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ABSTRACT: The sodium/proton exchanger type 1 (NHE-1) plays an important role in the proliferation of
vascular smooth muscle cells (VSMC). We have examined the regulation of NHE-1 by two potent mitogens,
serotonin (5-HT, 5-hydroxytryptamine) and angiotensin II (Ang II), in cultured VSMC derived from rat
aorta. 5-HT and Ang II rapidly activated NHE-1 via their G protein-coupled receptors (5-HT2A and AT1)
as assessed by proton microphysiometry of quiescent cells and by measurements of intracellular pH on
a FLIPR (fluorometric imaging plate reader). Activation of NHE-1 was blocked by inhibitors of
phospholipase C, CaM, and Jak2 but not by pertussis toxin or inhibitors of protein kinase C.
Immunoprecipitation/immunoblot studies showed that 5-HT and Ang II induce phosphorylation of Jak2
and induce the formation of signal transduction complexes that included Jak2, CaM, and NHE-1. The
cell-permeable Ca2+ chelator BAPTA-AM blocked activation of Jak2, complex formation between Jak2
and CaM, and tyrosine phosphorylation of CaM, demonstrating that elevated intracellular Ca2+ is essential
for those events. Thus, mitogen-induced activation of NHE-1 in VSMC is dependent upon elevated
intracellular Ca2+ and is mediated by the Jak2-dependent tyrosine phosphorylation of CaM and subsequent
increased binding of CaM to NHE-1, similar to the pathway previously described for the bradykinin B2

receptor in inner medullary collecting duct cells of the kidney [Mukhin, Y. V., et al. (2001)J. Biol.
Chem. 276, 17339-17346]. We propose that this pathway represents a fundamental mechanism for the
rapid regulation of NHE-1 by Gq/11 protein-coupled receptors in multiple cell types.

The ubiquitously expressed, amiloride-sensitive sodium/
proton exchanger type 1 (NHE-1)1 is activated by various
stimuli, including growth factors, mitogens, integrins, and

hyperosmolarity, and plays an essential role in pH regulation,
volume homeostasis, cell growth, and differentiation (1, 2).
An important role for the Na+/H+ exchange in vascular
smooth muscle cell (VSMC) growth has been described
previously (3, 4). In cultured VSMC, growth factors cause
a proliferative response that is associated with activation of
Na+/H+ exchange (5).

NHE-1 is a phosphoglycoprotein of 815 amino acids that
contains high- and low-affinity Ca2+/calmodulin-binding sites
and several potential phosphorylation sites (2, 6). The
structure of NHE-1 suggests that its regulation can occur
through at least three mechanisms: (1) interaction of a
regulatory factor(s) with a critical cytoplasmic region of
NHE-1, (2) direct phosphorylation of serines and possibly
threonines or tyrosines located in the cytoplasmic domains,
and (3) Ca2+/calmodulin binding (2). Several protein kinases
have been proposed to regulate NHE-1, including Ca2+/
calmodulin-dependent kinase (7), protein kinase C (8, 9),
p160 Rho-associated kinase (10), phosphatidylinositol 3′-
kinase (9), and members of the mitogen-activated protein
kinase (MAPK) family (2, 8, 11-13). In VSMC, the 90 kDa
S6 kinase (p90rsk) can directly phosphorylate NHE-1 on
serine703 and mediate an increase in Na+/H+ exchange (14,
15). The rapid activation of NHE-1 by mitogens is usually
associated with an increase in its phosphorylation (16).
However, deletion of the region of NHE-1 with most of the
potential phosphorylation sites (amino acids 636-815)
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preserves∼50% of the response to growth factors, indicating
that direct phosphorylation of NHE-1 is not sufficient for
its full activation (17). Recently, we described a novel
pathway for the activation of NHE-1 by the bradykinin B2

receptor in the mIMCD-3 cell (a murine cell culture model
of the kidney inner medullary collecting duct), which
involves Janus kinase 2 (Jak2) mediated tyrosine phospho-
rylation of CaM and subsequent increased binding of CaM
to NHE-1 (18).

NHE-1 may play a key role in the maintenance of blood
pressure in that increased activity of NHE-1 has been
observed in cells and tissues from hypertensive animals and
humans (19-21). Northern blot analysis showed that cultured
VSMC from Sprague-Dawley and Wistar-Kyoto rats express
only the NHE-1 isoform and that steady-state mRNA levels
are similar for normal and spontaneously hypertensive
animals (21, 22). In addition, no mutations in the NHE-1
DNA sequence have been found in hypertensive animals,
suggesting that increased activity of the antiporter is caused
by an alteration in the regulation of NHE-1 (21).

Because vascular smooth muscle cells are critical for
maintaining vascular tone and blood pressure, we studied
the regulation of NHE-1 activity in rat aortic VSMC by two
mitogens, angiotensin II (Ang II) and serotonin (5-HT), in
this report. Ang II, a potent hypertrophic factor for VSMC,
mediates its effects via specific plasma membrane Ang II
receptors that belong to the seven membrane-spanning G
protein-coupled receptor family. In rat aortic VSMC, Ang
II receptors were found to be of the AT1 subtype (23). Ang
II stimulates multiple signaling pathways (reviewed in ref
24) including MAPKs, Src family kinases, phospholipase D,
and Janus kinases (25-30). Ang II has also been shown to
stimulate NHE-1 activity in VSMC (31, 32) but does not
appear to increase the steady-state levels of NHE-1 mRNA
(33). The precise mechanism of NHE-1 activation by Ang
II remains unclear, although there is evidence for involve-
ment of both PKC-dependent and PKC-independent path-
ways (31), as well as tyrosine kinase-dependent pathways
(34). A role for p38 and ERK1/2 in Ang II-mediated
regulation of NHE-1 in VSMC has also been suggested (11).

Although 5-HT appears to play an important role in
cardiovascular disease and hypertension (35-37), there are
few existing studies into its mechanisms of action in VSMC.
A high level of expression of 5-HT type 2 receptor mRNA
has been demonstrated in cultured rat aortic VSMC (38). In
addition, despite the presence of mRNA for other 5-HT
receptors, the 5-HT2A receptor is the only serotonin receptor
in rat aortic VSMC that has been demonstrated to be
functionally active (39). Previous reports have shown that
5-HT can stimulate protein tyrosine phosphorylation and
increase intracellular Ca2+ in cultured canine femoral arterial
smooth muscle cells (40) and that the 5-HT2A receptor can
activate ERK in VSMC (41). The mitogenic effect of 5-HT
in VSMC may be mediated by Src family tyrosine kinases,
PKC, and/or the MAPK pathway (42). There are no data on
the mechanism of regulation of NHE-1 by 5-HT in VSMC,
although we and others have shown stimulation of NHE-1
by 5-HT in fibroblasts and mesangial cells (43-46).

In the current study, we used proton microphysiometry
of quiescent VSMC and measurements of intracellular pH
on a FLIPR to study acute Ang II- and 5-HT-induced
activation of NHE-1 in VSMC. The major purpose of this

study was to delineate key components of a signal trans-
duction pathway that leads to the activation of NHE-1 by
those mitogens. Our findings support a critical role for Jak2-
induced phosphorylation of CaM in the process of the
activation of NHE-1 by both Ang II and 5-HT in VSMC
and suggest that this pathway may represent a fundamental
mechanism for the rapid regulation of NHE-1 by Gq/11-
coupled receptors in multiple cell types.

EXPERIMENTAL PROCEDURES

Materials.Fluo-3 and BCECF [2′,7′-bis(2-carboxymethyl)-
5(6)-carboxyfluorescein] were purchased from Molecular
Probes (Eugene, OR). Ketanserin and 5-(N-ethyl-N-isopro-
pyl)amiloride were purchased from RBI (Natick, MA). ET-
18-OCH3, AG-490, and D609 were from Biomol (Plymouth
Meeting, PA). Angiotensin II, 5-hydroxytryptamine, lyso-
phosphatidic acid (LPA), tetramethylammonium (TMA)
chloride, probenecid, phorbol 12-myristate 13-acetate, and
various salts were from Sigma (St Louis, MO). BAPTA-
AM [1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic
acid acetoxymethyl ester], calmidazolium, fluphenazine,
W-7, GF109203X, ophiobolin, PD98059, and anti-phospho-
tyrosine monoclonal antibody were from Calbiochem (San
Diego, CA). Anti-CaM monoclonal antibody, anti-Jak2
agarose conjugated antibody, and anti-phosphotyrosine poly-
clonal antibody were from Upstate Biotechnology (Lake
Placid, NY). Anti-phosphospecific Jak2 antibody was from
Biosource International (Camarillo, CA) or QCB (Hopkinton,
MA). Anti-NHE-1 polyclonal antibody was from Chemicon
International (Temecula, CA). All cell culture media and
supplements were from Life Sciences (Grand Island, NY).
Polycarbonate cell culture inserts for microphysiometry and
black 96-well microtiter plates for the FLIPR were from
Corning Costar (Cambridge, MA). Black pipet tips were from
Molecular Devices Corp. (Sunnyvale, CA).

Cell Culture. VSMC were derived from surgical aortic
explants from Sprague-Dawley rats and maintained in MEM
supplemented with 10% fetal bovine serum, 10 mg/mL
streptomycin, and 100 units/mL penicillin at 37°C in a 5%
CO2-enriched, humidified atmosphere. Cells were used at
passages 4-7. Experimental procedures were performed
under approved protocols from the Institutional Animal Care
and Use Committees of the Ralph. H. Johnson VA Medical
Center and the Medical University of South Carolina.
Treatment of the animal subjects conformed to guidelines
of the American Veterinary Medical Association.

Microphysiometry.We have previously used the Cytosen-
sor microphysiometer (Molecular Devices Corp., Sunnyvale,
CA) to study Na+/H+ exchange in fibroblasts (43, 44),
enterocytes (47), and kidney epithelial cells (18). The
microphysiometer uses a light addressable silicon sensor to
detect extracellular protons (48). Each of eight channels has
two inlet ports for buffers, one for the vehicle control and
the other for a test substance. The cells are perfused with
buffer, and valve switches and stop-start cycles are totally
controlled by a programmable computer. Acidification rate
data are transformed by a personal computer running
Cytosoft version 2.0 and are presented as extracellular
acidification rates (ECAR) in micro-Volts per second, which
roughly corresponds to milli-pH units per minute (Nernst
equation). To facilitate comparison of data between two
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channels, values are expressed as percentages of a baseline
determined by computerized analysis of the three data points
prior to exposure of the cell monolayers to a test substance.

For all experiments, VSMC were plated onto polycarbon-
ate membranes (3µm pore size, 12 mm size) at a density of
300000 cells per insert the night prior to experimentation.
After attachment to the membranes, cells were growth-
arrested in serum-free culture medium for 20 h. On the day
of the study, cells were washed with serum-free, bicarbonate-
free Ham’s F-12 medium, placed into the microphysiometer
chambers, and perfused at 37°C with the same medium or
balanced salt solutions. For most studies, the pump cycle
was set to perfuse cells for 60 s, followed by a 30 s “pump-
off” phase, during which proton efflux was measured from
the 8th through the 28th second. Cells were exposed to the
test agent for three or four cycles (270-360 s). Valve
switches (to add or remove test agents) were performed at
the middle of the pump cycle, and data points were acquired
every 90 s. The peak effect during stimulation was expressed
as the percentage increase over baseline.

Measurement of Intracellular Ca2+. We used a FLIPR
(Molecular Devices) fluorometric imaging plate reader
system (49) to measure intracellular Ca2+ in VSMC plated
into 96-well microtiter plates. Cells were seeded (∼50000
cells/well) in 96-well clear bottom black microplates (Corn-
ing Costar Corp., Cambridge, MA) and left overnight in a
CO2 incubator at 37°C. On the day of the assay, cells were
loaded with 4µM Fluo-3 for 1 h in Hank’s balanced salt
solution (HBSS), pH 7.4, containing 20 mM HEPES and
2.5 mM probenecid. After being loaded, cells were washed
four times with HBSS on an automated plate washer
(Labsystems, Helsinki, Finland) and placed into the FLIPR.
All 96 wells were simultaneously illuminated for 0.4 s by
an argon laser (488 nm) set at≈300 mW (Coherent Inc.,
Santa Clara, CA). Fluorescence emission readings were
measured using a 540 nm band-pass filter at 1 s intervals
until a baseline was obtained (about 10 readings). Cells were
then simultaneously exposed to a range of 5-HT or Ang II
concentrations (10-5 to 3 × 10-10 M), and fluorescence
readings were obtained from each well every second for a
total of 2 min and then every 6 s for 3 min. Replicate readings
were averaged, and each tracing was normalized against
background fluorescence from wells treated with buffer
controls. Tracings were acquired, averaged, and normalized
using the FLIPR Control software program (Molecular
Devices).

Measurement of Intracellular pH.The FLIPR was also
used to measure pHi in VSMC in 96-well microtiter plates.
Cells were treated as described above and then loaded with
5 µM BCECF in loading buffer (HBSS, pH 7.4, containing
15 mM HEPES and 1 mM probenecid) for 1 h at 37°C.
Twenty minutes prior to the end of the loading phase, 15
mM NH4Cl was added to each well. Cells were then washed
two times with loading buffer containing 15 mM NH4Cl and
subsequently acid-loaded by an ammonium chloride prepulse
protocol, in which the extracellular buffer contains NH4

+ and
NH3 in an equilibrium that is essentially recapitulated in the
cell interior. When the extracellular medium is changed to a
buffer lacking NH4Cl, intracellular NH3 diffuses rapidly out
of the cell, causing the cells to become acutely “loaded” with
protons donated from NH4+ (50). Some cells were pretreated
with 50 µM AG-490 or 5µM EIPA for 20 min. Cells were

allowed to recover from the acid load in the presence or
absence of sodium and various test substances. Fluorescence
excitation was obtained using an argon laser (488 nm
wavelength at 300 mW), and emission (∼540 nm) was
monitored kinetically. The tracings from at least six wells
under the same conditions were averaged, and tracings from
the negative controls (wells pretreated with EIPA) were
subtracted. The slopes of fluorescence changes were calcu-
lated as rate of fluorescence change (fluorescence counts per
second).

Immunoprecipitation.Quiescent VSMC monolayers were
treated with 100 nM Ang II, 1µM 5-HT, or vehicle for 10
min and then lysed in 1 mL per 100 mm dish of RIPA buffer
(150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA,
1% NP-40, 1 mM NaF, 1 mM Na3VO4, 1 mM phenyl-
methanesulfonyl fluoride, and aprotinin, leupeptin, and
pepstatin at 1µg/mL each). Cell lysates were then precleared
by incubation with a protein A-agarose bead slurry for 30
min at 4°C. Precleared lysates (1µg/µL total cell protein)
were incubated with anti-Jak2/protein A-agarose, anti-
NHE-1 antibody, or polyclonal anti-phosphotyrosine antibody
overnight at 4°C. Phosphotyrosine and NHE-1 immuno-
precipitates were captured by addition of protein A-agarose.
The agarose beads were collected by centrifugation, washed
three times with RIPA buffer, resuspended in 2× Laemmli
sample buffer, and boiled for 5 min. Samples were then
subjected to SDS-PAGE followed by subsequent immuno-
blot analysis with monoclonal anti-CaM or anti-phospho-
tyrosine IgG. The same Western blots were reprobed with
the antibody used for immunoprecipitation to ensure that
equal amounts of protein were loaded in each lane.

Jak2 Phosphorylation Assay.Phosphorylation of Jak2 in
response to Ang II and 5-HT was assessed using a Jak2 dual
phosphospecific antibody. Quiescent cells were treated with
100 nM Ang II, 1µM 5-HT, or vehicle for 10 min and lysed
in RIPA buffer. The lysates were then subjected to SDS-
PAGE under reducing conditions using 4-20% precast gels
(Novex, San Diego, CA). After semidry transfer to poly-
vinylidine difluoride membranes, membranes were blocked
with Blotto buffer and incubated with phospho-Jak2 antibody
(0.5 µg/mL). Following incubation with an alkaline phos-
phatase-linked secondary antibody, immunoreactive bands
were visualized by a chemiluminescent method (CDP Star,
New England Biolabs, Beverly, MA) using preflashed Kodak
X-AR film and quantified using a GS-670 densitometer and
Molecular Analyst software (Bio-Rad, Hercules, CA). To
ensure that equal amounts of protein were loaded in each
lane, we stripped and reprobed the blots with control Jak2
antibody, which equally recognizes both phosphorylated and
nonphosphorylated Jak2.

Statistical Analysis.Data were analyzed for repeated
measures by Student’st test for unpaired two-tailed analysis.
P values less than 0.05 were considered significant.

RESULTS

Ang II and 5-HT Stimulate Sodium-Dependent, EIPA-
Inhibitable Proton Efflux in VSMC.We used a Cytosensor
microphysiometer to measure proton efflux from intact
monolayers of VSMC plated onto polycarbonate membranes.
Figure 1A shows that 100 nM Ang II (diamonds) or 1µM
5-HT (circles) rapidly increased the extracellular acidification
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rate (ECAR). Figure 1B shows that the stimulatory effect of
Ang II and 5-HT occurred in a sodium-containing balanced
salt solution (white bars) but not in a solution in which
sodium was replaced by tetramethylammonium (TMA)
(black bars). The increases in ECAR also were blocked by
the amiloride analogue EIPA, an inhibitor of NHE-1 (hatched
bars). Thus, Figure 1 presents evidence that Ang II and 5-HT
activate proton efflux in VSMC through stimulation of NHE-
1.

Role for a Receptor-G Protein-PLC Pathway in 5-HT-
and Ang II-Induced ActiVation of NHE.In Figure 2A, we
examined the effects of various chemical inhibitors on 5-HT-
and Ang II-stimulated ECAR in VSMC. Pretreatment of cells
for 10 min with ketanserin (a 5-HT2A receptor antagonist)
and losartan (an AT1 receptor antagonist) completely blocked
the activation of NHE-1 by 5-HT and Ang II, respectively,
suggesting that these mitogens activate NHE-1 through their
G protein-coupled receptors. Pretreatment of the cells with
200 ng/mL pertussis toxin (PTX) for 20 h did not impair
Ang II- or 5-HT-induced activation of NHE-1, suggesting
that PTX-sensitive G proteinR subunits are not required for
Ang II- and 5-HT-induced NHE-1 activation. The same
treatment with PTX nearly completely blocked activation of
NHE-1 by 1 µM lysophosphatidic acid (LPA), which has
previously been shown to utilize PTX-sensitive intracellular
signaling pathways in VSMC (51, 52), indicating that PTX-
sensitive Gi/o R subunits were indeed inhibited under our
experimental conditions.

Two phospholipase C (PLC) inhibitors (D609 and ET-
18-OCH3) attenuated byg50% the ability of 5-HT and Ang
II to activate proton efflux, suggesting that the 5-HT2A and
AT1 receptors couple to PLC in VSMC.

Lack of InVolVement of PKC in 5-HT- and Ang II-Induced
ActiVation of NHE. Because PLC activation can lead to
stimulation of protein kinase C (PKC) through the intermedi-
ate actions of diacylglycerol, we tested the effects of the PKC
inhibitor GF109203X (1µM) as well as PKC depletion by
prolonged exposure of cells to 160 nM phorbol 12-myristate
13-acetate (PMA) on 5-HT- and Ang II-induced ECAR.
Those treatments did not attenuate 5-HT- or Ang II-induced
ECAR but were able to inhibit PMA- (1µM) elicited proton

efflux, showing that those maneuvers blocked PKC in our
conditions (Figure 2B). Thus, PKC depletion and a PKC
inhibitor, in a concentration that is adequate to block ECAR
induced by direct activation of PKC by PMA, do not block
5-HT2A and AT1 receptor-elicited ECAR (Figure 2B), sug-
gesting that 5-HT2A and AT1 receptor-elicited ECAR in
VSMC is not PKC-dependent.

Inhibitor Studies Suggest the InVolVement of CaM in 5-HT-
and Ang II-Induced Increases in ECAR.It has previously
been shown that both 5-HT2A and AT1 receptors in VSMC
couple to the mobilization of intracellular Ca2+ (53, 54). We
used a FLIPR plate reader to measure intracellular Ca2+ in
VSMC and demonstrated that under our experimental condi-
tions 5-HT and Ang II also induced rapid elevations of
intracellular Ca2+ in VSMC preloaded with 4µM Fluo-3, a
Ca2+-sensitive fluorescent dye (data not shown). Among the
targets of increased intracellular Ca2+ is Ca2+-dependent
calmodulin (CaM), which plays a role in regulating the
activity of sodium/proton exchangers through two CaM
binding sites located on the carboxyl terminus of NHE-1 (2).
We hypothesized that CaM may be involved in 5-HT- and
Ang II-induced activation of NHE-1 in VSMC. We tested
the effects of five structurally distinct CaM inhibitors on
5-HT- and Ang II-activated proton efflux. These experiments

FIGURE 1: 5-HT and Ang II stimulate NHE-1 activity in VSMC.
Microphysiometry was performed on quiescent VSMC monolayers
as described in Experimental Procedures. Panel A: 1µM 5-HT
(circles) or 100 nM Ang II (diamonds) stimulates the extracellular
acidification rate (ECAR). The shaded area represents time during
which cells were exposed to hormones. Panel B: ECAR stimulated
by 5-HT and Ang II in various buffers including a balanced salt
solution containing NaCl with or without 1µM EIPA and a
balanced salt solution with sodium chloride substituted by TMA.
All experiments were performed at least five times. Error bars in
panel B represent the SEM (*,P < 0.01 versus samples treated
with agonist alone).

FIGURE 2: Effects of various inhibitors on the activation of ECAR
by 5-HT and Ang II. ECAR was measured by microphysiometry
as described in Experimental Procedures. Panel A: Cells were
preincubated with pertussis toxin (200 ng/mL) overnight prior to
stimulation with 1µM 5-HT or with 100 nM Ang II and with other
inhibitors for 30 min prior to stimulation with 1µM 5-HT or with
100 nM Ang II. Ketanserin is a 5-HT2A receptor antagonist, losartan
is an AT1 receptor antagonist, and D609 and ET-18-OCH3 are
inhibitors of PLC. Panel B: Cells were pretreated with 160 nM
PMA for 20 h or with 1µM GF109203X (PKC inhibitor) for 30
min before stimulation with 1µM 5-HT, 100 nM Ang II, or 1µM
PMA. Panel C: Cells were preincubated with CaM inhibitors for
30 min prior to addition of 5-HT or Ang II. All experiments were
performed at least three times in duplicate or triplicate. Error bars
represent the SEM (‡,P < 0.05; *, P < 0.01; †,P < 0.005; versus
samples treated with agonist alone).
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(Figure 2C) showed that W-7 (50µM), chlorpromazine (50
µM), and fluphenazine (10µM) each blocked the stimulation
of proton efflux elicited by 1µM 5-HT by ∼80%; ophiobolin
(1 µM) blocked 5-HT-induced ECAR by∼65% and calmi-
dazolium (5µM) by ∼70%. CaM inhibitors also inhibited
Ang II-induced activation of proton efflux, but to a lesser
extent,∼50%, suggesting that Ang II may employ some
additional, CaM-independent pathways to activate NHE-1.
Overall, these studies support a role for CaM in the
stimulatory effect of 5-HT and Ang II on NHE-1 in VSMC.

Effects of Inhibitors of Tyrosine Kinase, Janus Kinase 2,
and MEK-1 on 5-HT- and Ang II-Induced Increases in
ECAR.Because 5-HT and Ang II can also signal through
tyrosine kinase pathways and because we have previously
established an important role for Jak2 in the regulation of
NHE-1 by the bradykinin B2 receptor in mIMCD-3 cells (18),
we tested a role of Jak2 in activating NHE-1 in VSMC. In
studies with tyrosine kinase inhibitors (Figure 3A), the broad-
spectrum tyrosine kinase inhibitor genistein (50µM) mark-

edly (50-70%) attenuated the ability of 100 nM Ang II or
1 µM 5-HT to stimulate ECAR, whereas the inactive
genistein analogue daidzein was without effect. AG-490 (50
µM), a selective inhibitor of the nonreceptor tyrosine kinase
Jak2 (55), blocked 5-HT- and Ang II-induced ECAR by 80%.
The MEK inhibitor PD98059, in concentrations up to 100
µM, was unable to block 5-HT- and Ang II-induced proton
efflux. In contrast, preincubation of VSMC with 10µM
PD98059 for 30 min completely blocked 5-HT- and Ang
II-induced activation of ERK1/2, documenting inhibition of
MEK under our experimental conditions (data not shown).
These results suggest involvement of the nonreceptor tyrosine
kinase Jak2 in the regulation of NHE-1 in VSMC (Figure
3A).

5-HT and Ang II Stimulate a Sodium-Dependent, EIPA-
Inhibitable pHi RecoVery Pathway in VSMCVia Jak2.We
confirmed the microphysiometer measurements using a
second method of studying NHE-1 activity by monitoring
intracellular pH (pHi) using a FLIPR system. VSMC were
acid-loaded using the ammonium chloride prepulse method
and were then allowed to recover in the presence of 5-HT
or Ang II, with or without additions of 5µM EIPA or 50
µM AG-490. In Figure 3, 1µM 5-HT (B, left panel) and
100 nM Ang II (C, right panel) accelerated the rate of
recovery from an acid load, and these effects were nearly
completely inhibited by addition of 5µM EIPA. Pretreatment
with 50 µM AG-490 reduced the rate of recovery from an
acid load as well as the maximum amount of recovery during
the assay period. In Figure 3D we presented the slopes of
the rate of recovery from an acid load during the first 60 s
of recovery calculated as rate of fluorescence change. Thus,
results presented in Figure 3B-D support the presence of a
mitogen-activated, EIPA-inhibitable, pHi recovery pathway
in VSMC and support a role for Jak2 in 5-HT- and Ang
II-mediated activation of NHE-1.

5-HT and Ang II Induce Tyrosine Phosphorylation of Jak2,
Formation of a Complex between Jak2 and CaM, and
Tyrosine Phosphorylation of CaM.To confirm the involve-
ment of Jak2 in 5-HT- and Ang II-mediated signaling, we
measured the activation of Jak2 by 5-HT and Ang II using
Western blotting with a phosphospecific anti-Jak2 antibody.
Treatment with 5-HT (1µM for 10 min) and with Ang II
(100 nM for 10 min) induced an∼150% increase in the level
of phosphorylation of Jak2 (Figure 4A).

We next examined whether 5-HT and Ang II could induce
a physical interaction between Jak2 and CaM. We explored
this possibility using immunoprecipitation of lysates from
cells treated with vehicle, 5-HT, or Ang II with anti-Jak2/
protein A-agarose, followed by Western blotting with a
CaM antibody. Figure 4B shows that CaM and Jak2
co-immunoprecipitate and that their association can be
increased by treatment of VSMC with 5-HT or Ang II.
Pretreatment of cells with a Jak2 inhibitor, AG-490 (50µM
for 30 min), significantly decreased the amount of CaM in
Jak2 immunoprecipitates (Figure 4B), suggesting that 5-HT-
and Ang II-induced Jak2 activity is necessary for formation
of the complex.

We next considered that 5-HT and Ang II could stimulate
tyrosine phosphorylation of CaM. Cells were treated with 1
µM 5-HT, 100 nM Ang II, or vehicle for 10 min, and cell
lysates were immunoprecipitated with a polyclonal phos-
photyrosine antibody as described in Experimental Proce-

FIGURE 3: Involvement of Jak2 in 5-HT- and Ang II-induced
signaling in VSMC. Panel A: ECAR was measured by micro-
physiometry as described in Experimental Procedures. Tyrosine
kinase inhibitors were added 30 min prior to stimulation with 1
µM 5-HT or 100 nM Ang II. Experiments in this panel were
performed at least three times in duplicate or triplicate. Error bars
represent SEM (‡,P < 0.05; *, P < 0.01; versus vehicle-treated
samples). Panels B and C: Intracellular pH was monitored using
BCECF fluorescence as described in Experimental Procedures. Cells
were acid-loaded by the ammonium chloride prepulse method and
were then allowed to recover in the presence or absence of 1µM
5-HT (panel B) or 100 nM Ang II (panel C) with or without 1µM
EIPA or 50µM AG-490 (specific inhibitor of Jak2). The plots are
representative of at least six tracings for each condition, all of which
showed qualitatively similar results. Panel D: The data were
calculated as the average fluorescence tracing from at least six wells
after subtraction of signals from negative control wells. The rate
of fluorescence change represents the slopes of the fluorescence
changes during the first 60 s of recovery. Error bars represent the
SEM (‡, P < 0.05 versus control; *,P < 0.01 versus samples
treated with vehicle).
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dures. Subsequent immunoblot analyses were performed with
monoclonal anti-CaM antibodies. The data presented in
Figure 4C demonstrate that 5-HT and Ang II increase the
amount of CaM in phosphotyrosine immunoprecipitates and
that this effect can be significantly decreased by pretreatment
of cells with AG-490 (50µM for 30 min). However, because
these data could also reflect the ability of CaM to complex
with a tyrosine-phosphorylated protein upon agonist stimula-
tion, we performed another set of experiments aimed to
demonstrate the tyrosine phosphorylation of CaM in response
to 5-HT and Ang II treatment. Cells were treated with
agonists, lysed, and immunoprecipitated with a polyclonal
phosphotyrosine antibody as described in Experimental
Procedures. Subsequent immunoblot analysis was performed
with monoclonal anti-phosphotyrosine immunoglobulin and
revealed a band of the same relative mobility as CaM on a
phosphotyrosine immunoblot. The same blot was stripped
and reprobed with a CaM antibody to confirm the identity
of the tyrosine-phosphorylated band as CaM. Thus, the data
presented in Figure 4D confirm that CaM becomes tyrosine-
phosphorylated in response to 5-HT and Ang II and that
tyrosine phosphorylation can be significantly decreased by
pretreatment of cells with AG-490 (50µM for 30 min),
suggesting that phosphorylation is induced by Jak2.

CaM Is Present in NHE-1 Immunoprecipitates.To estab-
lish whether NHE-1 is present in the mitogen-induced
signaling complex, we performed co-immunoprecipitation
experiments in which NHE-1 was immunoprecipitated from
lysates of untreated VSMC and cells treated with 5-HT or

Ang II. Immunoprecipitates were then probed with CaM
antibodies. Figure 5A shows that CaM is present in NHE-1
immunoprecipitates and that increasing amounts of CaM
complex with NHE-1 after treatment of VSMC with 100 nM
Ang II or with 1 µM 5-HT.

NHE-1 Is Present in Jak2 Immunoprecipitates.We per-
formed co-immunoprecipitation experiments in which Jak2
was immunoprecipitated from lysates of VSMC treated or
not with 5-HT or Ang II. Immunoprecipitates were next
probed with monoclonal NHE-1 antibodies. The immunoblot
in Figure 5B documents the presence of NHE-1 in Jak2
immunoprecipitates and shows that the amount of NHE-1
complexed with Jak2 increases after stimulation of VSMC
with 5-HT or Ang II. The same blot was stripped and
reprobed with CaM antibody, demonstrating an increase in
the amount of CaM complexed with Jak2 after stimulation
with 5-HT and Ang II (not shown). Thus, 5-HT and Ang II
stimulate formation of a complex which includes Jak2, NHE-
1, and CaM.

EleVation of Intracellular Ca2+ Is Essential for the
Complex Formation between Jak2 and CaM and for Tyrosine
Phosphorylation of CaM.We have previously suggested that
elevated intracellular Ca2+ in mIMCD-3 cells contributes to
the activation of Jak2, which subsequently phosphorylates
CaM, thus modulating the binding of CaM to NHE-1 (18).
Therefore, in the current study we considered a potential role
for Ca2+ in the 5-HT- and Ang II-induced activation of
NHE-1 in VSMC. Pretreatment of VSMC with BAPTA-AM,
a cell-permeable Ca2+ sequestrant, nearly completely pre-

FIGURE 4: Effects of 5-HT and Ang II on Jak2, CaM, and NHE-1. Panel A: 5-HT and Ang II induce tyrosine phosphorylation of Jak2.
Cells were treated with 1µM 5-HT, 100 nM Ang II, or vehicle, lysed, and subjected to immunoblot. The inset is a representative immunoblot
(phospho-Jak2). The same blot was stripped and reprobed with antibodies for total Jak2 to ensure equal loading of protein samples (total
Jak2). Panel B: Physical association between Jak2 and CaM in the 5-HT- and Ang II-induced signaling complex. Co-immunoprecipitations
were performed as described in Experimental Procedures. Experiments show that 1µM 5-HT or 100 nM Ang II induces a complex that
includes CaM and Jak2. Formation of this complex was prevented by preincubation with AG-490 (50µM) for 30 min. Panel C: This panel
shows that 5-HT and Ang II increased the CaM present in phosphotyrosine (PY) immunoprecipitates. The inset shows a representative
immunoblot from PY immunoprecipitates. Immunoprecipitation was performed with polyclonal PY antibody, whereas a CaM antibody was
used for immunoblotting. The increase in the amount of CaM in PY immunoprecipitates was prevented by preincubation with AG-490 (50
µM) for 30 min. Panel D: Tyrosine phosphorylation of CaM. Immunoprecipitation was performed with polyclonal PY antibody, whereas
monoclonal PY antibody was used for immunoblotting. The inset shows a band of the same relative mobility as CaM on a PY immunoblot
from PY immunoprecipitates. The blot was stripped and reprobed with a CaM antibody to confirm that the protein that is
tyrosine-phosphorylated in response to 5-HT and Ang II is indeed CaM (not shown). Tyrosine phosphorylation of CaM was prevented by
preincubation with AG-490 (50µM) for 30 min. Error bars represent the SEM (‡,P < 0.05; *, P < 0.01; versus vehicle-treated samples).
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vented the increase in ECAR induced by 5-HT and signifi-
cantly (>60%) decreased the Ang II-stimulated increase in
ECAR as measured by microphysiometry, suggesting an
important role for Ca2+ in this pathway (Figure 6).

We next studied a potential role for Ca2+ in the 5-HT-
and Ang II-induced interaction between Jak2 and CaM.
Elevation of intracellular Ca2+ by incubation of VSMC with
the calcium ionophore A23187 (1µM) caused an∼150%

increase in Jak2 phosphorylation in VSMC that was nearly
completely inhibited by pretreatment of the cells with
BAPTA-AM (25 µM for 30 min) (Figure 7A). Interestingly,
BAPTA-AM also completely prevented phosphorylation of
Jak2 induced by 5-HT and partially but significantly (∼50%)
inhibited Ang II-induced Jak2 phosphorylation (Figure 7A).
Exposure of VSMC to A23187, 5-HT, or Ang II for 10 min
also increased the amount of CaM in Jak2 immunoprecipi-
tates by∼350% (Figure 7B). Pretreatment of VSMC with
25 µM BAPTA-AM for 30 min completely abolished the
increase of CaM in Jak2 immunoprecipitates induced by 1

FIGURE 5: 5-HT- and Ang II-induced complex formation between
NHE-1, CaM, and Jak2 in VSMC. Panel A: 5-HT and Ang II
induce the formation of a complex between CaM and NHE-1. Co-
immunoprecipitations were performed as described in Experimental
Procedures. Treatment with 1µM 5-HT or 100 nM Ang II for 10
min increased the amount of CaM in NHE-1 immunoprecipitates.
The inset is a representative immunoblot. The same blot was
stripped and reprobed with monoclonal antibodies for NHE-1 to
ensure an equal loading of protein samples on a gel. Panel B: 5-HT
and Ang II induce the formation of a complex between Jak2 and
NHE-1. Immunoprecipitations with anti-Jak2/protein A-agarose
were performed as described in Experimental Procedures. Treatment
with 1 µM 5-HT or 100 nM Ang II for 10 min increased the amount
of NHE-1 in Jak2 immunoprecipitates. The inset is a representative
immunoblot. The same blot was stripped and reprobed with
antibodies for Jak2 to ensure an equal loading of protein samples
on a gel. All experiments were repeated at least three times. Error
bars represent the SEM (‡,P < 0.05; *, P < 0.01; versus vehicle-
treated samples).

FIGURE 6: Role of Ca2+ in 5-HT- and Ang II-induced activation
of ECAR in VSMC. Experiments show the effects of BAPTA-
AM on the activation of ECAR by 1µM 5-HT and 100 nM Ang
II. ECAR was measured by microphysiometry as described in
Experimental Procedures. Cells were preincubated with 25µM
BAPTA-AM for 30 min prior to addition of 5-HT and Ang II. Panel
A shows representative tracings from each of the four conditions
from different microphysiometer chambers. All experiments were
performed at least three times in duplicate, and data presented in
panel B are pooled from all experiments performed for each
condition. Error bars represent SEM (*,P < 0.01 versus samples
treated with drug alone).

FIGURE 7: Role of Ca2+ in 5-HT- and Ang II-induced signaling in
VSMC. Panel A: Increased intracellular Ca2+ induces tyrosine
phosphorylation of Jak2. The phosphorylation state of Jak2 was
determined in whole cell lysates from VSMC using a phosphor-
ylation state-specific antibody for Jak2 as described in Experimental
Procedures. Cells were treated with 1µM calcium ionophore
A23187, 1 µM 5-HT, 100 nM Ang II, or vehicle, lysed, and
subjected to immunoblot. The inset is a representative immunoblot
(phospho-Jak2). The same blot was stripped and reprobed with
antibodies for total Jak2 to ensure an equal loading of protein
samples on a gel (total Jak2). The phosphorylation of Jak2 induced
by 5-HT, Ang II, and A23187 was attenuated by pretreatment with
BAPTA-AM (25 µM for 30 min). Panel B: Co-immunoprecipi-
tation experiments show that 5-HT, Ang II, and A23187 induce
formation of a complex that includes CaM and Jak2. Formation of
this complex was attenuated by preincubation with BAPTA-AM
(25 µM) for 30 min. Panel C shows that 5-HT, Ang II, or A23187
increases the amount CaM present in phosphotyrosine (PY)
immunoprecipitates and that pretreatment with BAPTA-AM (25
µM for 30 min) attenuates tyrosine phosphorylation of CaM. Co-
immunoprecipitations were performed as described in Experimental
Procedures. Experiments in all panels were repeated three times.
Error bars represent the SEM (‡,P < 0.05; *, P < 0.01; versus
vehicle-treated samples).
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µM A23187 and 5-HT and partially but significantly (>60%)
decreased the amount of CaM in Jak2 immunoprecipitates
induced by Ang II (Figure 7B). Thus, in VSMC, Ca2+

increases Jak2 phosphorylation and induces formation of a
complex between CaM and Jak2.

The next series of experiments were designed to probe
the role of Ca2+ in the tyrosine phosphorylation of CaM.
Cells were pretreated with vehicle or with 25µM BAPTA-
AM for 30 min, then treated with 1µM 5-HT, 100 nM Ang
II, 1 µM A23187, or vehicle for 10 min, and lysed. The cell
lysates were immunoprecipitated with a polyclonal anti-
phosphotyrosine antibody as described in Experimental
Procedures. Subsequent immunoblot analyses were per-
formed with monoclonal anti-CaM antibodies. 5-HT, Ang
II, and A23187 each increased tyrosine phosphorylation of
CaM by at least 250%. Pretreatment with BAPTA-AM nearly
completely blocked A23187- and 5-HT-induced tyrosine
phosphorylation of CaM and partially but significantly
(>60%) decreased Ang II-induced tyrosine phosphorylation
of CaM, suggesting that this phosphorylation is Ca2+-
dependent (Figure 7C).

DISCUSSION

The current work expands upon our previous study in
which we showed that B2 receptors endogenous to mIMCD-3
cells activate NHE-1 activity through a pathway that involves
PLC, elevated intracellular Ca2+, CaM, and Jak2 (18). What
is new about this work is that we have shown that two potent
mitogens, 5-HT and Ang II, also employ a similar pathway
to activate NHE-1 in VSMC cultured from rat aorta,
indicating that this pathway is not limited to polarized
epithelial cells. We demonstrated that stimulation of VSMC
with 100 nM Ang II or 1µM 5-HT leads to a rapid activation
of NHE-1, as shown by two independent methods: (1)
measurement of ECAR with a Cytosensor microphysiometer
(Figure 1) and (2) measurement of intracellular pH on a
FLIPR (Figure 3B-D). This signaling pathway utilizes AT1
and 5-HT2A receptors, in that losartan and ketanserin,
selective antagonists for those receptors, prevented activation
of NHE-1 by Ang II and 5-HT. The response was not
sensitive to pertussis toxin, indicating a lack of involvement
of pertussis toxin-sensitive Gi/o proteins (Figure 2A). We also
found that two different PLC inhibitors (D609 and ET-18-
OCH3) suppressed activation of NHE-1, suggesting that AT1

and 5-HT2A receptors couple through PLC to NHE-1 in
VSMC (Figure 2A). Because PLC activation can lead to
stimulation of PKC through the intermediate actions of
diacylglycerol, we tested the effects of a PKC inhibitor
(GF109203X) as well as of PKC depletion by prolonged
exposure of cells to 160 nM PMA on 5-HT- and Ang II-
induced ECAR. Those treatments did not block AT1 or
5-HT2A receptor-elicited ECAR but were able to inhibit
PMA-induced increases in ECAR, suggesting that PKC is
not involved in 5-HT- and Ang II-induced NHE-1 activation
(Figure 2B). PLC activation also leads to an increase in
intracellular Ca2+, which in turn can stimulate CaM. Five
structurally distinct CaM inhibitors blocked the stimulation
of ECAR elicited by 1µM 5-HT by ∼80% while stimulation
by 100 nM Ang II was blocked by∼50%, supporting an
important role for CaM in the regulation of NHE-1 in VSMC
(Figure 2C).

We also used several tyrosine kinase inhibitors to study
the possible role of tyrosine kinases in the 5-HT- and Ang
II-induced activation of NHE. The broad-spectrum tyrosine
kinase inhibitor genistein, but not its inactive analogue
(daidzein), blocked mitogen-stimulated ECAR. The selective
Jak2 inhibitor (AG-490) effectively blocked 5-HT- and Ang
II-stimulated ECAR and the rate of recovery from an acid
load, supporting a role for Jak2 in the regulation of NHE-1
in VSMC (Figure 3). Immunoprecipitation/immunoblot stud-
ies also revealed that (1) 5-HT and Ang II stimulate the
formation of a complex between CaM and Jak2, (2) CaM
becomes tyrosine-phosphorylated following stimulation of
VSMC with 1 µM 5-HT or 100 nM Ang II for 10 min, (3)
CaM phosphorylation depends on Jak2 activity, and (4)
stimulation of VSMC with 5-HT or Ang II increases the
amount of NHE-1 in Jak2 immunoprecipitates and the
amount of CaM in NHE-1 immunoprecipitates (Figures 4
and 5). Thus, our current work suggests that, in VSMC, Jak2
regulates NHE-1 by phosphorylating CaM and subsequently
modulating the interaction of CaM with NHE-1.

There is no consensus on a role for Ca2+ in regulating
Jak2 activity. Our previous studies in mIMCD-3 cells support
a role for elevated intracellular Ca2+ in both activation of
Jak2 and the subsequent phosphorylation of CaM by Jak2,
which in turn results in increased binding of CaM to NHE-1
(18). This is in direct contrast to a report by Fukami et al.,
in which they reported in vitro experiments that showed that
Ca2+ could decrease the tyrosine phosphorylation of CaM
in RSV-transformed cells (56). In the current report, we used
the cell-permeable Ca2+ sequestrant, BAPTA-AM, to study
the role of Ca2+ in the activation of NHE-1 by 5-HT and
Ang II in VSMC and, particularly, in the tyrosine phospho-
rylation of CaM by Jak2. Our data show that in VSMC, as
in mIMCD-3 cells, the Ca2+ ionophore A23187 induces Jak2
phosphorylation (Figure 7A). This is in agreement with a
recently published study by Frank et al., in which a
requirement for Ca2+ in Ang II-induced activation of Jak2
in VSMC was demonstrated (57). It is noteworthy that the
current work and our previous work (18) document that three
distinct Gq/11-coupled receptors (bradykinin B2, angiotensin
AT1, and serotonin 5-HT2A) use this pathway to activate
NHE-1 in two different cell types. Thus, this pathway may
be a fundamental mechanism through which Gq/11-coupled
receptors rapidly activate NHE-1.

We further found that Ca2+ plays an essential role in the
formation of a complex between Jak2 and CaM and in the
tyrosine phosphorylation of CaM (Figure 7B,C). Interest-
ingly, in our experiments there was a notable difference in
the apparent magnitude of the involvement of Ca2+ in the
effects of 5-HT and in those of Ang II. Pretreatment with
BAPTA-AM essentially abolished 5-HT-induced ECAR
(Figure 6), 5-HT-stimulated phosphorylation of Jak2, as well
as complex formation between Jak2 and CaM, and subse-
quent phosphorylation of CaM (Figure 7). However, the same
treatment only partially inhibited the same events initiated
by Ang II (Figures 6 and 7). One possible explanation for
this difference is that Ang II, in addition to a Ca2+-dependent
mechanism, may also use some Ca2+-independent pathway
for Jak2 activation. Such a possibility has been detailed by
Doan et al., who demonstrated the ability of a modified AT1

receptor, uncoupled from GRq/11 activation, to activate the
Jak-STAT pathway in the absence of a G protein-coupled
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rise in intracellular Ca2+ in transfected CHO cells (58).
Another possible explanation is that the AT1A receptor uses
another pathway that bypasses CaM and Jak2 such as
phosphorylation of serine 703 of NHE-1 by p90rsk, as
described by Takahashi and colleagues (15). These possibili-
ties are outlined in the scheme shown in Figure 8.

In summary, we used primary cultures of rat aortic VSMC
to examine the regulation of NHE-1 by two prototypical G
protein-coupled receptors: the serotonin 5-HT2A receptor and
the angiotensin II AT1 receptor. The current work shows that
5-HT2A and AT1 receptors, endogenous to VSMC, activate
NHE-1 through a pathway that involves PLC, elevated
intracellular Ca2+, CaM, and Jak2. 5-HT and Ang II rapidly,
and in a Ca2+-dependent manner, (1) stimulate the assembly
of a signal transduction complex that includes CaM, Jak2,
and NHE-1 and (2) induce the tyrosine phosphorylation of
CaM by Jak2. We propose that this pathway is a fundamental
mechanism for the rapid regulation of NHE-1 by Gq/11

protein-coupled receptors in multiple cell types.
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