ca2�-free buffer. D, VSMCs from male Efnb1 KO or WT mice were cultured
in goat anti-Efnb1 Ab-coated wells and stimulated with PE (left panel) or AngII (right panel) in Ca2�-free buffer. E, VSMCs from male Efnb1 KO or WT mice were
cultured in goat anti-Efnb1 Ab-coated or normal goat IgG-coated wells and stimulated with PE (left panel) or AngII (fight panel) in Ca2�-containing buffer. All
experiments in this figure were conducted more than twice, and data from representative experiments are shown.
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resulted in RhoA activation. Indeed, when WT VSMCs were
cultured in wells coated with anti-Efnb1 Ab, there was a signif-
icant increase in the GTP-bound RhoA level compared with
cells cultured in wells coated with isotypic control Ab (normal
goat IgG) (Fig. 4C).
Identification ofGrip1 asComponent in Efnb1Reverse Signal-

ing Pathway in Controlling VSMC Contraction—Because we
discovered that reverse signaling is critical for the effect of
Efnb1 on VSMC contraction, we attempted to identify compo-
nents of the Efnb1 reverse signaling pathway. The intracellular
tail of Efnb1 shows no direct biological activity, but it has three
conserved tyrosine phosphorylation sites, which are known to
interact with SH2 domain-containing adaptors such as Dishev-
eled (29). In addition, the C terminus of Efnb1 possesses a PDZ-
binding domain (2), which could interact with PDZ-containing
proteins such as Grip1 (30) or PDZ-RGS3 (31). To test the rel-
evance of these adaptor proteins in mediating Efnb1 reverse
signaling in VSMCs and its effect on VSMCs, we used siRNA to
knock down the expression of Disheveled, Grip1, and PDZ-
RGS3 inWT VSMCs. The expression and knockdown of these
genes were confirmed at the mRNA level (Fig. 5A). When
Efnb1-engagedWTVSMCs (i.e.VSMCs cultured in anti-Efnb1
Ab-coated wells), whose contractility was depressed about 40%
atmultiple time points comparedwith the controls, were trans-
fected with Grip1 but not PDZ-RGS3 or Disheveled siRNA,
they regained about 50% of their lost strength (Fig. 5B). On the
other hand, Grip1 siRNA had no effect on VSMCs without
Efnb1 engagement (VSMCs cultured in wells without anti-
Efnb1 Ab coating; Fig. 5C). This shows that the effect of Grip1
siRNA is specific to Efnb1 reverse signaling but does not exert
its effect via other pathways by itself. These results indicate that
diminishedGrip1 expression blocks the negative effect of Efnb1
engagement on VSMC contraction.

Conversely, when Grip1 was overexpressed in WT VSMCs
without anti-Efnb1 stimulation, these cells showed about 50%
reduced contractility,mimicking the effect of Efnb1 reverse sig-
naling (Fig. 5D). These data demonstrate that Grip1 is a rele-
vant adaptor protein that mediates Efnb1 reverse signaling in
VSMCs to achieve reduced VSMC contractility.
We further demonstrated that Grip1 knockdown resulted in

an increased level of MLC phosphorylation but not total MLC
protein in Efnb1-engaged WT VSMCs (Fig. 5E); such an
increase is likely a basis for the increased VSMC contractility
that was caused byGrip1 siRNA transfection. This placesGrip1
upstream of MLC phosphorylation in the Efnb1 reverse signal-
ing pathway.
Ex Vivo Findings in Mesenteric Arteries from Efnb1 KO

Mice—We wondered whether the reduced RhoA activation
and contraction of cultured VSMCs upon Efnb1 activation
were reflected in freshly isolated small arteries, which control
vascular resistance and hence BP. GTP-associated RhoA levels
in mesenteric arteries stripped of endothelium were first
assessed. As shown in Fig. 6A, the arteries from the KO mice
manifested significantly heightened GTP-associated RhoA lev-
els compared with those fromWTmice. This is consistent with
the findings fromanti-Efnb1Ab-stimulatedVSMCs,which had
reduced RhoA activation.
However, ex vivo vessel constriction tests on freshly isolated

mesenteric arteries from KO and WT mice did not reveal a
significant difference with or without endothelium upon PE
stimulation (Fig. 6B). Possible reasons for this observation are
discussed later.
Efnb1 KO Mice Presented Higher Increments of BP than WT

Mice during Immobilization Stress—The above findings
regarding dampening VSMC contractility by Efnb1 engage-
ment suggest that smoothmuscle cell-specificEfnb1 nullmuta-

FIGURE 4. MLC phosphorylation and RhoA activation in VSMC. A, increased constitutive MLC phosphorylation in Efnb1 KO VSMCs ex vivo. The mesenteric
arteries of Efnb1 KO and WT mice were cleared of adventitia and homogenized. The proteins of these tissues were analyzed for phosphorylated MLC
(Phospho-MLC) and total MLC expression by immunoblotting as indicated. Densitometry was performed to quantify the signals, and the data are expressed as
ratios of phosphorylated MLC versus total MLC signals (bar graph, lower panel). B, reduced MLC phosphorylation in Efnb1-engaged WT VSMCs. VSMCs from male
WT mice were cultured in wells coated with goat anti-Efnb1 Ab (�Efnb1Ab) or normal goat IgG (2 �g/ml during coating) for 4 days. Total MLC (left panel) and
phosphorylated MLC (right panel) of VSMCs were detected by immunofluorescence. The means � S.D. of fluorescence intensity per arbitrary cell area unit of
more than 15 randomly selected �-actin-positive cells examined are shown in the bar graphs. *, significant differences (p � 0.05; paired Student’s t test).
C, increased RhoA activation in Efnb1-engaged WT VSMCs. VSMCs from WT mice were cultured in wells coated with goat anti-Efnb1 Ab or normal goat IgG (2
�g/ml during coating) for 4 days. The cells were then harvested, and the GTP-associated RhoA in the cell lysates was determined in duplicate. The experiments
were repeated twice, and the results are consistent. A representative set of data is shown. *, significant differences (p � 0.05; paired Student’s t test).
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tion might augment BP. Thus, we measured the BP of male
Efnb1 KOmice by telemetry. On a normal diet alone (Fig. 7A),
on a normal diet under stress alone (data not shown), or on a
high salt diet alone (Fig. 7B), Efnb1 mice and control WTmice
presentedno significant difference in their SP,DP,MAP, orHR.
BP control has multiple compensatory mechanisms. A BP phe-
notype might be manifested only when the compensation is
stretched to the limit. Indeed, the role of Efnb1 in BP regulation
was revealed when the KO mice (average age, 21 weeks old)
were in a condition that combined a high salt diet and immo-
bilization stress. At several time points, Efnb1 KO mice
showed significantly higher increments of SP, DP, and MAP
(�SP, �DP, and �MAP, respectively; i.e. the BP during stress

minus the BP of the resting status of the same animal) (Fig.
7C). Such increased �BP was a reproducible phenomenon.
In a separate experiment carried out on 16-week-old mice,
such a statistically significant phenotype was also observed
even with a small sample size (n � 3) (Fig. 7D). This is the
first time a role of any Efn molecules in BP control has been
discovered.
We also observed (Fig. 7C) that during stress on a high salt

diet, Efnb1 KO mice had a significantly higher HR increment
(�HR) than WT mice. Obviously, the higher �HR contributed
to higher stress BP in these mice along with increased VSMC
contractility as we have proven in vitro. The reason why Efnb1
deletion heightened �HR in this particular experiment is not

FIGURE 5. Grip1 in Efnb1 reverse signaling pathway. A, effective knockdown of Grip1, Disheveled, and PDZ-RGS3 mRNA by siRNA. VSMCs from WT mice were
transfected with 30 nM siRNA targeting Grip1, Disheveled, or PDZ-RGS3 or with control siRNA. After an additional 4 h of culture, the mRNA levels of these three
genes were measured by RT-qPCR, and the data are expressed as the means � S.D. of signal ratios between the test genes and �-actin. B, Grip1 knockdown by
siRNA partially reversed the inhibitory effect of solid phase anti-Efnb1 Ab. VSMCs from WT males were cultured in wells coated with goat anti-Efnb1 Ab (�Efnb1
Ab) (2 �g/ml for coating). After 2 days, the cells were transfected with 30 nM siRNA targeting Grip1, Disheveled, or PDZ-RGS3 or control siRNA. On day 4 of
culture, the cells were stimulated with PE (20 �M), and their percentage of contraction was registered. Means � S.D. of the percentage are shown. The thin line
(indicated as Normal Contraction) represents the mean percentage of contraction of VSMCs cultured in wells coated with normal goat IgG (2 �g/ml) without
siRNA transfection (for better visual effect, the S.D. of each time point in this control is omitted). C, the contractility of VSMCs cultured in uncoated wells is not
affected by Grip1 siRNA. VSMCs from WT males were cultured in normal wells for 4 days and then transfected with Grip1 or control siRNA. Their contraction in
response to 20 �M PE was measured. Means � S.D. of the percentage are shown. No significant statistical difference was found (Student’s t test) between
VSMCs transfected with Grip1 or VSMCs transfected with control siRNA. D, Grip1 overexpression in VSMCs led to decreased contractility. WT VSMCs were
cultured for 6 days and transfected with pCEP4-Grip1. Cell contraction stimulated by PE (20 �M) was conducted 24 h later, and means � S.D. of percentage of
contraction are shown. E, Grip1 knockdown by siRNA resulted in increased MLC phosphorylation (Phospho-MLC) in Efnb1-engaged WT VSMCs. VSMCs from WT
males were cultured in wells coated with goat anti-Efnb1 Ab and transfected with Grip1 or control siRNA as described in D. The means � S.D. of fluorescence
intensity per arbitrary cell area unit of more than 15 cells are shown in the bar graphs. All experiments in this figure were conducted more than twice, and data
from representative experiments are shown. *, significant differences (p � 0.05; paired Student’s t test).
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clear and is under investigation, but the phenotype does not
seem to be consistent and reproducible. As seen in Fig. 7D, in a
similar experiment, such a heightened �HR increment was not
present.
Normal Levels of Urinary Catecholamines and Plasma AngII

of Efnb1 KO Mice—The Efnb1 KO mice used in this study had
conditional Efnb1 KO in SMCs, and the phenotype of the mice
was attributed to the deletion of Efnb1 in SMCs. To rule out the
unlikely possibility that such conditional KO also affects the
endocrine system, which in turn contributes to the enhanced
VSMC contractility and stress BP, we assayed the 24-h urine
catecholamines right after stress or without stress (Fig. 8A) and
plasma AngII (Fig. 8B) of Efnb1 KO mice. The results showed
no significant difference in these parameters betweenEfnb1KO
and control WT mice, ruling out the possible effect of condi-
tional Efnb1 deletion on the secretion of these hormones.

DISCUSSION

We for the first time have discovered that Efnb1 is likely
involved in BP control by regulating VSMC contractility. Efnb1
engagement in mouse VSMCs resulted in their decreased con-
tractility in vitro, whereas Efnb1 null deletion in smoothmuscle
cells heightened the increment of BP during stress in mice on a
high salt diet in vivo. Such regulation depended on reverse
signaling of Efnb1 into VSMCs, and this reverse signalingmod-
ulated the levels ofGTP-associatedRhoAandMLCphosphory-
lation in VSMCs. Grip1, an adaptor protein, was a component
in the Efnb1 reverse signaling pathway, and it mediated the
effect of Efnb1 on VSMC contractility and MLC phosphoryla-
tion. A few issues are discussed below.
Efnb1 is vital during embryonic development. Complete

deletion of Efnb1 leads to lethality during the fetal stage (25).

Although male Efnb1 KO mice could be obtained, their occur-
rence was below the rate expected according toMendel’s law. It
is known that LoxP-Cre-mediated deletion is not an all or none
event, and there is variation in Cre expression even with the
same copy number of Cre genes in the transgenic genome (32).
Leaky transgenic Cre expression outside the targeted tissue is
also frequently encountered. We speculate that fetuses with
stronger Cre expressionmight become embryonic lethal due to
either a higher degree of Efnb1 deletion in SMCs or leaky Cre
expression in other tissues. No female smMHC-Cre-Efnb1f/f

mice were ever born. This might be a result of essential inter-
action between Efnb1 and certain molecule(s) whose necessity
is different in male and female fetuses.
A change in the intracellular Ca2� level in VSMCs is a com-

mon and early signaling event after AR andAngII receptor acti-
vation. We noticed that the increase in VSMC Ca2� occurred
within 1min after PE stimulation, a time frame compatiblewith
that under a physiological condition in vivo under which
arteries will constrict quickly upon adrenaline stimulation.
However, it took about 15 min for cultured VSMCs to achieve
maximal contraction. This is because the cultured VSMCs
adhere to the wells and need to master enough force to gradu-
ally dislodge themselves from the plastic well surface to com-
plete the contraction, whereas VSMCs in the vessels are free
standing and can contract without much hindrance.
The increased intracellular Ca2� in VSMCs comes from the

influx of Ca2� from the extracellular milieu via L-type voltage-
gated calcium channels on the plasma membrane but is mainly
from the mobilization of a Ca2� reserve in sarcoplasmic retic-
ulum via ryanodine and inositol trisphosphate receptors on the
sarcoplasmic reticulum membrane. The subsequent ebbing of

FIGURE 6. GTP-associated RhoA expression and vasoconstriction of Efnb1 KO mesenteric arteries. A, activated RhoA in Efnb1 mesenteric arteries. The
mesenteric arteries of Efnb1 KO and WT mice were cleared of adventitia and homogenized. The proteins of these tissues were analyzed for GTP-associated
RhoA levels in duplicate. The experiment was repeated twice, and data of a representative experiment are shown as mean � S.D. of GTP-RhoA concentration
per microgram of total protein. *, p � 0.05 according to paired Student’s t test. B, contractility of mesenteric arteries from Efnb1 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 �M) was obtained. The maximal tension (Emax) was determined by challenging the vessels
with physiological saline containing 127 mM KCl. Vessel contractility is expressed as a percentage of the Emax. Data from three mice per group were pooled, and
means � S.E. are shown. There is no significant difference between KO and WT vessels (paired Student’s t test).
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the intracellular Ca2� depends on large conductance Ca2�-ac-
tivated K� channels on the plasmamembrane and the sarcoen-
doplasmic reticulum Ca2�-ATPase pump on the sarcoplasmic
reticulum membrane (33, 34). VSMCs in the presence or
absence of Efnb1 reverse signaling presented similar basal Ca2�

levels and Ca2� flux after PE and AngII stimulation. This is also
true regardless whether there is extracellular Ca2� in the
medium. This indicates that all the signaling components (e.g.
AR, AngII receptor, L-type voltage-gated calcium channels,
ryanodine receptors, inositol trisphosphate receptors, large
conductance Ca2�-activated K� channels, and sarcoendoplas-
mic reticulum Ca2�-ATPase pumps) leading to Ca2� flux are
not modulated by Efnb1 reverse signaling.
In addition to the intracellular Ca2� level, VSMC contractil-

ity is regulated by their sensitivity to Ca2�, and the sensitivity is
regulated by the degree of MLC phosphorylation (26, 27). We
found that in the absence of Efnb1 the constitutive MLC phos-
phorylation in artery proteins was drastically augmented. The
converse is also true: with Efnb1 engagement, VSMCs showed
decreased MLC phosphorylation. Conceivably, such modula-
tion ofMLC phosphorylation leads to altered VSMCCa2� sen-
sitivity and consequently altered VSMC contractility.
We have tried to identify components in the Efnb1 reverse

signaling pathway that regulate MLC phosphorylation and

VSMC contraction. We discovered that RhoA activation in the
form of GTP-associated RhoA was reduced in anti-Efnb1
Ab-stimulated VSMCs. Compatible with such a finding, RhoA
activation was augmented in the mesenteric artery smooth mus-
cles ofKOmice comparedwith that inWTmice.Activated RhoA
can activate RhoA-associated kinase, which phosphorylates
myosin phosphatase. The phosphorylation of the phosphatase
reduces its activity, which then prolongs the phosphorylation of
MLC (28). This might be a mechanism to increase the respon-
siveness of MLC to Ca2� flux in the absence of Efnb1 reverse
signaling.
An additional search of the components in the Efnb1 reverse

signaling pathway identified Grip1 as its knockdown partially
reverses the effect of Efnb1 on dampening VSMC contractility.
Whether and how Grip1 is connected to RhoA activation,
which will in turn promote MLC phosphorylation, is not clear,
and we can only speculate at this point. Grip1 is an adapter
protein containing seven PDZ domains (35), which can associ-
atewith the PDZ-binding domain at theC termini of Efnbs (28).
It is possible that the remaining PDZ domains in Grip1 might
interact with modulators of RhoA activity such as GDP disso-
ciation inhibitors (GDI) or GDP exchange factors (GEF) and
influence their functions, which will in turn regulate RhoA
activity. Indeed, Grip1 can associate with a Rho-GDI (36) and a

FIGURE 7. Blood pressure and heart rate of Efnb1 KO mice. A and B, male Efnb1 KO mice in the C57BL/6 background (F10) on a normal diet or high salt diet
presented normal BP and HR. A, mice (17 weeks old) were on a normal diet. B, mice (21 weeks old) were on a high salt diet for 3 weeks. BP and HR were measured
for 3 days by telemetry starting at least 7 days after transmitter implantation. For mice on a high salt diet, BP and HR were measured 3 weeks after the initiation
of the high salt diet. The number per group is indicated. Values are expressed as mean 24-h BP and HR for each day �S.E. C, male Efnb1 KO mice (after 10
generations of backcrossing to the C57BL/6 background) on a high salt diet under immobilization stress presented an augmented increment of BP. SP, DP,
MAP, and HR of 21-week-old male Efnb1 KO and WT mice (the number per group is indicated) on a high salt diet for 3 weeks were recorded by telemetry during
30-min immobilization stress. The data are expressed as means � S.E. of increments (�) of SP, DP, MAP, and HR. �SP, �DP, �MAP, and �HR were calculated as
follows: � � value during stress � value during the resting period. D, male Efnb1 KO mice (after five generations of backcrossing to the C57BL/6 background
from the 129/sv � C57BL/6 background) on a high salt diet under immobilization stress presented an augmented increment of BP. SP, DP, MAP, and HR of
16-week-old male Efnb1 KO and WT mice (the number per group is indicated) on a high salt diet for 3 weeks were recorded by telemetry during 30-min
immobilization stress. �SP, �DP, �MAP, and �HR are shown. Data in this figure were analyzed by an unpaired t test and repeated measures analysis of variance,
and the p values are shown. * indicates p � 0.05.
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Ras-GEF (37) through its PDZ domains. Validation of such
hypotheses is in progress.
Consistent with most of the in vitro and ex vivo findings,

Efnb1KOmicemanifested an augmented increment of SP, DP,
and MAP during stress compared with WT mice when they
were on a high salt diet. Although the increase was only statis-
tically significant at several time points, this finding is genuine
because it was reproducible in two independent experiments.
BP, a vital physiological parameter, is tightly regulated by mul-
tiple compensatory mechanisms at the levels of vascular tone,
blood volume, and cardiac output. It is not easy to override all
these compensatory mechanisms to achieve an overt BP phe-
notype. Any molecule that could cause an overt BP phenotype
(even aminimal one) has muchmore than aminimal role in BP
regulation. This is especially true for Efnb1, which is a member
of the Efnb subfamily. The Efnb subfamily has three Efnbmem-
bers that have redundant functions and interact promiscuously
with Ephs. Such redundancymight have further diminished the
BP phenotype of Efnb1KOmice so that BP up-regulation in the
KO mice is not manifested on a normal diet or under stress
while on a normal diet but is only revealed with a combination
of a high salt diet and stress. Under such conditions, the com-
pensationmechanisms are finally overwhelmed. It is very likely
that other Efnbs in addition to Efnb1 and some Ephb members
are also involved in VSMC contractility and BP control. Our
additional study showed that this is indeed the case: we have
found that Ephb6 KO mice have BP and VSMC contractility
phenotypes similar to that of Efnb1 KOmice (38).
There is some discrepancy among certain findings in our

study. Ex vivo, RhoA activation and constitutive phosphoryla-
tion of MLC in the smooth muscle of the mesenteric arteries
from KO mice were elevated. This is consistent with aug-
mented BP in KO mice in vivo compared with WT mice when

they were under stress and on a high salt diet. This is also com-
patible with the findings in culturedVSMCs in that VSMCcon-
tractility was reduced upon Efnb1 engagement. However, why
did we not see increased ex vivo contraction of mesenteric
arteries fromKOmice compared with that fromWTmice (Fig.
6B), and why could the lack of increased contraction in vessels
translate into the in vivo phenotype of increased BP? It is pos-
sible that a subtle and minor increase of vasoconstriction is
present in the vessel, but our vasoconstriction tests ex vivo are
not sensitive enough to reveal it. Such an increase (as it is subtle
and minor) was not revealed in vivo when mice were on a nor-
mal diet or in mice that had undergone immobilization stress
alone. It only manifested itself when the KO mice were
assaulted with both a high salt diet and immobilization stress,
which overcome most of the compensation mechanisms in BP
regulation.
Based on our findings, we speculate that under a physiologi-

cal condition Efnb1 (or other Efnb members) on VSMCs inter-
act(s)with Ephs in neighboringVSMCsor endothelial cells, and
such interactions modulate VSMC contractility. Because the
expression of Efnb1 (or other Efnb members) and its binding
partner Ephs is unlikely to change instantly, the physiological
role of Efnb1 (or other Efnbs) and Ephbs could be basal vascular
tone regulation. These findings have enhanced our understand-
ings of BP regulation mechanisms.
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FIGURE 8. Normal urine and plasma hormone levels in Efnb1 KO and WT mice. A, 24-h urine catecholamine levels after stress in male Efnb1 KO mice. Male
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