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Ras triggers acidosis-induced activation of the extracellular-
signal-regulated kinase pathway in cardiac myocytes

Robert S. HAWORTH', Semjidmaa DASHNYAM and Metin AVKIRAN
Cardiovascular Division, King's College London, The Rayne Institute, St Thomas’ Hospital, Lambeth Palace Road, London SE1 7EH, UK.

In cardiac myocytes, sustained (3 min) intracellular acidosis
activates the ERK1/2 (extracellular-signal-regulated kinase 1/2)
pathway and, through this pathway, increases sarcolemmal
NHE (Na*/H* exchanger) activity [Haworth, McCann, Snabaitis,
Roberts and Avkiran (2003) J. Biol. Chem. 278, 31676-31684].
In the present study, we aimed to determine the time-dependence,
pH-dependence and upstream signalling mechanisms of acidosis-
induced ERK1/2 activation in ARVM (adult rat ventricular myo-
cytes). Cultured ARVM were subjected to intracellular acidosis
for up to 20 min by exposure to NH,Cl, followed by washout with
a bicarbonate-free Tyrode solution containing the NHE1 inhibitor
cariporide. After the desired duration of intracellular acidosis,
the phosphorylation status of ERKI1/2 and its downstream
effector p90*S® (90 kDa ribosomal S6 kinase) were determined
by Western blotting. This revealed a time-dependent transient
phosphorylation of both ERK1/2 and p90*$¥ by intracellular acid-
osis (intracellular pH ~ 6.6), with maximum activation occurring
at 3 min and a return to basal levels by 20 min. When the degree
of intracellular acidosis was varied from ~ 6.8 to ~ 6.5, maximum
ERK1/2 phosphorylation was observed at an intracellular pH of

6.64. Inhibition of MEK1/2 [MAPK (mitogen-activated protein
kinase)/ERK kinase 1/2) by pre-treatment of ARVM with U0126
or adenoviral expression of dominant-negative D208A-MEK1
protein prevented the phosphorylation of ERK1/2 by sustained
intracellular acidosis, as did inhibition of Raf-1 with GW 5074 or
ZM 336372. Interference with Ras signalling by the adenoviral
expression of dominant-negative N17-Ras protein or with FPT III
(farnesyl protein transferase inhibitor III) also prevented acidosis-
induced ERK1/2 phosphorylation, whereas inhibiting G-protein
signalling [by adenoviral expression of RGS4 or Lsc, the RGS
domain of p115 RhoGEF (guanine nucleotide-exchange factor)]
or protein kinase C (with bisindolylmaleimide I) had no effect.
Our data show that, in ARVM, sustained intracellular acidosis
activates ERK1/2 through proximal activation of the classical
Ras/Raf/MEK pathway.

Key words: acidosis, cardiac myocyte, extracellular-signal-
regulated kinase (ERK) pathway, G-protein-coupled receptor
(GPCR), protein kinase C (PKC), Raf, Ras.

INTRODUCTION

In cardiac myocytes, as in other cell types, numerous cellular
processes are sensitive to changes in pH; (intracellular pH). In
particular, almost every step in the excitation—contraction process
in cardiac myocytes is inhibited by intracellular acidosis [1],
emphasizing the importance of pH;-regulatory mechanisms that
have evolved to prevent or correct this condition. A critical regu-
lator of pH; in cardiac myocytes is the sarcolemmal NHE (Na*/H™*
exchanger), which is encoded by the NHE1 isoform of the
multigene NHE family [2] and responds rapidly to intracellular
acidosis [3], through an allosteric mechanism [4,5], to extrude
H*. We have shown previously, in both neonatal and adult
cardiac myocytes, that when intracellular acidosis is maintained
for 3 min by blocking acid-extruding mechanisms (‘sustained
intracellular acidosis’) subsequent sarcolemmal NHE activity
is increased significantly more than after transient intracellular
acidosis [6]. In a detailed examination of potential signalling
mechanisms underlying this response in neonatal cardiac myo-
cytes, we also found that sustained intracellular acidosis activ-
ates the ERK1/2 (extracellular-signal-regulated kinase 1/2) path-
way, and that this activation of ERK1/2 is required for the
potentiation of sarcolemmal NHE activity [6]. Although this work
revealed a novel kinase-mediated mechanism for the acidosis-
induced stimulation of sarcolemmal NHE activity, the minimum

requirements for ERK1/2 activation, in terms of the duration and
severity of intracellular acidosis, and the upstream elements of
the pertinent pH;-sensitive signalling pathway, have remained
unknown.

In the present study, we have determined the time- and pH;-
dependence of ERK1/2 activation by intracellular acidosis and
investigated the mechanism by which ERK1/2 is activated by
sustained intracellular acidosis in ARVM (adult rat ventricular
myocytes).

EXPERIMENTAL

Materials and animals

Antibodies for phospho-ERK1/2 (pThr??/pTyr**), phospho-
p90RSK (90 kDa ribosomal S6 kinase; pSer®®') and MEK1 [MAPK
(mitogen-activated protein kinase)/ERK kinase 1) were from Cell
Signaling Technology. The antibody to ERK2 was from Santa
Cruz Biotechnology. HRP (horseradish peroxidase)-conjugated
secondary antibodies and enhanced chemiluminescence reagents
were from Amersham Pharmacia Biotech. U0126, ZM 336372,
FPT III (farnesyl protein transferase inhibitor III) and BIM I
(bisindolylmaleimide I) were from Merck. GW 5074 was from
Tocris Cookson. Phenylephrine, thrombin and PMA were
from Sigma. M199, penicillin and streptomycin were from

Abbreviations used: ARVM, adult rat ventricular myocytes; BIM |, bisindolylmaleimide I; EGFP, enhanced green fluorescent protein; ERK, extracellular-
signal-regulated kinase; FPT Ill, farnesyl protein transferase inhibitor Ill; GEF, guanine nucleotide-exchange factor; GPCR, G-protein-coupled receptor;
HRP, horseradish peroxidase; I.U., international units; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK kinase; mM199, modified M199; NHE,
Na*/H*t exchanger; NRVM, neonatal rat ventricular myocytes; p90RSK 90 kDa ribosomal S6 kinase; pH;, intracellular pH; PKC, protein kinase C; RGS,

regulator of G-protein signalling; Lsc, RGS domain of p115 RhoGEF.
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Invitrogen. Adenovirus encoding a kinase-inactive form of MEK1
(D208A-MEK1), the upstream activator of ERK1/2, was a gift
from Dr J. Molkentin (Department of Pediatrics, Cincinnati
Children’s Hospital Medical Center, Cincinnati, U.S.A.).
Adenoviruses encoding either RGS (regulator of G-protein
signalling) 4 or Lsc [the RGS domain of p115 RhoGEF (guanine
nucleotide-exchange factor)], were gifts from Dr T. Wieland
(Institute for Pharmacology and Toxicology, University of
Heidelberg, Heidelberg, Germany). Adenovirus encoding the
dominant-negative mutant of H-Ras (N17-Ras) was a gift from
Dr B. Kahn (Department of Medicine, Beth Israel Deaconess
Medical Center and Harvard Medical School, Boston, MA,
U.S.A.) via Professor C. Proud (Department of Biochemistry and
Molecular Biology, University of British Columbia, Vancouver,
BC, Canada). Adult male Wistar rats (250 g) were from B & K
Universal. The investigation was performed in accordance with
the Home Office Guidance on the Operation of the Animals
(Scientific Procedures) Act 1986.

Short-term culture and adenoviral infection of ARVM

ARVM were isolated as described previously [7,8], and washed
with M199 medium with added penicillin [100 I.U. (international
units)/ml] and streptomycin (100 [.U./ml). The cell suspension
was centrifuged at 100 g for 2 min to pellet the myocytes, which
were then resuspended in mM199 (modified M199) medium
[M199 medium supplemented with penicillin (100 L.U./ml),
streptomycin (100 I.U./ml), L-carnitine (2 mM), creatine (5 mM)
and taurine (5 mM)]. To each well of a laminated six-well culture
plate, 2 ml of cell suspension was added and the plates were placed
in a humidified 5% CO, incubator at 37°C. After 2 h of pre-
plating, the medium was aspirated, leaving only adherent cells,
and 2 ml of fresh pre-warmed mM199 medium was added. For
studies involving the measurement of pH;, an identical protocol
was followed, except that ARVM were plated on to laminated
glass coverslips placed into each well of a 12-well culture plate.

Adenoviral infection of cultured myocytes was performed after
the initial 2 h pre-plating step. The number of rod-shaped cells in a
field of 1 mm? (as defined by an eye-piece graticule) was counted
in several wells and used to estimate the number of cells/well.
Myocytes were exposed to adenovirus at an MOI (multiplicity
of infection) of 100 plaque-forming units/cell for 1 h at 37°C,
before the medium containing residual virus was aspirated and
replaced with fresh pre-warmed (37 °C) mM199 medium. ARVM
were maintained in culture in a humidified tissue culture incubator
(37°C; 5% CO,) for 18-42 h before use in experiments.

Induction of intracellular acidosis

Intracellular acidosis was induced using the NH,Cl pulse method,
as in our previous studies [6,9—11]. Cultured ARVM were initially
bathed in bicarbonate-free Tyrode solution consisting of 137 mM
NaCl, 5.4 mMKCl, 1.0 mM CaCl,, 0.5 mM MgCl,, 10 mM Hepes
(pH7.4) and 10 mM glucose for 90 min in room air at 37°C.
After this, intracellular acidosis was induced by exposure to
bicarbonate-free Tyrode solution containing 5-30 mM NH,CI
for 3 min, followed by washout of NH,CI with Tyrode solution
containing 3 M cariporide (a selective NHE1 inhibitor [12])
for the desired period. Under these conditions, all acid-extruding
mechanisms are inactive, resulting in intracellular acidosis (the
severity of which depends on the NH,ClI concentration; see below)
which is maintained for several minutes [6].

Pharmacological protocols

All inhibitors, except FPT III, were added to cells 10 min prior to
NH,Cl1 exposure and were present throughout the rest of the pro-
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tocol. FPT III was added to cells immediately after plating. Since
the inhibitors were dissolved in DMSO, the final concentration
of this vehicle (0.1 %) was included in the appropriate solutions
in the untreated groups. Where used as positive controls, phenyl-
ephrine (100 ©M), thrombin (100 units/ml) or PMA (30 nM) were
added 10 min after inhibitor or vehicle for 5 min.

Western blotting

Cells were lysed in Laemmli buffer and protein samples were
separated by SDS/PAGE. After transfer on to a PVDF mem-
brane, Western analysis was performed using rabbit polyclonal
antibodies which detect dual phosphorylated ERK1/2, phos-
phorylated p90** or MEK1, or mouse monoclonal antibodies
which detect ERK2 or p90®$*. Where both phosphorylated and
total protein were determined, duplicate blots were used. Bound
antibody was detected by labelling with HRP-conjugated secon-
dary antibody, followed by enhanced chemiluminescence. Phos-
phorylation status was quantified using a laser densitometer
(Beckman GS-800).

Measurement of pH;

pH; was determined in single cells superfused with bicarbonate-
free Tyrode solution by microepifluorescence, using the fluor-
escent pH indicator SNARF-1 (carboxyseminaphthorhoda-
fluor-1), as we have described previously for ARVM [6,9].

Statistics

Data are expressed as means + S.E.M. Inter-group comparisons
were by ANOVA, followed by the Bonferroni ¢ test. P < 0.05 was
considered significant.

RESULTS

Time- and pH;-dependence of ERK1/2 activation

ERK1/2 phosphorylation and activity are increased by sustained intracellular
acidosis in a time-dependent manner

To determine the effect of the duration of intracellular acidosis on
ERK1/2 activation, ARVM were exposed for 3 min to 20 mM
NH,CI, which was washed out in the presence of cariporide
(3 uM), lowering pH; to ~ 6.6 (see [6] and below). Samples were
harvested at 0, 1, 3, 6, 10 and 20 min after NH,Cl washout and
analysed for ERK1/2 and p90** phosphorylation by Western
blotting. The upper panels of Figure 1(A) show representative
Western blots of phosphorylated ERK1/2 and total ERK2, and the
lower panel shows quantitative data from six similar experiments.
ERK?2 protein levels did not change over the duration of the experi-
ment. Basal ERK1/2 phosphorylation was low in the absence of
intracellular acidosis. Following NH,Cl washout, an increase in
ERK1/2 phosphorylation was observed, which was significant at
1 min and reached a maximum at 3 min. ERK1/2 phosphorylation
subsequently declined, reaching basal levels after 20 min of
acidosis. To confirm that ERK1/2 phosphorylation correlated
with ERK1/2 activity, we also analysed the samples for the
phosphorylation of p90*¥, a downstream target of ERK1/2 [13].
p90RSK  phosphorylation was also increased by intracellular
acidosis, being detectable at 1 min and reaching a maximum at
3 min, before declining to near basal levels by 20 min (Figure 1B).
p90RSK protein levels did not change over the duration of the
experiment. Thus intracellular acidosis rapidly and transiently
phosphorylates and activates ERK1/2 in ARVM.

To determine the extent of ERK1/2 activation induced by
intracellular acidosis relative to that induced by a potent
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Figure 1  Effect of the duration of intracellular acidosis on the activation of
ERK1/2 in ARVM

(A) Western blots of phosphorylated ERK1/2 (pERK1/2) and total ERK2 following intracellular
acidosis for 0, 1, 3, 6, 10 and 20 min, and quantitative data from six separate experiments. Data
are expressed as fold phosphorylation normalized to control (0 min; open bar). (B) Western
blots of phosphorylated p90% (pRSK) and total p90™K (RSK), and quantitative data from six
separate experiments. (G) Western blots of phosphorylated ERK1/2 (pERK1/2) and total ERK2
in cells following exposure to vehicle (con) or 100 ..M phenylephrine (PE), or to intracellular
acidosis for 0 or 3 min, and quantitative data from six separate experiments. Data are expressed
as fold phosphorylation normalized to vehicle control (con). *P < 0.05 compared with control.

neurohormonal stimulus, we compared the effect of a 3 min
exposure to 100 uM phenylephrine with that of 3 min of intra-
cellular acidosis. As illustrated in Figure 1(C), intracellular
acidosis promoted ERK1/2 phosphorylation to approx. 60 % of
that seen on exposure to phenylephrine. Thus intracellular acidosis
activates ERK1/2 to an extent that is likely to have functional
consequences.
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Figure 2 Representative pH; recordings in ARVM exposed to (A) 5 mM,
(B) 10 mM, (C) 20 mM and (D) 30 mM NH,CI for 3 min prior to washout with
bicarbonate-free Tyrode solution containing the NHE1 inhibitor cariporide

Basal pH; was 7.1440.04, 7.12+0.04, 7.184+0.03 and 7.17+0.05 in the groups
subsequently exposed to 5, 10, 20 and 30 mM NH,4Cl respectively (n = 6 cells/group). Maximal
acidification obtained following NH,CI washout (dotted line) was 6.83 + 0.06, 6.64 + 0.03,
6.6140.07 and 6.50 + 0.07 for 5, 10, 20 and 30 mM respectively.

ERK1/2 phosphorylation and activity are increased by sustained
intracellular acidosis in a pH;-dependent manner

To determine the effect of the extent of intracellular acidosis on
ERK1/2 activation, ARVM were exposed for 3 min to different
concentrations (5, 10, 20 or 30 mM) of NH,Cl which were washed
out in the presence of cariporide. Samples were harvested at
3 min after NH,Cl washout [the time-point at which maximum
ERK1/2 phosphorylation was seen with 20 mM NH,CI; see Fig-
ure 1(A)]. Initially, experiments were performed to determine the
degree of acidosis achieved with each concentration of NH,CI.
Upon washout of NH,Cl with cariporide-containing Tyrode
solution, pH; was clamped at various degrees of acidosis for the
desired period of time (3 min), as illustrated in Figure 2. The mean
acidified pH; values in cells exposed to 5, 10, 20 and 30 mM
NH,Cl were 6.83 +0.06, 6.64 +-0.03,6.61 £ 0.07 and 6.50 £+0.07
respectively. The phosphorylation of ERK1/2 and p90*s¥ were
determined in parallel experiments (Figure 3). Basal ERK1/2
phosphorylation was low before the induction of intracellular
acidosis, and had a robust increase even with 5 mM NH,CI,
corresponding to a pH; of 6.83 (Figure 3A). In addition, a sig-
nificant increase in p90** phosphorylation was observed with
10 mM NH,Cl, corresponding to a pH; of 6.64 (Figure 3B). In the
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Figure 3 Effect of the extent of sustained intracellular acidosis on the
activation of ERK1/2 in ARVM

(R) Western blots of phosphorylated ERK1/2 (pERK1/2) and total ERK2 after 3 min exposure
to 0, 5, 10, 20 and 30 mM NH,4CI, followed by washout with bicarbonate-free Tyrode solution
containing the NHE1 inhibitor cariporide for 3 min, and quantitative data from eight separate
experiments. Data are expressed as fold phosphorylation normalized to control (O min; open bar).
Mean pH; data are values for maximal acidification, determined from the experiments presented
in Figure 2. (B) Western blots of phosphorylated p90™ (pRSK) and total p90"K (RSK), and
quantitative data from six separate experiments. Data are expressed as fold phosphorylation
normalized to control (O min; open bar). *P < 0.05 compared with control.

same samples, there was no significant increase in p38 MAPK
phosphorylation in response to intracellular acidosis (results not
shown), indicating the absence of a general activation of MAPK
pathways. These data indicate that even a modest degree of
intracellular acidosis (pH; 6.8) sustained for 3 min is sufficient
to activate ERK1/2 in a selective manner.

Upstream regulators of ERK1/2 activation
Role of MEK1/2

Our previous work in NRVM (neonatal rat ventricular myocytes)
indicated that, in those cells, MEK1/2 activity was required for
the acidosis-induced activation of ERK1/2 [6]. To determine the
role of MEK1/2 in ARVM, MEKI1/2 activity was inhibited
either by using the selective inhibitor U0126 or by adenoviral
expression of a kinase-inactive dominant-negative MEK1 [14].
ARVM were exposed to U0126 for 10 min prior to the induction
and maintenance of intracellular acidosis, followed by Western
blot analysis. The upper panel of Figure 4(A) shows a represent-
ative Western blot of phosphorylated ERK1/2, and the lower
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Figure 4 Effect of MEK1/2 inhibition on the activation of ERK1/2 by
sustained intracellular acidosis in ARVM

(R) Western blot of phosphorylated ERK1/2 (pERK1/2) in control cells or following sustained
intracellular acidosis in the absence (vehicle) or presence of 3 .M U0126, and quantitative data
from four separate experiments. Data are expressed as fold phosphorylation normalized to vehicle
control. (B) Western blots of phosphorylated ERK1/2 (pERK1/2) and MEKT in control cells or
following sustained intracellular acidosis 18 h after infection with control adenovirus (empty
virus) or D208A-MEK1 (dn-MEK virus), and quantitative data from six separate experiments.
Data are expressed as fold phosphorylation normalized to control. *P < 0.05 compared with
control.

panel shows quantitative data from four similar experiments.
Vehicle alone did not prevent the phosphorylation of ERK1/2
by sustained acidosis, whereas the presence of U0126 completely
blocked ERK1/2 phosphorylation. To confirm that the effect of
U0126 was indeed due to the inhibition of MEK1/2 activity,
ARVM were infected with adenovirus encoding the dominant-
negative D20SA-MEKI1 18 h prior to the induction of intracellular
acidosis. Western blotting analysis with an antibody that
recognizes MEK 1 protein showed overexpression of MEK1 in the
appropriate groups (Figure 4B). Infection of ARVM with control
(empty) adenovirus did not affect the phosphorylation of ERK1/2
by intracellular acidosis, whereas the expression of D208A-
MEKT1 completely prevented the phosphorylation of ERK1/2
(Figure 4B). These data indicate that MEK1/2 is activated by
sustained intracellular acidosis and mediates ERK1/2 phosphoryl-
ation.
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Role of Raf

To establish the role of Raf in upstream activation of the MEK/
ERK axis in response to sustained intracellular acidosis, the select-
ive Raf-1 inhibitors GW 5074 and ZM 336372 were used [15,16].
Initially, experiments were performed to confirm the effectiveness
of 3 uM GW 5074 (selected on the basis of preliminary concentra-
tion—response experiments; results not shown) by determining
its effects on ERK1/2 phosphorylation by the o-adrenergic
receptor agonist phenylephrine. Vehicle alone did not prevent the
phosphorylation of ERK1/2 by phenylephrine, whereas the pre-
sence of GW 5074 completely blocked ERK1/2 phosphorylation
(Figure 5A). Subsequently, ARVM were exposed to GW 5074
prior to sustained intracellular acidosis. Once again, vehicle alone
did not prevent the phosphorylation of ERK1/2 by intracellular
acidosis, whereas the presence of GW 5074 completely blocked
ERK1/2 phosphorylation (Figure 5B). Alternatively, ARVM were
exposed to the chemically distinct Raf-1 inhibitor ZM 336372
(50 uM) prior to sustained intracellular acidosis. Vehicle alone
did not prevent the phosphorylation of ERK1/2 by intracellular
acidosis, whereas the presence of ZM 336372 largely prevented
ERK1/2 phosphorylation (Figure 5C). These data indicate that
Raf-1 is activated by sustained intracellular acidosis and mediates
the downstream activation of MEK1/2 and ERK1/2.

Roles of potential upstream activators of Raf

GPCRs (G-protein-coupled receptors), such as the o,-adrenergic
receptor, induce ERK1/2 activation in cardiac myocytes via
the activation of Raf [17]. Furthermore, acid-sensitive GPCRs
have been identified in several cell types, including cardiac
myocytes [18]. Although these receptors are thought to be sen-
sitive to extracellular rather than intracellular acidosis, the
method that has been used previously [19-21] to stimulate acid-
sensitive receptors experimentally (incubation in acid medium)
also promotes intracellular acidosis. To determine whether
there is a role for GPCR signalling in the acidosis-induced
activation of ERK1/2, we interfered with G-protein signalling
by expressing the following GTPase-activating proteins of the
RGS family: RGS4 (which inhibits signalling through G, and
Ga;) or Lsc (which inhibits signalling through Go,,3). In initial
experiments, we determined the effects of adenoviral expres-
sion of these proteins on ERK1/2 phosphorylation by the «-adre-
nergic receptor agonist phenylephrine and the protease-activated
receptor agonist thrombin. The pertinent data, illustrated in Fig-
ure 6(A), were consistent with our previous study [7], confirming
the effectiveness of the RGS protein expression protocol. Having
confirmed the efficacy of the adenoviral constructs under the
pertinent experimental conditions, experiments were performed
to determine whether interfering with G-protein signalling
affected the activation of ERK1/2 by sustained intracellular
acidosis. Since the RGS4 and Lsc adenoviruses co-express EGFP
(enhanced green fluorescent protein) under the control of a
separate cytomegalovirus promoter [7], control cells were infected
with adenovirus expressing only EGFP; in these cells, robust
phosphorylation of ERK1/2 by sustained (3 min) intracellular
acidosis was observed (Figure 6B). Comparable acidosis-induced
ERK1/2 phosphorylation was also seen in cells expressing Lsc
(Figure 6B). In cells expressing RGS4, there was a partial
attenuation of the acidosis-induced response, but significant
phosphorylation of ERK1/2 was retained (Figure 6B). These
data indicate that, in ARVM, acid-sensitive GPCRs are not the
principal initiators of ERK1/2 activation by sustained intracellular
acidosis.

PKC (protein kinase C) is able to activate the ERK pathway
in cardiac myocytes through the activation of Ras [22] or Raf
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Figure 5 Effect of Raf inhibition on the activation of ERK1/2 in ARVM

(R) Western blot of phosphorylated ERK1/2 (pERK1/2) in control cells or following 5min
exposure to 100 M phenylephrine in the absence (vehicle) or presence of 3 ..M GW 5074, and
quantitative data from four separate experiments. Data are expressed as fold phosphorylation
normalized to vehicle control. (B) Western blot of phosphorylated ERK1/2 (pERK1/2) in control
cells or following sustained intracellular acidosis in the absence (vehicle) or presence of 3 M
GW 5074, and quantitative data from four separate experiments. Data are expressed as fold
phosphorylation normalized to vehicle control. (G) Western blot of phosphorylated ERK1/2
(pERK1/2) in control cells or following sustained intracellular acidosis in the absence (vehicle)
or presence of 50 M ZM 336372, and quantitative data from four separate experiments. Data
are expressed as fold phosphorylation normalized to vehicle control. *P < 0.05 compared with
control.

[23]. Interestingly, although PKC is commonly activated by
GPCRs in cardiac myocytes, PKC translocation can be induced
by intracellular acidosis in brain cells [24]. We have therefore
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Figure 6 Effect of the inhibition of GPCR signalling on the activation of
ERK1/2 in ARVM

(R) Western blots of phosphorylated ERK1/2 (pERK1/2) in control cells or following 5 min
exposure to 100 .M phenylephrine (PE) or 100 units/ml thrombin 18 h after infection with
control adenovirus (EGFP), RGS4 or Lsc, and quantitative data from three separate experiments.
Data are expressed as fold phosphorylation normalized to EGFP control. (B) Western blot of
phosphorylated ERK1/2 (pERK1/2) in control cells or following sustained intracellular acidosis
18 haafter infection with control adenovirus (EGFP), RGS4 or Lsc, and quantitative data from four
or five separate experiments. Data are expressed as fold phosphorylation normalized to EGFP
control. *P < 0.05 compared control.

explored whether there is a role for PKC in the acidosis-induced
activation of ERK1/2. ARVM were treated with 1 uM BIM 1,
which we have shown previously to effectively and selectively
inhibit PKC in this cell type [8], prior to their exposure to PMA.
PMA-induced ERK1/2 phosphorylation was attenuated by pre-
treatment with BIM 1, as expected (Figure 7A). Subsequently,
ARVM were treated with BIM I prior to their exposure to
sustained (3 min) intracellular acidosis. Comparably robust
acidosis-induced phosphorylation of ERK1/2 was seen in both
vehicle and BIM I-treated cells (Figure 7B). These data indicate
that PKC is not involved in ERK1/2 activation by sustained
intracellular acidosis.

The classical activator of Raf in response to many stimuli is
the small G-protein Ras [25]. To determine whether Ras trig-
gers the downstream activation of the Raf/MEK/ERK pathway
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Figure 7 Effect of PKC inhibition on the activation of ERK1/2 in ARVM

(R) Western blot of phosphorylated ERK1/2 (pERK1/2) in control cells or following 5 min
exposure to 30 nM PMA in the absence (vehicle) or presence of 1 .M BIM |, and quantitative
data from four separate experiments. Data are expressed as fold phosphorylation normalized
to vehicle control. (B) Western blot of phosphorylated ERK1/2 (pERK1/2) in control cells or
following sustained intracellular acidosis in the absence (vehicle) or presence of 1 M BIM I,
and quantitative data from six separate experiments. Data are expressed as fold phosphorylation
normalized to vehicle control. *P < 0.05 compared with control.

in response to sustained intracellular acidosis, ARVM were
infected with adenovirus encoding dominant-negative N17-Ras
42 h prior to the induction of intracellular acidosis. Infection of
ARVM with empty adenovirus again did not affect acidosis-
induced phosphorylation of ERK1/2, whereas adenoviral ex-
pression of N17-Ras completely prevented such phosphorylation
(Figure 8A). As an alternative approach to inhibiting Ras activity,
ARVM were exposed to FPT III for 18 h prior to the induction
of intracellular acidosis. Pre-treatment with vehicle did not
affect acidosis-induced phosphorylation of ERK1/2, whereas pre-
treatment with FPT III significantly reduced such phosphorylation
(Figure 8B). These data indicate that Ras is activated by sustained
intracellular acidosis and triggers the downstream activation of
the Raf/MEK/ERK pathway.

DISCUSSION

Intracellular acidosis adversely affects most of the steps in cardiac
myocyte excitation—contraction coupling, including the action
potential, the regulation of intracellular [Ca*"] and the response of
the myofilaments to Ca?", resulting in reduced force production
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Figure 8 Effect of Ras inhibition on the activation of ERK1/2 by sustained
intracellular acidosis in ARVM

(A) Western blot of phosphorylated ERK1/2 (pERK1/2) in control cells or following sustained
intracellular acidosis 42 h after infection with control adenovirus (empty virus) or N17-Ras
(dn-Ras virus), and quantitative data from six separate experiments. Data are expressed as fold
phosphorylation normalized to empty virus control. (B) Western blot of phosphorylated ERK1/2
(PERK1/2) in control cells or following sustained intracellular acidosis in the absence (vehicle)
or presence of 50 M FPT Ill, and quantitative data from six separate experiments. Data are
expressed as fold phosphorylation normalized to vehicle control. *P < 0.05 compared with
control.

[1]. The molecular mechanisms by which intracellular acidosis
affects these processes are still not well understood. Although
some effects may be caused by conformational changes of key
proteins by direct proton binding, resulting in altered protein
function, it seems likely that at least some of these changes are
brought about by alterations in pH;-sensitive kinase signalling.
For example, there is good evidence that intracellular acidosis
indirectly promotes the activation of CaMKII (Ca?"/calmodulin-
dependent protein kinase II) by raising intracellular [Ca®'],
leading to the phosphorylation of phospholamban and a subse-
quent increase in sarcoplasmic reticulum Ca*"-ATPase activity
[26,27], which partially offsets the inhibitory effects of acidosis
on other Ca*"-transporting proteins in the myocyte. Acidosis also
leads to increased phosphorylation of cardiac troponin I, although
it is not clear which kinase is involved [26]. In addition, the same
group found an acidosis-dependent inhibition of the activity of the
protein phosphatase PP1 [26]. Thus it is apparent that intracellular
acidosis can have a profound effect on cardiac function by altering
the phosphorylation status of several proteins.

The major finding of the present study is that sustained
intracellular acidosis activates the classical Ras/Raf/MEK/ERK

pathway in adult ventricular myocytes, as revealed by using a
combination of pharmacological and genetic methods to interfere
with components of the pathway. Our method of inducing intra-
cellular acidosis, a brief exposure of cells to NH,Cl, does not
significantly alter extracellular pH, making interpretation of the
results simpler than when intracellular pH is reduced by lowering
extracellular pH. Different approaches to inducing intracellular
acidosis could have important consequences on the physiological
responses of the cell. Zheng et al. [28] have shown recently that
acidifying adult ventricular myocytes by exposing cells to low
pH media activates p38 MAPK, whereas selectively acidifying
the myocyte cytoplasm does not activate p38 MAPK in our
hands. It is possible that GPCRs that are sensitive to extracellular
acidosis can lead to the activation of p38 MAPK, whereas selective
intracellular acidosis bypasses this activation. If this is indeed the
case, the lack of any p38 MAPK activation in our hands would
support the idea that GPCRs of the Ogrl family are sensitive to
extracellular, but not intracellular, acidosis.

Exposure of cells to NH,Cl does not in itself promote the
activation of ERK1/2, as little ERK1/2 phosphorylation was
observed after incubating cells in 20 mM NH,Cl for 3 min.
Thus it appears that intracellular acidosis is the initiating factor
behind ERK1/2 activation. The activation of ERK1/2 by sustained
intracellular acidosis follows a transient pattern, consistent with
a rapid but short-lived activating signal, followed by activation of
the MAPK phosphatase to dephosphorylate ERK1/2. A relatively
modest change in intracellular pH (7.05 to 6.83) is sufficient to
promote the maximal activation of ERK1/2 that is achievable by
intracellular acidosis (within the pH; range studied), indicating
that the acid sensor is very sensitive to changes in pH;.

We have shown previously that sustained intracellular acidosis
activated ERK1/2 in NRVM, and that such activation was required
for the observed stimulation of NHE activity [6]. Activation
of ERK1/2 by intracellular acidosis has also been observed in
renal proximal tubule cells [29]. However, there seems to be
a cell-type-dependent requirement for ERK1/2 activation for
NHE stimulation. Thus acidosis-induced stimulation of NHE1
in neonatal myocytes [6] and NHE3 in proximal tubule cells [29]
have been found to be dependent on ERK1/2 activity. In contrast,
acidosis-induced stimulation of NHE1 activity in colonocytes was
insensitive to ERK1/2 inhibition [30]. At present, however, it is
not known if sustained intracellular acidosis activates ERK1/2 or
other kinases in colonocytes. In NRVM, we found that a number
of NHEI kinases were activated [6], and it is possible that a
different kinase is responsible for the stimulation of NHE1 activity
in colonocytes.

It is clear from the data in the present study that the entire
Ras/Raf/MEK/ERK pathway is activated by intracellular acidosis,
indicating that the initiating acid sensor is found at the level of Ras
or above. The method of activation of Ras is not clear from our
experiments. Ras cycles between an inactive GDP-bound form
and an active GTP-bound form, with the active form inducing
the recruitment and activation of Raf at the membrane. The
exchange of GDP for GTP is normally mediated by a family of
regulatory proteins called GEFs. A recent study by Heo et al. [31]
showed that acidosis can have a direct effect on Ras in vitro,
promoting guanine nucleotide exchange in the absence of GEFs.
Interestingly, acidosis appeared to cause a conformational change
in Ras, which resembled that seen when the GEF Sos bound to
Ras, suggesting a mechanistic basis for the activation of Ras
by acidosis [31]. Although it is tempting to suggest that, in
ARVM, sustained intracellular acidosis may activate Ras directly
by promoting guanine nucleotide exchange, it is difficult to
reconcile such a mechanism with the potent inhibitory effect
of the dominant-negative N17-Ras that we observed. N17-Ras

© 2006 Biochemical Society
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preferentially binds GDP over GTP [32], which allows N17-
Ras to prevent endogenous Ras activation by sequestering GEFs
[33]. If intracellular acidosis acts directly on Ras to promote a
conformation which mimics GEF-bound Ras, and thereby induces
GEF-independent Ras activation, then this process should not be
inhibited by the sequestration of GEFs by N17-Ras. It would
appear therefore that, in ARVM, acidosis-induced activation of
Ras is GEF-mediated, rendering it sensitive to inhibition by
N17-Ras. The precise molecular mechanism through which Ras,
and therefore the downstream Raf/MEK/ERK cascade, is activ-
ated by sustained intracellular acidosis remains to be determined.
Our experiments appear to rule out roles for Src family kinases,
PKC and Gai/Go )15 in the acidosis-induced activation of Ras.
Ga, is also present in ARVM, although there is no evidence that
it mediates the activation of ERK. We have considered whether
GpBy subunits could be involved, since there is evidence that
these subunits contribute to the GPCR-mediated activation of Ras
[34]. However, heterologous RGS4 and Lsc expression should
promote the re-association of the GBy subunits with the targeted
Ga subunits, thereby inhibiting downstream signalling through
both the o and the By subunits. Our results therefore suggest that
neither the o nor the By subunits are involved in acidosis-induced
ERK activation. However, from our experiments, we cannot rule
out a contribution from a non-G-protein-mediated mechanism for
ERK activation by GPCR.

The inhibitory effects of GW 5074 and ZM 336372, which have
been described as selective Raf-1 inhibitors [15,16], suggest that
Raf-1 is involved in acidosis-induced ERK activation. However,
our data do not rule out potential contributions from A-Raf and/or
B-Raf, which are also expressed in cardiac myocytes [35,36].

In conclusion, we have determined that intracellular acidosis
induces arapid and transient activation of ERK1/2 in ARVM. This
activation is mediated through the classical Ras/Raf/MEK/ERK
pathway, with Ras acting as the upstream trigger.
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