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Abstract Changes in pH modulate the responsiveness of vas-
cular smooth muscle cells to vasoconstrictor stimuli, but their
effect on endothelium-dependent responses is unknown.
Therefore, the influence of moderate changes in pH on re-
sponses to endothelium-dependent and –independent agonists
was determined in aortae and carotid arteries of 15- to 26-week-
old male C57BL/6N mice. Isolated rings were suspended in
Halpern–Mulvany myographs for isometric tension recording.
The preparations were exposed to either acidic (pH 7), control
(pH 7.4) or alkaline (pH 7.8) modified Krebs–Ringer bicarbon-
ate buffer solutions and their contractions and relaxations com-
pared. Endothelium-dependent relaxations to acetylcholine (in
the presence of meclofenamate or of the thromboxane-
prostanoid (TP) receptor antagonist S18886) were comparable
at the three pH values tested in contracted aortic or carotid
arterial rings. Endothelium-dependent contractions of quiescent
carotid arteries were reduced in acidosis and potentiated in
alkalosis compared to control; these effects were reversible.
The carotid arteries produced equal amounts of 6-keto prosta-
glandin F1α and thromboxane B2 at the different pH values
tested. Contractions to the full TP receptor agonist U46619
were similar in the three milieus, but after inducing partial TP
receptor blockade (with low concentrations of the TP receptor
antagonist S18886) they were depressed in acidosis compared
to alkalosis. Prostacyclin as a partial TP receptor activator also

inducedweaker contractions at low than at high pH, whereas its
vasodilator effect was not affected. These findings demonstrate
that changes in pH modulate endothelium-dependent contrac-
tions in mouse arteries primarily by altering the sensitivity of
TP receptors of vascular smooth muscle to endothelium-
derived contracting factors.
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Introduction

Endothelial cells cause relaxations of the underlying vascular
smooth muscle by releasing nitric oxide (NO) [13, 18, 27]
and/or causing endothelium-dependent hyperpolarizations
(EDH) [6, 10, 29]. They can also favor vasoconstriction in a
variety of blood vessels by liberating endothelium-derived
contracting factors (EDCF), in particular vasoconstrictor
prostanoids [9, 12, 20, 23]. Endothelial function is compromised
by cardiovascular risk factors such as aging, obesity, diabetes
and hypertension; the resulting endothelial dysfunction is char-
acterized by a reduced production of NO and/or an augmented
release of EDCF [2, 23, 40, 42, 46].

The extracellular pH is a major local regulator of the tone of
vascular smooth muscle both in vivo and in vitro [4, 34, 41].
Acidosis in particular can modulate the release of norepineph-
rine by the adrenergic nerve endings within the vascular wall
[47, 48]. To the best of the authors’ knowledge, the impact of
metabolic acidosis and alkalosis on either endothelium-
dependent relaxations or contractions of mouse arteries has
not been reported.

The present experiments were designed to test the hypoth-
esis that moderate changes in pH in the physiopathological
range acutely modulate endothelium-dependent changes in
vascular tone.
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Materials and methods

The experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals issued
by the U.S. Institute of Laboratory Animal Research (ILAR,
eight edition, 2011) and were approved by the institutional
Committee on the Use of Live Animals for Teaching and
Research (CULATR) of the University of Hong Kong.

Animals

Male C57BL/6N mice (15–26 weeks old; body weight=30.7
±0.5 g) were obtained from, and housed in the local laboratory
animal unit at constant temperature under a 12-h light–dark
cycle with ad libitum access to water and standard chow. On the
day of the experiments, the mice were anaesthetized with a
mixture of fentanyl citrate (0.4mg/kg), fluanisone (12.5mg/kg)
plus midazolam (6.25 mg/kg) prior to exsanguination by car-
diac puncture.

Tissue harvesting and preparation

Carotid arteries and aortae were excised and immediately
placed into ice-cold modified Krebs–Ringer bicarbonate so-
lution of the following composition (in mM): NaCl, 129; KCl,
4.7; KH2PO4, 1.18; MgSO4, 1.17; NaHCO3, 14.9; glucose,
5.5; calcium disodium EDTA, 0.026; CaCl2, 2.5 (control
solution). Preliminary experiments (data not shown) con-
firmed that this composition permits to achieve a stable pH
of 7.4 in the covered myograph chambers when aerated con-
tinuously with 95% O2 and 5% CO2 [28]. The arteries were
dissected free of adherent fat and connective tissue in cold
control solution, cut into rings (length: approximately 2 mm
for carotid arteries and 3 mm for aortae; four rings per blood
vessel type for each animal) and suspended between stainless
steel wires or pins in covered aerated chambers of Halpern–
Mulvany myographs (model 610M; Danish Myo Technology
A/S, Aarhus, Denmark). The preparations were allowed to
equilibrate at 37°C for 30 min prior to the first application of
force (5 mN). For each individual ring every 3 to 5 mN
increase in tension was followed by replacement of the control
solution for several minutes with an iso-osmotic high potassi-
um solution (60 mM KCl with equimolar substitution of
sodium by potassium). The high potassium solution was
washed out after the induced response has exceeded or was
similar in amplitude to the preceding KCl contraction. There-
by, an active length–tension relationship [45] was obtained for
each individual preparation, leading to an optimal resting
tension of approximately 18 mN in carotid and 25 mN in
aortic rings. The response to the final depolarization with
60 mM KCl was allowed to plateau, which occurred within
15 to 20 min, and this sustained increase in contractile force
was used as submaximal reference contraction, averaging 5.6

±0.1 mN in carotid and 15.5±0.4 mN in aortic rings. After
repeated washouts, part of the preparations remained in
control solution at pH 7.4. The other preparations were
incubated in either acidic [in mM: NaCl, 137; NaHCO3, 7
(pH 7)] or alkaline [in mM: NaCl, 119; NaHCO3, 25 (pH
7.8)] isosmotic modified Krebs–Ringer bicarbonate buff-
ered solution. Osmolality was measured with a Wescor
Vapor Pressure osmometer 5520 (Wescor®, Logan, UT,
USA). The actual pH was measured in samples of solu-
tions pipetted out of the myograph chambers or checked
directly in the myograph using a portable pH meter HI
8014 with microelectrode HI 1083B (HANNA® Instru-
ments, Smithfield, RI, USA).

Experimental protocols

The rings were allowed to equilibrate for at least 10 min in
one of the solutions described above, before incubation with
inhibitors. Subsets of rings were incubated for 30 min with
the NO synthase inhibitor Nω-nitro-L-arginine methyl ester
(L-NAME, 3×10−4 M) [3, 8, 32, 35], the cyclooxygenase
inhibitor meclofenamate (10−6 M) [24, 26], or the
thromboxane-prostanoid (TP) receptor antagonist, S18886
(3-[(6-amino-(4-chlorobenzensulfonyl)-2-methyl-5,6,7,8-
tetrahydronapht)-1-yl]propionic acid; 10−7 M) [36, 39, 49].
Relaxations were measured in preparations contracted with
phenylephrine or U46619 to the level of their individual
reference contraction to 60 mM KCl solution prior to the
addition of increasing cumulative concentrations of acetyl-
choline (10−10 to 10−4 M), sodium nitroprusside (10−11 to
10−5 M), or prostacyclin (10−8 to 10−5 M; in the presence of

L-NAME, meclofenamate and S18886). Contractions were
induced in quiescent carotid preparations (in the presence of

L-NAME) by acetylcholine (10−10 to 10−4 M) or phenyleph-
rine (10−10 to 3×10−5 M). After maximal relaxation to sodi-
um nitroprusside (10−5 M) followed by repeated washouts,
the rings were incubated with L-NAME and contracted with
the TP receptor agonist U46619 (10−10 to 3×10−6 M). These
experiments were repeated after achieving partial TP recep-
tor blockade with 10−8 or 3×10−8 M S18886.

In a subset of quiescent carotid rings, contractions were
evoked by a single concentration of acetylcholine (10−5 M).
In another subset of carotid arteries contracted with acetyl-
choline (10−5 M), the solution was pipetted out of the
myograph chamber after 10 min and stored at −80°C for
further analysis by enzyme-linked immunosorbent assay
(ELISA) [16, 21, 25, 30].

Prostacyclin (PGI2, final concentration 10−5 M) was
added to quiescent carotid preparations (in the presence
of meclofenamate and absence or presence of S18886;
10−7 M) at low and high pH in the absence or presence
of the prostacyclin (IP) receptor antagonist CAY10441
(10−6 M) [37].
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ELISA determination of 6-keto prostaglandin F1α
and thromboxane B2

The concentrations of the stable metabolites of prostacyclin
and thromboxane A2 were determined in duplicates of
undiluted pipetted out solution samples and assayed using
commercial EIA kits (Cayman Chemical Company, Ann Ar-
bor, MI, USA) according to the manufacturer’s instructions.

Drugs

Acetylcholine chloride, L-NAME, meclofenamate, phenyleph-
rine and sodium nitroprusside were purchased from Sigma-
Aldrich (St. Louis, MO, USA); 9,11-dideoxy-9α,11α-
methanoepoxy prostaglandin F2α (U46619) was from Enzo
Life Sciences (Farmingdale, NY, USA). Prostaglandin I2 sodi-
um salt (prostacyclin, PGI2) and 4,5-dihydro-N-[4-[[4-(1-
methylethoxy)phenyl]methyl]phenyl]-1H-imadazol-2-amine
(CAY10441) were obtained fromCayman Chemical Company.
S18886 was a kind gift from Les Laboratoires Servier
(Suresnes, France). All drugs were dissolved in distilled water
except U46619, and CAY10441, which were dissolved in
ethanol (10−2 M). Final concentrations did not exceed 0.1%
for ethanol. Prostacyclin was dissolved in basic phosphate
buffered solution (pH >10.2). Concentrations are given as final
molar concentration in the myograph solution.

Statistical analysis

Contractions are expressed as percent of the reference
contraction to 60 mM KCl and relaxations as percentage
of contractions to phenylephrine or U46619. Student’s t-
test for unpaired observations was used where appropri-
ate to analyze statistical differences between groups.
Concentrations causing half-maximal responses (EC50)
were calculated and compared using nonlinear regres-
sion analysis in Prism version 5 (GraphPad Software
Inc., San Diego, CA, USA). Negative logarithms of
EC50 are displayed as pD2 values and the calculated
maximal responses (Emax) presented as percentages of
reference contractions. Two-way ANOVA for the vari-
ables pH and drug were used for multiple comparisons,
followed by Bonferroni post hoc analysis. Results are
shown as means ± standard error of the mean (SEM),
where n indicates the number of preparations from
different mice. P values less than 0.05 were considered
to indicate statistically significant differences.

Results

In the equilibration period and during incubation with inhib-
itors or antagonists, no significant shifts in baseline tension

were observed due to changes in pH in either carotid or aortic
rings (data not shown).

To test the responsiveness of arterial smooth muscle at
different pHs, carotid rings were incubated with L-NAME
(3×10−4 M). Full concentration–response curves were
obtained for phenylephrine. The concentration–response
curve to the α1-adrenergic agonist was shifted significantly
to the left in solution with high pH compared to control,
whereas at lower pH it was shifted significantly to the right;
the calculated maximal response to the α1-adrenergic agonist
was significantly reduced at lower pH (Fig. 1; Table 1). In
further experiments comparing relaxations in phenylephrine-
contracted preparations, the concentration of the α1-adren-
ergic agonist was adjusted to obtain a similar degree of
contraction irrespective of the pH condition tested.

Endothelium-dependent responses in mouse carotid arteries

To investigate the effect of pH on endothelium-dependent
responses to acetylcholine [the gold standard to evoke the
release of both EDNO and EDCF [13, 23], phenylephrine-
contracted preparations of carotid arteries were exposed at
pH 7.0, 7.4 or 7.8, to increasing concentrations of the mus-
carinic agonist. The initial relaxations to 10−9 to 3×10−8 M,
were not significantly different in the three pH milieus
(Fig. 2a); they were followed by rebound secondary in-
creases in tension at higher concentrations which were sig-
nificantly larger in alkalosis and only marginal in amplitude
at pH 7 compared to controls (Fig. 2a). Because of the
similarity between the biphasic nature of the response to
acetylcholine and that observed in earlier work in arteries
of the spontaneously hypertensive rat and mice [8, 23, 42],
these experiments were repeated in preparations treated with
either the cyclooxygenase inhibitor meclofenamate (10−6 M;
Fig. 2b) or the TP receptor antagonist S18886 (10−7 M;
Fig. 2c); in the presence of those two agents, the response
to acetylcholine was a monophasic relaxation which did not
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Fig. 1 Contractions to phenylephrine in the presence of L-NAME (3×10−4

M, n=6). Data shown as means ± SEM, ***P<0.001 versus controls at pH
7.4
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differ significantly between the three pHs (Table 1). These
experiments suggested that in the range tested, pH does not
affect endothelium-dependent relaxations but modulates the
occurrence of endothelium-dependent contractions.

pH does not affect NO-dependent, endothelium-dependent
relaxations to acetylcholine

To verify that pH does not alter the release or the action of
endothelium-derived NO, similar studies were conducted in
rings of mouse aorta, a preparation in which NO plays a
dominant, if not exclusive role in endothelium-dependent
relaxations [3, 17]. These experiments were conducted in
the presence of meclofenamate (10−6 M) to prevent possible

secondary endothelium-dependent contractions at higher
concentrations of the muscarinic agonist [39, 42]. There
were no significant differences in relaxation to acetylcholine
between the three tested pH conditions (Fig. 3a). Similar
results were obtained in rings contracted with 1 to 3×10−8 M
U46619 (Fig. 3c; Table 1).

The influence of pH on endothelium-independent relaxa-
tions of aortic rings was examined next in the presence of the
inhibitor of NO synthases L-NAME (3×10−4 M) to prevent
interference from endogenously released NO. Increasing
concentrations (10−11 to 10−5 M) of the NO donor sodium
nitroprusside were administered during sustained contrac-
tions to phenylephrine. Responses to lower concentrations
of sodium nitroprusside were slightly but significantly

Table 1 Effects of pH on potency and efficacy of relaxations in aortae and carotid arteries (upper part), and contractions in carotid arteries (lower
part)

pH 7 pH 7.4 pH 7.8

Agonist/treatment (contr. agent) pD2 (−log) Emax (% KCl) n pD2 (−log) Emax (% KCl) n pD2 (−log) Emax (% KCl) n

Aorta

Acetylcholine/meclofenamate (PE) 7.74±0.04 94.33±1.31 6 7.70±0.03 92.54±0.99 8 7.69±0.04 94.24±1.08 6

Acetylcholine/meclofenamate (U46) 7.55±0.07 84.80±1.85 7 7.73±0.10 84.70±2.66 6 7.67±0.06 92.17±1.68* 7

Sodium nitroprusside/L-NAME (PE) 8.54±0.03** 100.3±1.08 6 8.68±0.03 100.4±0.84 6 8.79±0.04* 100.5±1.11 6

Sodium nitroprusside/L-NAME (U46) 8.48±0.07 96.98±2.14 6 8.67±0.07 96.07±1.95 7 8.61±0.06 96.12±2.00 6

Carotid artery

Acetylcholine/meclofenamate (PE) 8.45±0.08 97.71±1.95 6 8.37±0.03 98.59±0.78 6 8.51±0.06 97.42±1.36 6

Acetylcholine/S18886 (PE) 8.42±0.03* 100.6±0.98 4 8.58±0.04 99.94±1.03 7 8.55±0.07 99.67±1.50 4

Phenylephrine/L-NAME 6.27±0.07*** 85.81±3.48* 6 6.84±0.07 100.6±3.13 6 7.41±0.07*** 108.3±2.77 6

Acetylcholine/L-NAME 6.65±0.06 18.44±0.52*** 8 6.54±0.06 36.32±1.08 14 6.44±0.07 65.60±2.36*** 7

U46619/L-NAME 7.83±0.09 110.6±4.72 6 8.00±0.08 103.6±3.41 7 7.97±0.06 108.9±3.12 6

Preparations were contracted either with phenylephrine (PE) or U46619 (U46)

*P<0.05, **P<0.01, ***P<0.001 versus controls at pH 7.4
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Fig. 2 a Effect of pH on endothelium-dependent relaxations and sec-
ondary contractions to acetylcholine in control carotid artery rings
contracted with phenylephrine (n=5–8), b in the presence of

meclofenamate (10−6 M, n=6), and c S18886 (10−7 M, n=4–7). Data
shown as means ± SEM; *P<0.05, **P<0.01 versus controls at pH 7.4
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altered depending on the pH milieu studied (Fig. 3b). How-
ever, there was no difference between the pH conditions in
terms of maximal relaxation at the highest concentrations of
this compound (Fig. 3b; Table 1). Moreover, in U46619
contracted rings, there were no significant differences in
the response to sodium nitroprusside between the three pH
groups (Fig. 3d). These experiments suggest that the studied
changes in pH affect minimally the ability of aortic smooth
muscle to relax, because they do not modify the release of
endothelium-derived NO.

pH modulates EDCF-mediated, endothelium-dependent
contractions

To confirm that pH changes modulate endothelium-
dependent contractions, quiescent carotid rings, a blood ves-
sel in which such responses are prominent [8, 42, 50], were
incubated with L-NAME (3×10−4 M) to optimize EDCF-
mediated responses [1, 39]. They were exposed to cumula-
tively increasing concentrations (10−10 to 10−4 M) of acetyl-
choline which caused concentration-dependent increases in
tension, optimal at 10−5 M (Fig. 4) and prevented by either
the cyclooxygenase inhibitor meclofenamate or the TP

receptor antagonist S18886 (data not shown). Acetylcholine
evoked significantly stronger contractions of quiescent ca-
rotid rings at the more alkaline pH, whereas the responses
were significantly reduced in acidic solution (Fig. 4).

To determine the reversibility of the effect of pH changes,
carotid arterial rings were exposed three times, at 30-min
intervals (after re-incubation with L-NAME), to 10−5 M
acetylcholine; when a maximal response was reached, which
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occurred in less than 10 min, the muscarinic agonist was
washed out (Fig. 5). At pH 7.4, the amplitude of the contrac-
tion decreased upon repeated exposure to the muscarinic
agonist (Fig. 5a). Initial contractions obtained at pH 7 were
significantly smaller, but those at pH 7.8 were significantly
larger than parallel first responses obtained at pH 7.4. Incu-
bation (prior to obtaining the second consecutive response)
at pH 7.8 caused a significant and reversible potentiation
(Fig. 5b), while incubation at pH 7 caused a significant and
reversible depression (Fig. 5c) of the contraction to acetyl-
choline. These experiments demonstrate that the effects of
changes in pH on endothelium-dependent contractions are
reversible.

To compare the effect of pH on both contractions and
release of prostanoids, quiescent rings of carotid arteries were
exposed to a single, optimal concentration (10−5 M) of ace-
tylcholine in the presence of L-NAME. The contractions
evoked by the muscarinic agonist again were augmented
significantly at pH 7.8, and significantly weaker at pH 7
compared to those observed in control experiments performed
at pH 7.4 (Fig. 6a). By contrast, the amount of 6-keto prosta-
glandin F1α released in the bath solution upon exposure to
10−5 M acetylcholine was not significantly different under the

three experimental conditions (Fig. 6b). Low levels of throm-
boxane B2 were measured which were not significantly af-
fected by pH changes (Fig. 6c).

These results indicate that the release of EDCF is not
altered by changes in pH and thus that the observed differ-
ences in response to acetylcholine must reflect differences in
responsiveness of vascular smooth muscle to the endothe
lium-derived vasoconstrictor prostanoids.

Prostacyclin

In aortic rings incubated with L-NAME, meclofenamate and
S18886, prostacyclin caused moderate decreases in tension,
which were not affected significantly by the imposed pH
changes (Fig. 7a) but were prevented by the IP receptor
blocker CAY10441 [37] [10−6 M; data not shown].

Contractions to prostacyclin, the prototypical EDCF in
rodent arteries [16, 31], were compared at pH 7.0 and 7.8.
Indeed, besides activating prostacyclin (IP) receptors, this
prostanoid acts as a partial agonist at TP receptors [16]. To
exclude influences of the former and completely unmask the
effect on the latter, the IP receptor antagonist CAY10441
(10−6 M) was present in some experiments, in addition to
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L-NAME and meclofenamate (10−6 M). In quiescent carotid
arteries at the lower pH, prostacyclin (10−5 M) induced
contractions, which were significantly smaller than the re-
sponses observed at pH 7.8 (Fig. 7b). The IP receptor blocker
CAY10441 (10−6 M) significantly enhanced the prostacy
clin-induced contractions, which remained significantly
smaller at pH 7 than at pH 7.8 (Fig. 7c). The TP receptor
antagonist S18886 (10−7 M) abolished all contractions to
prostacyclin (data not shown).

pH modulates responsiveness to partial TP receptor
activation

The concentration–response curves to the full TP receptor
agonist U46619 were not significantly different at pH 7 and
7.8 (Fig. 8a). Responses to increasing concentrations of
U46619 were obtained either at pH 7.0 or at pH 7.8 after
achieving partial blockade of TP receptors with 10−8 M
S18886; under those conditions acidosis significantly reduced
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CAY10441 (10−6 M) in addition
to L-NAME and meclofenamate.
Data shown as means ± SEM,
**P<0.01 between groups
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contractions to U46619 (Fig. 8b). Stronger blockade of TP
receptors with 3×10−8 M S18886 nearly abolished the re-
sponse U46169, but revealed a significantly larger reduction
of the response by acidosis (Fig. 8c).

Discussion

The key finding of the present study is that the degree of
endothelium-dependent contractions increases with rising pH,
whereas acetylcholine-induced endothelial NO-dependent re-
laxations are not influenced. By contrast to the pronounced
shifts to the left in alkalosis and to the right in acidosis of the
concentration–response curves to phenylephrine in L-NAME
treated preparations, contractions to U46619 were similar un-
der those conditions. Partial TP receptor blockade revealed
reductions in the responsiveness to the TP receptor agonist
by acidosis. Likewise, the partial TP receptor activator prosta-
cyclin caused a more pronounced contractile response at
higher than at lower pH.

By contrast to the investigations in splanchnic canine veins
where basal myogenic activity was modulated by alterations
in pH [33, 44], in the present study resting tension was not
changed after replacement of control solution either by acidic
or alkaline milieus. This is explained best by the absence of
myogenic tone in the murine conduit arteries studied.

The higher potency (to judge from the shift in pD2) and
efficacy (to judge from the greater maximal contraction) to the
α1-adrenergic agonist phenylephrine in preparations exposed
to a higher pH is in line with the initial work on pH depen-
dency of vascular responses using the catecholamines epi-
nephrine [4], norepinephrine [41], or adrenergic nerve stimu-
lation [33, 43, 44, 47, 48]. Thus, the solutions used in the
present study within a range of pH 7 to 7.8 have comparable
effects on adrenergic activation of vascular smooth muscle as
previously demonstrated — increased responses in alkalosis
and decreased effects in acidosis. As in these previous studies,
the current experiments represent acute effects of changes in
pH on vascular reactivity ex vivo. Depending on the blood
vessel studied longer term in vivo exposure to a reduced pH of
the blood does not alter (mesenteric artery) or increases (pul-
monary artery) adrenergic responses determined ex vivo at pH
7.4 [7]. In the pulmonary arteries, the enhanced response can
be attributed to a long-term remodeling effect of acidosis [7]
rather than to acute modulation of vascular tone as examined
in the present study.

Endothelium-dependent effects of pH alterations were
addressed in both aortae and carotid arteries focusing on NO-
dependent relaxations and vasoconstrictor prostanoid-mediated
endothelium-dependent contractions [8, 13, 23, 40, 42, 50],
respectively. Cyclooxygenase inhibition and TP receptor antag-
onism rule out the contribution of EDCF to endothelium-
dependent responses [23, 26, 39, 49]. In the present study,

meclofenamate and S18886 facilitated endothelium-dependent
relaxations to acetylcholine. In both thoracic aortae and carotid
preparations, acetylcholine relaxed the tissues at similar concen-
trations as used in earlier work to evoke NO-dependent re-
sponses in conduit arteries of small mammals [8, 13, 23, 42].
Overall, the present findings do not indicate any direct effects of
extracellular pH, in the range tested on the sensitivity of the
endothelial muscarinic receptors of these arteries leading to an
altered endothelial NO synthesis and release. An absence of
effect of acidosis on endothelium-dependent relaxations to ace-
tylcholine has recently been observed in small human resistance
arteries [19]. The same study also found no differences in the
response to the NO donor sodium nitroprusside due to changes
in pH [19]. This is in keeping with the present results in the
murine aorta, where pH did not affect relaxations to sodium
nitroprusside during contractions to the thromboxane analog
U46619 and minimal shifts in the concentration–response
curves occurred only for lower concentrations of the exogenous
NO donor in phenylephrine-contracted rings. Thus, the respon-
siveness of the vascular smooth muscle to NO is minimally
affected by the changes in pH imposed in the present study, a
conclusion in line with the unchanged response to endogenous
NO released by acetylcholine. Likewise, the imposed changes in
pH did not affect the IP receptor-mediated response to prosta-
cyclin, confirming that they do not modify the ability to relax
murine vascular smooth muscle.

The present observations in carotid arteries confirm that in
the absence of cyclooxygenase inhibition or TP receptor an-
tagonism, the response to acetylcholine of arteries with endo-
thelium can be biphasic, whereby the initial relaxation is
followed by contractions starting from 10−7 M on of the
muscarinic agonist [8, 23, 40, 42, 50]. Hence, the onset and
amplitude of endothelium-dependent contractions are exam-
ined best in quiescent preparations. Such experiments were
performed in the presence of L-NAME to rule out the influ-
ence of NO on EDCF-mediated responses [1, 38]. The present
results confirm the susceptibility of murine carotid rings to
exhibit endothelium-dependent contractions upon stimulation
with acetylcholine [8, 42, 50]. Meclofenamate at a final con-
centration of 10−6 M [26] was sufficient irrespective of pH to
prevent the occurrence of endothelium-dependent contrac-
tions in both types of arteries studied. The TP receptor antag-
onist S18886 [36, 39, 49] had a similar abolishing effect on
the contractile responses to acetylcholine in carotid arterial
rings. Thus, the contractions obtained with acetylcholine in
the present experiments can be attributed to the release of
vasoconstrictor prostanoids (exemplified here by that of 6-
keto prostaglandin F1α and thromboxane B2) and the subse-
quent activation of TP receptors on the vascular smooth
muscle cells [1, 15, 16, 23, 26].

The present results demonstrate that, unlike endothelium-
dependent relaxations, endothelium-dependent contractions
to acetylcholine are pH-dependent — being stronger in
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alkaline than the control solution — and prevented at the
lower pH studied. The effects of both acidosis and alkalosis
are reversible. However, the pH changes imposed in the
present study did not affect the release of EDCF. The latter
conclusion is based on the observation that neither acidosis
nor alkalosis caused differences in the production of vaso-
constrictor prostanoids, to judge from the measured concen-
trations of 6-keto prostaglandin F1α — the stable metabolite
of prostacyclin, a major EDCF in rodent blood vessels [16,
31] or thromboxane B2 — the stable metabolite of throm-
boxane A2. The low levels of the latter confirm that throm-
boxane A2 is not a major player in the endothelium-
dependent contractions of murine arteries [22].

Taken in conjunction, the present findings make it unlikely
that pH affects endothelial calcium signaling, which precedes
the generation and release of both endothelium-derived
relaxing and contracting factors in response to acetylcholine
[46].

Prostacyclin was chosen as an endothelium-derived sub-
stance and partial TP receptor activator [15, 16, 31]. The
present findings demonstrate that prostacyclin-induced con-
tractions were weaker at lower compared to higher pH. The
contractions of quiescent carotid arteries induced by the
prostanoid were prevented by the TP receptor antagonist
S18886 [36, 39, 49] irrespective of the experimental pH,
confirming the TP receptor dependency of the response. The
contractions to prostacyclin were facilitated in the presence of
CAY10441 both in acidic and alkaline solution, demonstrat-
ing that IP receptors partially counteract TP receptor activa-
tion by prostacyclin. However, the relative impact of pH on
the contractions to prostacyclin was comparable in the ab-
sence and presence of the IP receptor antagonist, implying that
it cannot be attributed to pH dependency of the IP component
of the response to the prostanoid. The latter interpretation is in
line with the absence of effect of acidosis or alkalosis on the
relaxations evoked by the prostanoid in the presence of
S18886. Thus, the weaker response to the prototypical EDCF
at lower pH must be due to an altered sensitivity to partial
activation of TP receptors on vascular smooth muscle, a
conclusion in line with the results obtained with the throm-
boxane mimetic U46619. Actually, in the absence of TP
receptor blockade, the responsiveness to U46619 was compa-
rable in the different solutions tested, which could be indica-
tive of a pH independency of direct TP receptor activation on
vascular smooth muscle. However, the full TP receptor ago-
nist U46619 is a synthetic compound and may not completely
mimic TP receptor activation by endothelium-derived partial
agonists including endogenous prostaglandins, in particular,
prostacyclin. In order to investigate the possible effects of pH
on agonist efficacy, the contractions to U46619 were exam-
ined after a partial, progressive blockade of TP receptors with
S18886. Under those conditions, the effect of pH changes on
the response to the “full” agonist was comparable to that

obtained on contractions to prostacyclin. The analogy with
the differential impact of changes in local temperature on the
response to full versus partial agonists in isolated blood ves-
sels [11] suggests that changes in pH modulate the efficacy of
vasoconstrictor agonists by altering “receptor reserve”, with
alkalosis augmenting but acidosis reducing it [11], an inter-
pretation which could also explain the observed changes in
responsiveness to the α1-adrenergic agonist phenylephrine.
The present findings do not permit further speculation as to
the molecular changes underlying such modifications in re-
ceptor responsiveness and agonist efficacy.

In conclusion, the present study— with the limitation that
it examined the impact of pH on vascular responses in conduit
rather than resistance vessels — demonstrates that in murine
arteries changes in pH can modulate endothelium-dependent
contractions by altering the responsiveness of TP receptors on
vascular smooth muscle to EDCF. In pathophysiological
terms, the attenuation of endothelium-dependent vasocon-
strictor responses by a lowered pH due to reduced responsive-
ness to EDCF resembles the blunting by acidosis of the
response to sympathetic stimulation in vivo [4] and in vitro
[41]. Patients with decreased blood pH are less sensitive to
sympathomimetic drugs [5] and may suffer from low blood
pressure. The present findings suggest that reduced or aug-
mented responsiveness to EDCF may contribute to the hemo-
dynamic phenotype of metabolic acidosis and alkalosis [14],
respectively.
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