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NHE1 knockout reduces blood pressure and arterial
media/lumen ratio with no effect on resting pHi in
the vascular wall

Ebbe Boedtkjer, Helle H. Damkier and Christian Aalkjaer

Department of Biomedicine and the Water and Salt Research Center, Aarhus University, Aarhus, Denmark

Key points

• Small arteries are important for regulation of blood pressure and local blood flow.
• Changes in intracellular pH alter artery tone although the mechanistic background has been

unclear.
• Using knockout mice for Na+/H+ exchanger NHE1 with reduced acid extrusion from cells in the

arterial wall and low intracellular pH in the absence of CO2/HCO3
−, we show that intracellular

acidification alters enzymatic activity and consequently artery dilatation and contraction.
• Although lack of NHE1 does not affect intracellular pH in the arterial wall when CO2/HCO3

−

is present, arteries from NHE1 knockout mice have thinner walls and produce less active force
due to reduced volume and cross-sectional area of individual smooth muscle cells.

• These results highlight the interplay between intracellular pH and artery function, provide
new targets to consider for modulating artery structure, and underscore the need to evaluate
acid–base transport in conditions of vascular disease and blood pressure disturbances.

Abstract Acid–base transport in the vascular wall remains incompletely understood. Here, we
investigated (a) implications of Na+/H+ exchanger NHE1 knockout for vascular smooth muscle
(VSMC) and endothelial cell (EC) pHi regulation, mesenteric artery morphology, vasomotor
function and blood pressure regulation, and (b) consequences of sustained EC and VSMC
acidification for vasomotor function. Na+/H+ exchange activity was abolished in VSMCs and
ECs from NHE1 knockout mice, but with CO2/HCO3

− present, steady-state pHi was unaffected.
Active tension was 30% smaller in arteries from NHE1 knockout than wild-type mice, and
media thickness equally reduced. Number of VSMCs per unit artery length was unchanged
whereas volume and cross-sectional area of individual VSMCs were reduced. Media stress, force
production per VSMC cross-sectional area and VSMC Ca2+ responses were unaffected. Blood
pressure was 25 mmHg lower in NHE1 knockout than wild-type mice. Omission of CO2/HCO3

−

caused VSMCs and ECs to acidify substantially more in NHE1 knockout (0.3–0.6 pH-units) than
wild-type (0.02–0.1 pH units) mice. Removing CO2/HCO3

− inhibited acetylcholine-induced
NO-mediated relaxations in arteries from NHE1 knockout but not wild-type mice. Without
CO2/HCO3

−, effects of NO synthase and rho kinase inhibition on noradrenaline-induced
contractions were smaller in arteries from NHE1 knockout than wild-type mice whereas
the EC Ca2+ response to acetylcholine, VSMC Ca2+ response to noradrenaline and vaso-
relaxation to S-nitroso-N-acetylpenicillamine were unaffected. In conclusion, NHE1 mediates the
Na+/H+ exchange in ECs and VSMCs. Under physiological conditions, CO2/HCO3

−-dependent
mechanisms mask the pHi-regulatory function of NHE1. NHE1 knockout causes hypotrophy
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of VSMCs, reduced artery tension and lower blood pressure. At acidic pHi, NO-mediated vaso-
relaxation and rho kinase-dependent VSMC Ca2+ sensitivity are reduced.
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Introduction

Na+/H+ exchange and Na+–HCO3
− cotransport

constitute the important net acid extrusion mechanisms
in vascular smooth muscle cells (VSMCs) and end-
othelial cells (ECs) of resistance arteries (Aalkjaer &
Cragoe, 1988; Aalkjaer & Hughes, 1991; Boedtkjer et al.
2006, 2008, 2011; Boedtkjer & Aalkjaer, 2009). We
recently showed that knockout (KO) of the electro-
neutral Na+–HCO3

− cotransporter NBCn1 abolishes all
Na+–HCO3

− cotransport activity and causes a lower
steady-state pHi in VSMCs and ECs of mouse mesenteric
arteries (Boedtkjer et al. 2011). Furthermore, NBCn1 KO
mice display inhibited endothelial NO production and
a lower rho kinase-dependent VSMC Ca2+ sensitivity
with implications for blood pressure regulation (Boedtkjer
et al. 2011). The importance of Na+/H+ exchange for
VSMC and EC pHi control, resistance artery function and
morphology, and blood pressure regulation has not pre-
viously been conclusively determined.

The Na+/H+ exchangers (NHEs) are gathered in the
slc9 family consisting of at least eight members with
different expression profiles: NHE1–5 and NHE8 are
expressed in plasma membranes while NHE6 and NHE7
are important for transport across organelle membranes
(Orlowski & Grinstein, 2004; Nakamura et al. 2005).
NHE1 (slc9a1) is ubiquitously expressed in mammalian
cells and investigation of NHE1 KO mice has elucidated
its importance for acid extrusion in neurons (Yao et al.
1999; Luo et al. 2005) and in epithelial cells from
renal thick ascending limbs (Good et al. 2004), parotid
glands (Evans et al. 1999), pancreatic acini (Brown et al.
2003) and choroid plexus (Damkier et al. 2009). We
have previously shown that NHE1 is the only plasma
membrane NHE-isoform expressed at mRNA level in
mouse mesenteric arteries (Boedtkjer & Aalkjaer, 2009).

NHEs play a role for migration and proliferation of
cultured cells (Orlowski & Grinstein, 2004). Recently,
NHE1 KO mice were shown to be unsusceptible to
hypoxia-induced pulmonary hypertension suggesting a
role for NHE1 in artery remodelling (Yu et al. 2008).
Whether NHE1 is important for the morphology of
arteries in the systemic circulation is unknown. Structural
changes in the arterial wall develop under a number

of pathological conditions and are prominent during
disturbances of blood pressure. As such, it has been shown
that arteries from hypertensive patients have a larger media
thickness to lumen diameter ratio than arteries from
normotensive controls (Heagerty et al. 1993) and that the
structural abnormalities improve during antihypertensive
treatment (Heagerty et al. 1988). Importantly, recent
studies have shown that abnormal artery structure is an
independent predictor of cardiovascular events (Rizzoni
et al. 2003; Mathiassen et al. 2007) underscoring the need
for a more thorough understanding of the basic cellular
functions controlling artery morphology and how these
targets might be manipulated.

The role of sustained changes in EC and VSMC pHi

for resistance artery function has until recently been
difficult to investigate experimentally. The commonly
used application of weak acids or bases to induce acute
pHi changes is promptly followed by recovery towards
physiological levels, and these substances may furthermore
have direct, pHi-independent vascular effects (McKinnon
et al. 1996; Aaronson et al. 1996; Aalkjaer et al. 1998).
A number of targets and mechanistic explanations for
pHi-induced changes in resistance artery function have,
however, been proposed. Effects on endothelial enzymes
such as endothelial nitric oxide synthase (Fleming et al.
1994; Boedtkjer et al. 2011) and endothelin converting
enzyme (Ahn et al. 1992), vascular ion channels such
as Ca2+-activated K+ channels (Peers & Green, 1991;
Schubert et al. 2001) and L-type Ca2+ channels (Klockner
& Isenberg, 1994), and the Ca2+ sensitivity of the
contractile machinery (Mrwa et al. 1974; Gardner &
Diecke, 1988; Boedtkjer et al. 2006, 2011) have been
suggested.

We designed the present study to address two important
questions. Firstly, we investigated the vascular effects of a
sustained low EC and VSMC pHi. Previous conclusions
rely largely on the vascular effects of NBCn1 knockout,
and by targeting a different membrane transporter with
equivalent transport function, we investigated whether
altered pHi regulation or other changes secondary to
the genetic manipulation are responsible. Secondly, we
investigated to what extent knockout of NHE1 has vascular
consequences under physiological conditions by studying
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the function and morphology of mesenteric small arteries
and effects on blood pressure.

Methods

Ethical approval

All animal procedures were approved by the Danish
Animal Care and Use Committee under the Danish Mini-
stry of Justice.

NHE1 KO mice

Mice on an FVB/N genetic background and deficient in
NHE1 were generously provided by Dr Gary E. Shull
(University of Cincinnati, USA). Heterozygous mice were
crossed to produce NHE1 KO and wild-type (WT) mice.
As previously reported, a large proportion of the NHE1
KO mice die at an early age (Bell et al. 1999). Consequently,
the mice were investigated at 3–4 weeks of age. Mice
were killed by cervical dislocation and the mesenteric bed
excised. First order mesenteric arteries were dissected free
from surrounding connective tissue and mounted for iso-
metric force recordings in wire myographs (DMT, Aarhus,
Denmark).

Measurement of pHi and intracellular Ca2+ responses
in ECs and VSMCs

We monitored EC and VSMC pHi in iso-
lated mesenteric arteries from NHE1 KO and
WT mice using the pH-sensitive fluorophores
2′,7′-bis-(2-carboxypropyl)-5-(and-6)-carboxyfluorescein
(BCPCF) and 2′-7′-bis-(2-carboxyethyl)-5(and-6)-car
boxyfluorescein (BCECF) as previously described
(Boedtkjer et al. 2006; Boedtkjer & Aalkjaer, 2009).
Intracellular buffering capacity of VSMCs was calculated
from the change in pHi upon addition and washout
of 20 mM NH4Cl and no apparent difference in intra-
cellular buffering capacity was found between VSMCs
from NHE1 KO and WT mice in the presence or
absence of CO2/HCO3

− (online Supplemental Material,
Supplementary Fig. 1). Consistent with previous findings
from smooth muscle cells (Aalkjaer & Cragoe, 1988;
Aalkjaer & Hughes, 1991; Eiesland et al. 1991; Aickin, 1994;
Boedtkjer et al. 2008, 2011), the intracellular buffering
capacity did not appear to be affected by CO2/HCO3

− in
particular at low pHi values (Supplementary Fig. 1) where
transport activities were quantified. VSMCs in arteries
from both NHE1 KO and WT mice (with and without
CO2/HCO3

−) acidified to pHi values between 6.4 and 6.5
following removal of NH4Cl and Na+ from the bath. The
rate of net Na+-dependent acid extrusion was calculated
by multiplication of the intracellular buffering capacity

with the initial rate of recovery from this pHi value
upon re-addition of bath Na+ as previously described
(Boedtkjer et al. 2006).

The intracellular Ca2+ response of ECs to acetylcholine
was studied in isolated mesenteric arteries dually loaded
with Calcium Green-1 and Fura Red using confocal micro-
scopy as described elsewhere (Boedtkjer et al. 2011). The
use of Fura-2 to evaluate intracellular Ca2+ responses in
VSMCs has previously been described (Boedtkjer et al.
2006).

Measurement of lumen diameter, media thickness
and artery tone

Wall dimensions were measured on arteries mounted in
wire myographs (DMT, Denmark) as previously described
(Mulvany et al. 1978). Arteries were gently stretched until
a low tension was recorded. The adventitial, media and
intimal thicknesses were measured at six individual points.

The lumen diameter at a transmural pressure of
100 mmHg was calculated using Laplace’s law and
arteries normalized to 90% of the internal diameter
at this pressure (Mulvany & Halpern, 1977). Vaso-
constriction to noradrenaline and elevated extracellular
[K+] and vasorelaxation to acetylcholine and S-nitroso-
N-acetylpenicillamine (SNAP) were investigated. NO
synthase and rho kinase activity were inhibited using
100 μM N G-nitro-L-arginine methyl ester (L-NAME) and
10 μM Y-27632, respectively.

For histology, arteries were fixed in 2% glutaraldehyde
for 1 h, plastic embedded, cut to 3 μm thick sections and
Giemsa stained (Supplementary Fig. 2). The density and
volume of cells in the media were evaluated by stereological
analyses (disector) by light microscopy of two consecutive
sections as previously described in detail (Baandrup et al.
1985; Mulvany et al. 1985).

Blood pressure measurements

Systemic blood pressure was measured non-invasively
from 3- to 4-week-old NHE1 KO and WT mice by
determining the tail blood volume with a volume
pressure recording sensor and an occlusion tail-cuff
(CODA System, Kent Scientific, Torrington, CT, USA).
We have shown elsewhere that blood pressure effects of
NBCn1 KO mice determined by tail-cuff measurements
are in agreement with intra-arterial telemetry-based
measurements (Boedtkjer et al. 2011).

Solutions

The HCO3
− containing physiological salt solution (PSS)

consisted of (in mM): 114 NaCl, 10 Hepes, 25 NaHCO3,
1.20 MgSO4, 4.70 KCl, 5.50 glucose, 0.026 EDTA, 1.18
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KH2PO4, and 1.60 CaCl2. In bicarbonate-free solutions,
NaHCO3 was replaced with an equimolar amount of
NaCl. In Na+-free solutions, NaCl was replaced with
an equimolar amount of N-methyl-D-glucamine titrated
with HCl. The K-PSS was obtained by substituting KCl
for NaCl. HCO3

− containing solutions were bubbled with
5% CO2, balance air, whereas HCO3

− free solutions were
bubbled with air (nominally CO2 free); pH was adjusted
to 7.40 at 37◦C.

Statistics

Data are expressed as means ± SEM. Student’s unpaired,
two-tailed t test was used for comparison of two
groups. To evaluate the effects of two variables on the
measured variable, we used two-way ANOVA followed by
Bonferroni’s post hoc test. When the variable was measured
multiple times for each mouse, a repeated measures
two-way ANOVA was employed. Concentration–response
relationships were analysed with sigmoidal curve fits and
the derived log(EC50) and maximum values compared
with extra sum-of-squares F tests. P < 0.05 was considered
statistically significant; n equals number of mice.
Statistical analyses were performed using GraphPad Prism
5.02 software (GraphPad Software Inc., La Jolla, CA,
USA).

Results

NHE1 is the only functionally important Na+/H+

exchanger in VSMCs

The recovery of pHi from an intracellular acidification
was investigated in VSMCs of isolated mesenteric arteries
following an NH4

+ prepulse. Original traces are shown in
Supplementary Fig. 3. Addition of NH4Cl causes abrupt
alkalinisation as NH3 enters the VSMCs. NH4

+ influx
contributes to the subsequent gradual fall in pHi. Upon
washout of NH4Cl, NH3 leaves the cells with consequent
intracellular accumulation of protons. NH4Cl was washed
out into a Na+-free solution and in the absence of
extracellular Na+ almost no recovery of pHi was seen
(Fig. 1A). VSMCs of arteries from WT mice displayed
a strong pHi recovery following addition of Na+ in the
absence of CO2/HCO3

− (Fig. 1A and C). This recovery was
almost completely abolished in VSMCs of arteries from
NHE1 KO mice (Fig. 1A and C). No efficient recovery of
pHi was seen in VSMCs of arteries from NHE1 KO mice
until CO2/HCO3

− was introduced into the bath solution
(Fig. 1A) with consequent activation of Na+–HCO3

−

cotransport (Boedtkjer et al. 2011).
In the absence of CO2/HCO3

−, steady-state pHi was
lower in VSMCs of arteries from NHE1 KO compared
to WT mice (Fig. 1D). No significant difference in

Figure 1. NHE1 is the only functionally important Na+/H+ exchanger in VSMCs and becomes important
for steady-state pHi regulation only in the absence of CO2/HCO3

−
A, in the absence of CO2/HCO3

−, the Na+-dependent pHi recovery was abolished in VSMCs of arteries from
NHE1 KO mice (n = 5–7). Experiments were performed in the absence of CO2/HCO3

− except for the final part
(as indicated). B, the Na+- and HCO3

−-dependent, amiloride-insensitive pHi recovery was unaltered in VSMCs of
arteries from NHE1 KO mice (n = 5–6). Experiments were performed in the presence of CO2/HCO3

−. C, average
net H+ extrusion from VSMCs measured at average pHi values between 6.43 and 6.65. Na+/H+ exchange was
abolished while Na+–HCO3

− cotransport was unaffected in arteries from NHE1 KO mice. Comparisons were made
with Student’s two-tailed unpaired t test. D, in the absence of CO2/HCO3

−, steady-state pHi was lower in VSMCs
of arteries from NHE1 KO than WT mice. In the presence of CO2/HCO3

−, no significant difference in steady-state
pHi was seen between VSMCs of arteries from NHE1 KO and WT mice (n = 5–8). Comparisons were made with
a two-way ANOVA followed by Bonferroni’s post hoc test. ∗∗∗P < 0.001; NS: not significantly different vs. WT.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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steady-state pHi was seen in the presence of CO2/HCO3
−

(Fig. 1D). In both NHE1 KO and WT mice, VSMC
steady-state pHi was significantly higher in the presence
of CO2/HCO3

− than in its nominal absence (Fig. 1D)
consistent with previous findings from mouse mesenteric
artery VSMCs (Boedtkjer et al. 2006, 2011; Boedtkjer &
Aalkjaer, 2009).

These results show that NHE1 is responsible for
the Na+/H+ exchange in mouse mesenteric artery
VSMCs and no other Na+/H+ exchanger compensates
for the KO of NHE1. Under physiological conditions,
CO2/HCO3

−-dependent pHi regulatory mechanisms are
sufficient to maintain normal VSMC steady-state pHi in
arteries from NHE1 KO mice.

Na+–HCO3
− cotransport in VSMCs is unaffected by

NHE1 KO

We have previously shown that Na+–HCO3
− cotransport

mediated by NBCn1 plays an important role for pHi

regulation in VSMCs from mouse mesenteric arteries
(Boedtkjer et al. 2006, 2008, 2011). When the CO2/HCO3

−

system is in equilibrium, NBCn1 and NHE1 supposedly
perform equivalent transport functions (i.e. net extrusion
of the equivalent of one H+ in exchange for one Na+).
Following KO of NBCn1, Na+/H+ exchange activity is
increased (Boedtkjer et al. 2011). In contrast, we found no
difference in Na+–HCO3

− cotransport activity between
VSMCs from NHE1 KO and WT mice (Fig. 1B and C).

NHE1 is the only functionally important Na+/H+

exchanger in ECs

In the absence of CO2/HCO3
−, removal of bath Na+

reversibly acidified mesenteric artery ECs from WT

mice (�pHi = –0.74 ± 0.16; Fig. 2A). ECs from NHE1
KO mice were not significantly acidified following
Na+ removal (�pHi = –0.02 ± 0.03; P < 0.01 vs. WT;
Fig. 2A). Furthermore, addition of 600 μM amiloride
produced intracellular acidification of ECs from WT mice
(�pHi = –0.29 ± 0.09; n = 5; P < 0.05) and this response
was completely abolished in arteries from NHE1 KO mice
(�pHi = –0.01 ± 0.05; n = 4; P < 0.05 vs. WT). Taken
together, these results demonstrate that NHE1 is the
only functionally relevant Na+/H+ exchanger in mouse
mesenteric artery ECs.

In the absence of CO2/HCO3
−, ECs of arteries from

NHE1 KO mice had a lower steady-state pHi than ECs of
arteries from WT mice (Fig. 2B). In contrast, no significant
difference was seen in steady-state pHi between ECs from
NHE1 KO and WT mice when arteries were investigated
in the presence of CO2/HCO3

− (Fig. 2B). These data
suggest that the effect of NHE1 KO on EC steady-state
pHi is masked by CO2/HCO3

−-dependent pHi regulatory
mechanisms under physiological conditions.

NHE1 KO reduces vascular tension development at
unaffected intracellular Ca2+ levels

Maximum tension development to noradrenaline was
approximately 30% reduced in arteries from NHE1 KO
compared to WT mice even in the presence of CO2/HCO3

−

(Fig. 3A) where pHi is unaffected (Fig. 1D). An original
force trace is shown in Supplementary Fig. 4. No difference
in the sensitivity (EC50) to noradrenaline with respect
to tension development was found in the presence of
CO2/HCO3

− (Fig. 3A). The intracellular Ca2+ response
of VSMCs to noradrenaline was not significantly different
between arteries from NHE1 KO and WT mice in the
presence of CO2/HCO3

− (Fig. 3B).

Figure 2. NHE1 is the only functionally important
Na+/H+ exchanger in ECs and becomes important for
steady-state pHi regulation only in the absence of
CO2/HCO3

−
A, in the absence of CO2/HCO3

−, the acidification upon
Na+ removal was abolished in ECs of arteries from NHE1 KO
mice (n = 5). B, in the absence of CO2/HCO3

−, steady-state
pHi was reduced in ECs of arteries from NHE1 KO mice
compared to WT mice (n = 5). In the presence of
CO2/HCO3

−, no difference in steady-state pHi was seen
between ECs from NHE1 KO and WT mice (n = 4).
Comparisons were made with a two-way ANOVA followed
by Bonferroni’s post hoc test. ∗∗P < 0.01 vs. WT.
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To induce maximum constriction, we applied 10 μM

noradrenaline in the presence of 123.6 mM extracellular
K+ (K-PSS). In the presence of CO2/HCO3

−, tension
development was significantly reduced in arteries from
NHE1 KO (1.83 ± 0.15 N m−1; n = 8) compared to
WT mice (2.40 ± 0.16 N m−1; n = 10; P < 0.05). No
significant difference in the intracellular Ca2+ response
of VSMCs to 10 μM noradrenaline in CO2/HCO3

−

containing K-PSS was seen between arteries from NHE1
KO (�(F340/F380) = 0.31 ± 0.05; n = 5) and WT mice
(�(F340/F380) = 0.28 ± 0.07; n = 4; P = 0.72).

KO of NHE1 results in smooth muscle hypotrophy

Differences in artery structure, and consequently in the
amount of contractile elements in the artery wall, represent
a plausible explanation for lower tension development
in arteries from NHE1 KO compared to WT mice. No
difference in the internal diameter of first order mesenteric
arteries from NHE1 KO and WT mice was found (Table 1).
In contrast, the media thickness was approximately 30%
smaller in arteries from NHE1 KO compared to WT mice
(Table 1). The media thickness to lumen diameter ratio
and the media cross-sectional area were also reduced in
arteries from NHE1 KO mice (Table 1).

Stereological analyses showed that the reduced media
area was caused by a reduced volume of the individual
VSMCs in arteries from NHE1 KO compared to WT mice
while the number of VSMCs per unit artery length was
unchanged (Table 1). The reduced VSMC volume was

caused by a smaller VSMC cross-sectional area while cell
length was unaffected (Table 1).

NHE1 KO does not affect media stress or active force
per cell cross-sectional area

Media stress (the ratio between tension and media
thickness) after exposure to 10 μM noradrenaline in PSS
or K-PSS was unaffected by NHE1 KO in the presence of
CO2/HCO3

− (Table 1). The maintained media stress and
intracellular Ca2+ response of VSMCs suggest that reduced
tension development by arteries from NHE1 KO mice is
explained by the reduced media thickness. In support of
this, we find that while active force production per VSMC
was strongly reduced (Table 1), this was solely due to the
difference in VSMC size. As such, active force production
per VSMC cross-sectional area was similar in arteries from
NHE1 KO and WT mice (Table 1).

NHE1 KO reduces systemic blood pressure without
altering heart rate

Consistent with the reduced media thickness and lower
artery tension development, mean arterial blood pressure
(MAP; Fig. 4A) was significantly reduced (P < 0.05) from
109 ± 8 mmHg in WT mice (n = 5) to 84 ± 4 in NHE1
KO mice (n = 4). No significant difference (P = 0.98) in
heart rate (HR; Fig. 4B) was seen between NHE1 KO

Figure 3. Arteries from NHE1 KO mice produce lower tension to noradrenaline than arteries from WT
mice while the VSMC [Ca2+]i-response is unaffected
A, tension development to noradrenaline was reduced in arteries from NHE1 KO compared to WT mice
(P < 0.05; n = 8–10). Experiments were performed in the presence of CO2/HCO3

−. B, the VSMC Ca2+ response
to noradrenaline was unaffected in arteries from NHE1 KO compared to WT mice (P = 0.72; n = 4–5). For
comparisons, sigmoidal curve fits were performed and the derived log(EC50) and maximum values compared by
extra sum-of-squares F tests.
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Table 1. Morphological characteristics of mesenteric arteries from NHE1 KO and WT mice

NHE1 WT (n = 8–29) NHE1 KO (n = 5–27) P

Myograph measurements
Media thickness (μm) 9.2 ± 0.7 6.6 ± 0.4 0.005
Lumen diameter (μm) 180 ± 7 174 ± 5 0.49
Media thickness/lumen diameter ratio 0.053 ± 0.003 0.038 ± 0.003 0.006
Media cross-sectional area (μm2) 5086 ± 428 3712 ± 334 0.02
Media stress (tension/media thickness)
10 μM NA in PSS (×105 N m−2) 1.90 ± 0.27 1.94 ± 0.21 0.91
10 μM NA in K-PSS (×105 N m−2) 2.65 ± 0.22 2.65 ± 0.19 1.00

Histological measurements
Volume fraction of VSMCs in media 0.77 ± 0.01 0.77 ± 0.01 0.81
Cell dimensions
Volume (μm3) 1684 ± 177 1022 ± 221 0.04
Length (μm) 83 ± 14 77 ± 12 0.74
Cross-sectional area (μm2) 22 ± 3 13 ± 2 0.02

Combined measurements
Cells per unit length (μm−1) 2.5 ± 0.1 3.4 ± 0.7 0.12
Cell layers 1.7 ± 0.1 1.5 ± 0.1 0.16
Active force
Per cell cross-section (kPa) 335 ± 33 359 ± 44 0.66
Per cell (μN) 7.1 ± 0.8 4.5 ± 0.7 0.04

Values are expressed as means ± SEM. The probability values are derived from Student’s unpaired two-tailed t test. NA:
noradrenaline; PSS: physiological salt solution with control [K+]; K-PSS: PSS with KCl substituted for NaCl ([K+] = 123.6).

(HR = 699 ± 22; n = 4) and WT mice (HR = 697 ± 53;
n = 5).

NHE1 KO results in reduced NO-mediated relaxations
in the absence of CO2/HCO3

−

We investigated the effect of NHE1 KO on vasorelaxation
to acetylcholine. Representative force traces are shown in
Supplementary Fig. 5. In the presence of CO2/HCO3

−, pHi

was similar in ECs from NHE1 KO and WT mice (Fig. 2B),
and there was no difference in the relative relaxation to
acetylcholine (Fig. 5A and B). Removing CO2/HCO3

−

from the bath solution did not affect EC pHi in WT
mice (Fig. 2B) and vasorelaxation to acetylcholine was also
unaffected (Fig. 5A). In arteries from NHE1 KO mice, ECs
acidified upon removal of CO2/HCO3

− (Fig. 2B) and the
sensitivity to acetylcholine with respect to vasorelaxation
was dramatically reduced (Fig. 5B). After application of
100 μM of the NO-synthase inhibitor L-NAME, no effect
of removing CO2/HCO3

− was seen on the relaxation to
acetylcholine in arteries from neither NHE1 KO nor WT
mice (Fig. 5A and B).

Reduced L-NAME-sensitive relaxations to acetylcholine
in arteries from NHE1 KO mice in the absence of
CO2/HCO3

− could be explained by either reduced NO

Figure 4. NHE1 KO mice are hypotensive
A, mean arterial blood pressure (MAP) was lower in
NHE1 KO compared to WT mice. B, no difference in
heart rate (HR) was seen between NHE1 KO and WT
mice. Comparisons were made with Student’s
unpaired, two-tailed t test. ∗P < 0.05; NS: not
significantly different vs. WT.
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delivery to the VSMCs or reduced effect of NO on the
VSMCs. We investigated the response to exogenous NO
using the NO donor SNAP. As shown in Fig. 5C, vaso-
relaxation to SNAP was unaffected by KO of NHE1 as well
as removal of CO2/HCO3

− (P = 0.90) suggesting that the
reduced vasorelaxation to acetylcholine is explained by a
lower NO concentration.

Since no difference in acetylcholine-induced relaxation
was seen between NHE1 KO and WT mice in the pre-
sence of CO2/HCO3

−, our findings are unlikely to be
explained by a change in endothelial nitric oxide synthase
(eNOS) expression. Since the NO synthase is known to
be regulated by the intracellular concentration of Ca2+ in
ECs, we investigated the EC Ca2+ response to acetylcholine
but found no effect of removing CO2/HCO3

− in arteries
from NHE1 KO or WT mice (Fig. 6A and B).

Taken together, our data support the hypothesis
(Boedtkjer et al. 2011) that endothelial pHi modulates
NO-mediated relaxations due to the intrinsic pHi

sensitivity of the NO synthase (Fleming et al. 1994).

NHE1 KO inhibits rho kinase-dependent Ca2+

sensitivity with CO2/HCO3
− absent

Similar to our findings in the presence of CO2/HCO3
−

(Fig. 3A), suppression of maximum tension development
to noradrenaline was observed in arteries from NHE1
KO mice in the absence of CO2/HCO3

− (Fig. 7A and
B). Without CO2/HCO3

−, noradrenaline sensitivity with
respect to tension development was similar in arteries from
NHE1 KO and WT mice (Fig. 7A and B). Application of
L-NAME resulted in an increased noradrenaline sensitivity
with respect to tension development in arteries from

WT mice (Fig. 7A and B). In arteries from NHE1 KO
mice, this change in noradrenaline sensitivity following
L-NAME treatment was abolished (Fig. 7B) consistent
with lower basal and/or noradrenaline-stimulated NO
production in arteries from NHE1 KO mice. Treatment
with L-NAME also unmasked a difference in vascular
contractility between arteries from NHE1 KO and WT
mice (Fig. 7A and B). The difference in contractile function
with L-NAME present was not caused by a difference in the
intracellular VSMC Ca2+ response (Fig. 7C) suggesting
an effect on VSMC Ca2+ sensitivity. Treatment with
the rho kinase inhibitor Y-27632 (10 μM) completely
abolished the difference in noradrenaline sensitivity
(Fig. 7A). Y-27632 reduced the intracellular VSMC Ca2+

response to noradrenaline similarly in arteries from WT
and NHE1 KO mice (Fig. 7C). In accordance with our pre-
vious results from NBCn1 KO mice (Boedtkjer et al. 2011),
our current findings suggest that intracellular acidification
of ECs and VSMCs inhibits NO production and rho
kinase-dependent VSMC Ca2+ sensitivity.

Discussion

Here, we investigated the importance of Na+/H+

exchanger NHE1 and the effects of sustained intracellular
acidification in VSMCs and ECs of mouse mesenteric
small arteries, which are known to contribute to peri-
pheral vascular resistance (Fenger-Gron et al. 1995) and
consequently to blood pressure regulation.

We show that NHE1 is the only Na+/H+ exchanger
relevant for pHi regulation in mouse mesenteric artery
ECs and VSMCs. Although NHE1 acts as a major
acid extruder at low pHi, it is functionally inactive at

Figure 5. NO-mediated relaxations induced by acetylcholine are inhibited by omission of CO2/HCO3
−

in arteries from NHE1 KO mice while arteries from WT mice are unaffected by removal of CO2/HCO3
−

A, relaxation of arteries from WT mice (n = 5) to acetylcholine was unaffected by removal of CO2/HCO3
− in the

presence (P = 0.72) and in the absence (P = 0.73) of 100 μM L-NAME. B, relaxation of arteries from NHE1 KO
mice (n = 5) to acetylcholine was attenuated upon removal of CO2/HCO3

− (P < 0.001). After pretreatment with
100 μM L-NAME, no effect of removing CO2/HCO3

− was seen (P = 0.65). C, no significant difference (P = 0.96)
in the relaxation to the NO donor SNAP was found between arteries from NHE1 KO and WT mice in the presence
or absence of CO2/HCO3

−. Sigmoidal curve fits were performed and the derived log(EC50) and maximum values
compared by extra sum-of-squares F tests.
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Figure 6. The EC Ca2+ response to acetylcholine is not affected by omission of CO2/HCO3
− in NHE1 KO

or WT mice
A, no difference was found in the EC Ca2+ response to acetylcholine between arteries from NHE1 KO and WT
mice (n = 5) investigated in the presence or absence of CO2/HCO3

−. B, average increases in Ca2+-dependent
fluorescence calculated from panel A. Comparisons were made with repeated measures two-way ANOVA followed
by Bonferroni’s post hoc test. NS: not significantly different.

normal resting pHi and not important for control of
bulk steady-state pHi in the presence of CO2/HCO3

−.
We recently showed (Boedtkjer et al. 2011) that KO of
Na+–HCO3

− cotransporter NBCn1 results in reduced
EC and VSMC steady-state pHi in the presence of
CO2/HCO3

− while no difference in pHi between arteries
from NBCn1 KO and WT mice was seen in the absence of
CO2/HCO3

−. In combination, these findings suggest that

EC and VSMC steady-state pHi under resting, physio-
logical conditions (i.e. at an extracellular pH of 7.40 with
CO2/HCO3

− present) depends primarily on the activity
of NBCn1.

The results from the present study combined with our
previous results (Boedtkjer et al. 2006, 2011; Boedtkjer &
Aalkjaer, 2009) show that acid extrusion from acidified
VSMCs relies exclusively on Na+–HCO3

− cotransport

Figure 7. VSMC rho kinase-dependent Ca2+ sensitivity is reduced in arteries from NHE1 KO mice in the
absence of CO2/HCO3

−
A, concentration–response curves showing average tension development to noradrenaline with or without 100 μM

L-NAME and 10 μM Y-27632 in arteries from WT and NHE1 KO mice (n = 4–9) in the absence of CO2/HCO3
−. B,

summary of the changes in noradrenaline sensitivity with respect to tension development in arteries from NHE1 KO
and WT mice (n = 4–9) investigated in the absence of CO2/HCO3

−. C, concentration–response curves showing the
average VSMC Ca2+ response to noradrenaline in the presence of 100 μM L-NAME or the combination of L-NAME
and 10 μM Y-27632 in arteries from NHE1 KO and WT mice (n = 5) in the absence of CO2/HCO3

−. Sigmoidal
curve fits were performed and the derived log(EC50) and maximum values compared by extra sum-of-squares
F tests. ∗∗P < 0.01; NS: not significantly different vs. WT.
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mediated by NBCn1 and Na+/H+ exchange mediated
by NHE1. While there are considerable quantitative
differences between the different genetic backgrounds that
we have investigated (C57BL/6J, FVB/N, NMRI), NBCn1
and NHE1 seem to be of overall similar quantitative
importance for acid extrusion from VSMCs during
intracellular acidification (Boedtkjer et al. 2006, 2011;
Boedtkjer & Aalkjaer, 2009).

With respect to ECs, our present and previous results
show that NBCn1 and NHE1 are the only Na+-dependent
acid extruders (Boedtkjer & Aalkjaer, 2009; Boedtkjer
et al. 2011). As previously reported, the NH4

+-prepulse
technique cannot be reliably employed to produce intra-
cellular acidification of ECs in situ loaded with BCPCF
without causing cellular damage with extensive end-
othelial blebbing (Boedtkjer & Aalkjaer, 2009). We cannot,
therefore, rule out that Na+-independent mechanisms
contribute to acid extrusion from these cells. Since
steady-state pHi, however, is exquisitely sensitive to KO
of NBCn1 (in the presence of CO2/HCO3

−) (Boedtkjer
et al. 2011) and NHE1 (in the absence of CO2/HCO3

−),
it is unlikely that other acid extruders play a significant
functional role in the physiological pHi range.

In the present study, we demonstrate that NHE1 KO
affects mesenteric artery structure and maximum contrac-
tile responses under physiological conditions (i.e. with
CO2/HCO3

− present) and is associated with a lower
systemic MAP. Since no effect of NHE1 KO is seen on
bulk steady-state pHi of VSMCs and ECs in the pre-
sence of CO2/HCO3

−, the vascular effects of NHE1 KO
under these conditions may be independent of pHi in
the vascular wall or depend on regulation of pHi in sub-
cellular domains without affecting bulk pHi. It is of inter-
est that NHE1 has been suggested to have a number
of pHi-independent effects including volume control
through functional coupling with Cl−/HCO3

−exchange
(Mason et al. 1989), modulation of cell signalling pathways
and interactions with the cytoskeleton (Denker et al.
2000; Denker & Barber, 2002). Although many aspects
of artery morphology associated with hypertension
have been investigated in detail, the causal relationship
between changes in blood pressure and artery structure
remains unexplained (Mulvany, 2002). Blood pressure
disturbances and changes in artery structure, however,
clearly go hand in hand. While it is plausible that the
reduced media thickness is directly caused by the absence
of NHE1 in VSMCs or ECs and responsible for the
change in blood pressure, it is also possible that the
change in media thickness is secondary to the low blood
pressure, which in turn could be caused by disruption
of NHE1 function in other tissues (e.g. brain or kidney).
In support of a primary role for NHE1 expressed in the
vascular wall for determining artery structure, inhibitory
effects of NHE1 knockdown on proliferation, hypertrophy
and migration of cultured VSMCs have previously been

reported (Yu & Hales, 2011). It should be noted that in
the present study, cell hypertrophy but not proliferation
appears to be attenuated by the disruption of NHE1
based on the normal VSMC density but smaller VSMC
volume observed in arteries from the NHE1 KO mice.
The cellular responses to changes in blood pressure
have been extensively studied using the disector method
(Mulvany et al. 1985). While there is general consensus
that arteries from patients with essential hypertension
display eutrophic inward remodelling (i.e. rearrangement
of otherwise normal cells around a smaller diameter)
(Mulvany, 2002), arteries from patients with renovascular
hypertension are characterized by hypertrophic inward
remodelling (i.e. increased amounts of media material
around a smaller diameter) mainly due to cell hyper-
trophy (Rizzoni et al. 2000). In spontaneously hyper-
tensive rats and rats chronically infused with adrenergic
receptor agonists, VSMC hyperplasia has been reported
(Mulvany et al. 1985; Dao et al. 2001). These diverse
findings indicate the involvement of multiple signalling
pathways influenced by local (e.g. transmural pressure
and flow) and systemic (e.g. neurohumoral) factors. Based
on the above considerations, it is apparent that the
temporal and mechanistic relationship between changes in
blood pressure and changes in resistance artery structure
are complex and not understood in any detail, and
consequently, defining direct targets of NHE1 KO and
indeed most other effectors on these complex processes is
extremely challenging.

By use of the NHE1 KO mice, we provide
important new information regarding the significance
of a normal EC and VSMC pHi level for artery
function. We find that intracellular acidification in the
artery wall inhibits NO-mediated vasorelaxation and rho
kinase-dependent VSMC Ca2+ sensitivity. The reduced
acetylcholine-induced NO-mediated relaxation of arteries
from NHE1 KO mice in the absence but not in the pre-
sence of CO2/HCO3

− strongly supports the hypothesis
that NO synthase activity is modulated by EC pHi

(Boedtkjer et al. 2011). The isolated NO synthase displays
a strong intrinsic pH dependency and deduced from in
vitro activity measurements (Fleming et al. 1994), the
changes in steady-state pHi observed in ECs of arteries
from NHE1 KO mice upon removal of CO2/HCO3

−

would greatly reduce NO synthase activity. In light of the
reduced NO-mediated vasorelaxation, lower intraluminal
NO concentrations and inhibited NO synthase activity
observed in NBCn1 KO mice (Boedtkjer et al. 2011), we
propose that membrane acid–base transport and pHi in
ECs play an important role for maintaining NO synthesis
in resistance arteries. It is important to note that the
magnitude of NO synthase inhibition, which is expected
even with relatively small, physiologically relevant changes
in pHi, is sufficient to have physiological effects (Fleming
et al. 1994; Boedtkjer et al. 2011). We report a reduced
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rho kinase-dependent VSMC Ca2+ sensitivity in arteries
from NHE1 KO mice when investigated in the absence
of CO2/HCO3

−. This is strongly supported by our recent
findings that intracellular acidification of VSMCs caused
by KO of NBCn1 inhibits rho kinase-dependent Ca2+

sensitivity and phosphorylation of the myosin light chain
phosphatase targeting subunit at Thr-850 (Boedtkjer et al.
2011). In NBCn1 KO mice, the lower NO synthase activity
and reduced rho kinase-dependent signalling were also
evident in vivo accounting for prominent changes in blood
pressure regulation (Boedtkjer et al. 2011). Since ECs and
VSMCs from NHE1 KO mice are acidified only in the
absence of CO2/HCO3

−, the NHE1 KO mice cannot be
used to study the importance of pHi-mediated inhibition
of NO- and rho kinase-dependent signalling in vivo.

While the functional effects of NHE1 KO in the
absence of CO2/HCO3

− contribute greatly towards
a comprehensive understanding of the intracellular
signalling pathways linking changes in pHi to changes in
artery tone, it should be emphasized that vasodilatory and
contractile functions of arteries from NHE1KO mice were
normal under physiological conditions with CO2/HCO3

−

present. The reduced maximum tension development
observed under these conditions was fully accounted for by
the structural changes of the artery wall since media stress
and active force production per VSMC cross-sectional area
were similar in arteries from NHE1 KO and WT mice.

In conclusion, we find that NHE1 is the only
functionally important Na+/H+ exchanger in mouse
mesenteric arteries where it is a major acid extruder at
low pHi but has no effect on steady-state pHi in the pre-
sence of CO2/HCO3

−. Under physiological conditions,
KO of NHE1 reduces blood pressure and the media to
lumen ratio of resistance arteries. Experiments performed
in the absence of CO2/HCO3

− strongly corroborate that
EC pHi modulates NO synthase activity while VSMC pHi

affects rho kinase-dependent Ca2+ sensitivity. Based on
these findings, acid–base transport and pHi regulation in
the artery wall need to be taken into consideration when
evaluating conditions of disturbed artery function and
blood pressure regulation.
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