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The small GTPase Rac1 is required for smooth muscle
contraction
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Key points

e The role of the small G-protein Racl was investigated in smooth muscle, using a smooth
muscle-specific knockout mouse and pharmacological blockers.

e Inhibition of the interaction between Racl and upstream regulators inhibited the a-receptor
contractions and potentiated prostaglandin F2« contractions in vascular tissue.

¢ The inhibition was mediated via an attenuation of the Ca’" transient.

e A global inhibition of Racl activity inhibited contractions in response to several agonists in a
range of smooth muscle tissues.

e The results demonstrate a novel Racl-associated signalling pathway for regulation of smooth
muscle contraction.

Abstract The role of the small GTP-binding protein Racl in smooth muscle contraction
was examined using small molecule inhibitors (EHT1864, NSC23766) and a novel smooth
muscle-specific, conditional, Racl knockout mouse strain. EHT1864, which affects nucleotide
binding and inhibits Racl activity, concentration-dependently inhibited the contractile responses
induced by several different modes of activation (high-K™, phenylephrine, carbachol and protein
kinase C activation by phorbol-12,13-dibutyrate) in several different visceral (urinary bladder,
ileum) and vascular (mesenteric artery, saphenous artery, aorta) smooth muscle tissues. This
contractile inhibition was associated with inhibition of the Ca®T transient. Knockout of Racl (with
a 50% loss of Racl protein) lowered active stress in the urinary bladder and the saphenous artery
consistent with a role of Racl in facilitating smooth muscle contraction. NSC23766, which blocks
interaction between Racl and some guanine nucleotide exchange factors, specifically inhibited
the or; receptor responses (phenylephrine) in vascular tissues and potentiated prostaglandin F2«
and thromboxane (U46619) receptor responses. The latter potentiating effect occurred at lowered
intracellular [Ca*"]. These results show that Racl activity is required for active contraction in
smooth muscle, probably via enabling an adequate Ca®t transient. At the same time, specific
agonists recruit Racl signalling via upstream modulators, resulting in either a potentiation of
contraction via Ca?* mobilization (@, receptor stimulation) or an attenuated contraction via
inhibition of Ca?* sensitization (prostaglandin and thromboxane receptors).
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Introduction

The Rho GTPases constitute a family with 22 described
members within the Ras superfamily of small G-proteins
(Jaffe & Hall, 2005). They cycle between active GTP-bound
and inactive GDP-bound forms, under the control
of regulatory proteins, guanine nucleotide exchange
factors (GEFs), GTPase-activating proteins (GAPs), and
the guanine dissociation inhibitors (RhoGDIs) which
influence the cellular translocation of Rho (Cherfils &
Zeghouf, 2013). Rho GTPases, in particular Cdc42, Racl
and RhoA, have been linked to a large number of cellular
functions including reorganization of the cytoskeleton,
gene expression and enzymatic activities (Jaffe & Hall,
2005).

It was recognized early that small G-proteins have
a key role in smooth muscle contraction (Nishimura
et al. 1988; Kitazawa et al. 1989). It has been sub-
sequently shown that RhoA signalling inhibits myosin
light chain phosphatase activity and thereby increases
the Ca’" sensitivity of the contractile process (Somlyo &
Somlyo, 2003; Puetz et al. 2009). This signalling pathway
has been implicated in several pathological conditions of
smooth muscle and proposed as a possible therapeutic
target (Halayko & Solway, 2001; Loirand et al. 2006;
Loirand & Pacaud, 2010; Zhang & DiSanto, 2011). Much
less is known regarding the function of the other Rho
GTPases in smooth muscle. Racl has been shown to
influence the actin cytoskeleton and modulate smooth
muscle cell migration and angiogenesis (Doanes ef al.
1998; Sawada et al. 2010). It is involved in the regulation
of NADPH oxidase-mediated superoxide production and
possibly proliferative/hypertrophic responses (Kim et al.
1998; Lyle & Griendling, 2006). The downstream targets
of Racl might also include RhoA (Sander et al. 1999;
Burridge & Wennerberg, 2004; Rosenfeldt et al. 2006),
although this mechanism has not been demonstrated in
smooth muscle. Pakl, which is one downstream target of
Racl, has been shown to inhibit the myosin light chain
kinase and relax permeabilized intestinal smooth muscle
(Wirth efal. 2003). In contrast, evidence has also been pre-
sented that Pakl is part of an activating pathway in some
smooth muscles. Knockout or pharmacological inhibition
of Pak reduces tone of airway smooth muscle (Hoover
etal.2012). Introduction of Pak3 in permeabilized smooth
muscle induces a Ca*" -independent contraction, possibly
via phosphorylation of caldesmon (Van Eyk et al. 1998;
McFawn et al. 2003). Furthermore, Pak phosphorylates
the phosphatase inhibitor CPI17 in vitro (Takizawa et al.
2002).

The upstream control of Racl activity is not fully
understood. Several GEFs acting on Racl have been
identified and proposed, and of which the Dbl-homology
domain-related GEFs constitute a large group (Rossman
et al. 2005; Cherfils & Zeghouf, 2013), which includes
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Tiam and Vav (Habets et al. 1995; Bustelo, 2000). Very
little is known regarding the role of these GEFs in smooth
muscle signal transduction and of the physiological events
that might lead to their activation. Knockout of the GEFs
Vav2 or Vav3 results in severe cardiovascular phenotypes in
mice (Sauzeau et al. 2006,2007), although the mechanisms
are not clear. It has been suggested that Vav2, Racl and
Pakl are involved in endothelial NO-mediated relaxation
in vascular smooth muscle (Sauzeau et al. 2010).

The aim of this study was to investigate the role
of Racl in smooth muscle contraction. We examined
a range of smooth muscle tissues and used different
modes of activation. We applied two different small
molecule pharmacological inhibitors of Racl. NSC23766
(Gao et al. 2004) interferes with the interaction between
Racl and some GEFs (Tiaml and TrioN) without
influencing Cdc42 or RhoA, the interaction between
Racl and the Bcr GTPase-activating protein, or Pakl
activity. EHT1864 (Desire et al. 2005; Shutes et al. 2007)
influences nucleotide binding and the Racl/Pakl inter-
action and provides a more general inhibition of Racl
when compared to NSC23766. In addition, we developed
anew transgenic mouse strain by breeding mice expressing
tamoxifen-activated Cre recombinase under the control of
the smooth muscle-specific SM22 promoter (Kuhbandner
etal.2000) with mice carrying floxed Racl genes (Chrostek
etal. 2006) enabling a conditional, smooth muscle-specific
knockout of Racl. We report that Racl is differentially
activated by different receptor pathways and contributes
to the regulation of contraction in smooth muscle.

Methods
Animals and tissue preparations

C57Bl/6 mice (10-15 weeks, female) and conditional
smooth muscle-specific Racl knockout animals (see
below, 10-20 weeks, either sex) were used. The
experiments were performed according to European
guidelines for animal research, complied with national
regulations for the care of experimental animals and were
approved by the local animal ethics committee.

The mice were killed by cervical dislocation. The
abdominal aorta, saphenous artery (SA), small mesenteric
artery (SMA), urinary bladder (UB) and ileum were
excised and placed in cold Krebs—Ringer solution
(composition in mm: NaCl 123, KCl 4.7, KH,PO,
1.2, MgCl, 1.2, NaHCO; 20, CaCl, 2.5, glucose 5.5).
Arteries (endothelium intact) were cut into rings. The UB
(urothelium removed) and the outer longitudinal layer of
the ileum smooth muscles were cut into strips. The tissues
were analysed with isometric force recordings, intra-
cellular Ca?* measurements or frozen in liquid nitrogen
for Western blot analysis.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Generation of the conditional smooth muscle-specific
Rac1 knockout strain

SM22CreER(T2), which is a transgenic mouse strain
expressing a tamoxifen-activated cre recombinase under
control of the smooth muscle-specific promoter SM22
(Kuhbandner et al. 2000), was crossed with a
floxed Racl strain (Chrostek et al. 2006) to create
mice enabling inducible, smooth muscle-specific Racl
knockout (SM22Cre/Racl). The knockout animals had
floxed Racl genes on both alleles. Controls were carrying
the Cre gene only (SM22Cre/Wt). Genotyping was
performed with PCR of tail DNA. The SM22CreER
allele was detected using CREl-primer: 5-GCCT
GCATTACCGGTCGATGCAACGA-3’ and CRE2-primer:
5'-GTGGCAGATGGCGCGGCAACACCATT-3'.

Racl was genotyped using MGl-primer: 5-GTCTT
GAGTTACATCTCTGG-3' and MG2-primer: 5-CTGA
CGCCAACAACTATGC-3'.

Tamoxifen administration

SM22Cre/Racl (conditional knockout animals) and
SM22Cre/Wt (controls) were injected intraperitoneally
with 100 ul of 30 mg ml™' 4-hydroxy-tamoxifen
(Sigma-Aldrich, St Louis, MO, USA) in peanut oil solution
once per day for 1014 consecutive days. Tamoxifen stock
solution was prepared and stored as previously described
(Feil et al. 2009). The animals were killed and the tissues
excised 8—10 weeks after the last tamoxifen treatment. In
the experiments, tissues from Racl knockout animals were
analysed in parallel with controls.

Western blotting

Tissues were frozen in N,, keptat —80°Cand homogenized
in an SDS lysis buffer. Aliquots were taken for protein
determination using the Bradford method and samples
(15-20 pg of protein) were separated on 12% precast
polyacrylamide gels (BioRad Laboratories, Hercules, CA,
USA). The protein bands were stained with rabbit poly-
clonal or mouse monoclonal primary antibodies (Racl:
C-14, sc-217, Santa Cruz, CA, USA; clone 23A8, EMD
Millipore, Darmstadt, Germany; GAPDH: FL-335, Santa
Cruz), and detected using chemiluminescence (Pierce’s
SuperSignal, Thermo Scientific, Waltham, MA, USA;
Amersham ECL Detection Reagent, GE Healthcare, Little
Chalfont, UK) on a GelDoc XR system (Bio-Rad, Hercules,
CA, USA) or on photographic film. Intensities were
evaluated using the Quantity One program (Bio-Rad).

Isometric force recordings

Smooth muscle preparations were mounted for isometric
force recording in a myograph setup (610M, DMT, Aarhus,
Denmark). The Krebs—Ringer solution was constantly
gassed with 95% O,/5% CO; to give a pH of 7.4 at 37°C.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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The segment length of the vessel preparations was about
2 mm and the weight of the UB and ileum strips was
about 0.75 mg. The vessel diameters were adjusted to the
optimal for active force generation in each preparation
(aorta: ~800 um, SA: ~230 pum, SMA: ~250 um). The
UB preparations were examined at a passive stress of
about 5.9 mN mm™ (length ~4 mm), which gives the
approximate optimal length in this tissue (Sjuve et al.
1998). The corresponding passive stress for the ileum pre-
parations was 1.9 mN mm~ (length: ~4.2 mm). After
mounting, the preparations were kept at optimal length for
30 min and then activated (5 min) with high-K* (80 mm
KCl) and relaxed (5 min) 2—3 times to ensure stability of the
contractile responses. The maximal force during the last
high-K* contraction was used to normalize subsequent
force responses in each experiment.

The Racl inhibitors (EHT1864 or NSC23766) and the
solvent control were added to the Krebs—Ringer solution
at different concentrations for 60 min, after the initial
recording of the high-K* responses. Four to eight pre-
parations were analysed in parallel, each treated with
one concentration of the inhibitor compound. After the
treatment period the tissues were activated, still in the
presence of the respective inhibitors or control, with
different agonists, high-K*, prostaglandin F2« (PGF2«),
phorbol-12,13-dibutyrate (PDBu), phenylephrine (aorta,
SMA, SA) and carbachol (ileum and UB). The maximal
force in response to the different agonists was normalized
to the initial high-K™ force, recorded in the absence of the
inhibitors. In separate series of experiments the effects
of the RhoA-kinase inhibitor Y27632 and the protein
kinase C (PKC) inhibitor GF103209x were examined.
These blockers were introduced 15 min prior to activation
with the contractile agonists.

The effects of EHTI1864 were investigated in
permeabilized UB tissue. Intact preparations were
mounted at 22°C, precontracted with 80 mm KCl in
Krebs—Ringer solution with composition adjusted for
22°C, to record an initial response, exposed to 0 or 10 uM
EHT1864 and again contracted. Thereafter they were
permeabilized for 2 h in relaxing solution with 1% Triton
X-100, rinsed in relaxing solution and activated with
contraction solution, all in the presence of the respective
EHT1864 concentration (0 or 10 puM). The relaxation
solution (—log (free [Ca**]) = pCa 9) contained (in mMm):
EGTA 6, Mg2+ 0.5, MgATP 5, phosphocreatine 15, ionic
strength (potassium propionate) 200, DTE 2, Mops 20
and 0.64 mg ml™' creatine kinase and had a pH 7.0.
The contraction solution (pCa 4.7) was made by replacing
EGTA with CaEGTA.

The preparations (SA, SMA and UB) from the
tamoxifen-treated transgenic mice were mounted as
described above. To examine if the passive and active
mechanical properties of the vessels were altered following
knockout of Racl, we determined the length—tension
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relationships of SMA and SA preparations using high-K*
activations at different degrees of stretch. The preparations
were shortened to near slack length and then stretched
in steps. Five minutes after each length change the pre-
parations were activated, relaxed and then stretched to
a new length. At each length the passive and maximal
active force were recorded. The maximal active tension
(force per segment length, mN mm™') of the artery
preparations was calculated by correcting for segment
length. The active stress (force per cross-sectional area,
mN mm™) was calculated in the bladder preparations
using the cross-sectional area calculated from preparation
length and weight using a density of 1.05 mg mm™. For
the vascular SA and SMA preparations the tissues were
fixed at optimal length (overnight in 2.5% glutaraldehyde
in 125 mM sodium cacodylate, pH 7.4), embedded in
araldite, sectioned and analysed using light microscopy
to determine the thickness of the smooth muscle layer in
the vessel wall.

Active stress per smooth muscle cross-sectional area was
calculated by dividing the wall tension with the thickness
of the smooth muscle layer.

Recording of intracellular calcium

Intracellular calcium ([Ca?*]i) oscillations were recorded
in the SA preparations using confocal imaging and Fluo-4,
as described previously (Rahman et al 2013). Intra-
cellular calcium was also determined in parallel with iso-
metric force as described previously (Arner et al. 1998;
Lucius et al. 1998). In brief, the saphenous artery was
cut into segments (~2 mm) and loaded with 10 um
Fura-2/AM, with 1% DMSO and 0.02% pleuronic F-127
for 2.5 h at 22°C, preceded by a 30 min incubation at
4°C. Prior to recording, the vessel segments were treated
with NSC23766 (100 uMm) or solvent control for 1 h. The
vessel segments were then mounted at optimal length in
Krebs—Ringer solution at 37°C (still in the presence of
NSC23766 or control, and gassed with 95% O,/5% CO,
to keep pH at 7.4) in a dual wire myograph with glass
windows (DMT) on an inverted microscope.

Recordings of the force and fluorescence signals for each
group of vessels (control and NSC23766 treated) were
made subsequently in the relaxed state (Krebs—Ringer
solution, 3 min), following receptor activation (2 uMm
phenylephrine or 10 um PGF2«, 5 min) and high-K*
(80 mm added to the solution with agonists and inhibitors
still present, 5 min). [Ca®"]; was analysed by averaging the
340/380 nm ratio during the last 30 s of each time period.
The force and ratio values are expressed relative to the
high-K™ activated levels.

Chemicals

EHT1864, NSC23766 and Y27632 were from Tocris
Cookson Inc. (Ellisville, MO, USA), GF109203X was
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from VWR International (Stockholm, Sweden), PGF2«
was from Cayman Chemical Co. (Tallin, Estonia),
phenylephrine, carbachol and PDBu were from Sigma
Aldrich (Stockholm, Sweden), and Fura-2 AM, Pluronic
F-127 and Fluo-4 AM were from Molecular Probes
(Carlsbad, CA, USA).

Statistics

Mean values == SEM are shown with n-values. Student’s
t test for unpaired data was used to test for differences
between groups with P < 0.05 considered significant.
All data analysis, curve fitting and statistical analysis was
made using SigmaPlot 8 for Windows (Systat Software
Inc., Chicago, IL, USA).

Results

Effects of NSC23766 on contractions initiated by
membrane depolarization, PKC activation and
receptor agonists

We examined the effects of NSC23766 on vascular (aorta,
SA, SMA) and visceral (UB, ileum) smooth muscle tissues
and applied a range of agonists. A primary focus was
on comparing the effects in a visceral and an arterial
smooth muscle tissue (UB and SA). Figure 1A shows
original recordings of active force in the two tissues before
and after incubation for 60 min with or without 30 uM
NSC23766. The contractions initiated by depolarization
(high-K*) were not affected by NSC23766 in either tissue,
as seen by the similar amplitude of the KCl-induced
contractions before and after incubation. In contrast, the
aq-adrenergic receptor responses (10 uM phenylephrine)
were significantly inhibited in the vascular preparations.
The contraction of the artery induced by PKC activation
(1 um PDBu) was potentiated by NSC23766. In the UB
the muscarinic receptor response (10 uM carbachol) was
inhibited to a small extent. Figure 1B and C shows the
concentration dependence of the NSC23766 effects in
the SA and the UB, respectively. NSC23766 promptly
inhibited the o; adrenergic receptor responses, induced
by phenylephrine in the artery to near zero force. By
fitting a hyperbolic equation we estimated the ECsg
for NSC23766 inhibition (the concentration giving half
maximal effect) as 12 £ 1 uM (n = 4) in the vessel. For
the muscarinic receptor responses in the UB the highest
dose (100 puM) inhibited force by 50-25% consistent
with a markedly higher ECsy possibly also including
and unspecific effect at higher doses. PDBu only elicited
contractions in the vascular tissue. Higher concentrations
of NSC23766 potentiated PDBu-induced contractions.
These results show that NSC23766 specifically inhibits
aq-adrenergic receptor responses with an ECsy of about
10 M.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Responses to depolarization were unaffected. At higher
doses NSC23766 inhibited muscarinic responses in
visceral muscle and potentiated PKC-induced contra-
ctions in the vessels.

Corresponding results, with NSC23766-induced
inhibition of «; adrenergic receptor responses and
potentiation of PDBu-induced contraction in arterial
muscle and minor effects on muscarinic responses in
visceral muscle, were observed in the aorta, mesenteric
microartery and ileum smooth muscle preparations
(supplementary Fig. S1)

Effects of NSC23766 on the dose dependence of
phenylephrine, carbachol and PGF2«

We extended the analysis to study the effects of NSC23766
on phenylephrine and carbachol sensitivity in more
detail, and the effects on PGF2«a responses. The o,
adrenergic (Fig. 2A, artery) and muscarinic (Fig. 2C,
bladder) receptor responses were clearly inhibited by
NSC23766 (100 um, cf. Fig. 1). In contrast, NSC23766
significantly potentiated the contractile responses to
PGF2« (Fig. 2B, artery; Fig. 2D, bladder) in both tissues.
The summary results (Fig. 2E-H) show that NSC23766
has different effects depending on the mode of activation.
It shifts the phenylephrine sensitivity towards higher
concentrations and inhibits the maximal tension of both
phenylephrine- and carbachol-induced contractions with
an EC5q of 10-30 uM. By contrast, NSC23766 potentiates
the PGF2« responses (Fig. 2F and H) and shifts the
sensitivity towards lower concentrations. In the blood
vessel, the half-maximal effect for the potentiating action
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of NSC23766 on PGF2a responses was observed at
an NSC23766 concentration of about 10-30 um. In
the UB, NSC23766 inhibited the maximal responses
to carbachol (cf. Fig. 1C) and potentiated the PGF2«
responses (Fig. 2H). The PGF2« responses were phasic
in the bladder and difficult to quantify, but the pattern
with NSC23766-induced potentiation of PGF2« responses
resembled that observed in the SA. In a separate series,
we also examined the effects on contractile responses to
U46619 in the SA.

NSC23766 lowered the ECsqg for U46619 in a similar
manner as for PGF2a (Control: ~0.1 um; NSC23766:
~0.03 um; U46619, n=3).In summary, these results show
that the NSC23766 inhibition is associated with a shift in
the dose—response relationship of phenylephrine towards
higher concentrations. At the same time it increases the
PGF2o and U46619 agonist sensitivities. Its inhibitory
effect on muscarinic receptor responses in the bladder
is associated with a decreased maximal amplitude of the
carbachol responses with a minor dose-dependent effect.
Note that the inhibitory effect of NSC23766 in the visceral
muscle occurred at comparatively high concentrations
and that unspecific effects at the higher doses cannot be
excluded.

To further explore the interaction between Racl
signalling, and PKC- and RhoA-mediated effects on
contraction, we used GF109203x (Toullec et al. 1991)
and Y27632 (Ishizaki et al. 2000) to inhibit the PKC
and RhoA/Rho kinase pathways, respectively. We focused
on the inhibitory and potentiating effects of NSC23766
on adrenergic and prostaglandin responses in the
SA. Exposure to 1 uM GF109203x (which inhibits a
contraction induced by 1 umM PDBu in aorta by more
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Figure 1. Effects of NSC23766 on active contractions of saphenous artery and urinary bladder

A, original recordings of force responses in mouse saphenous artery (SA) and urinary bladder (UB) preparations,
first activated with depolarization (KCl) then incubated without (Con) or with 30 um NSC23766 (NSC) for 60 min,
thereafter again activated with KCl and with agonists (SA: 10 um phenylephrine (PE) and 1 um PDBu; UB: 10 um
carbachol (CCh) and 1 um PDBu). B and C, NSC23766 dose—response relationships for saphenous artery (B) and
urinary bladder (C). The force values are normalized to the initial contractile response induced by KClI prior to the
60 min incubation period. Open circles show the responses to high-K*, filled circles phenylephrine (10 um, B),
filled squares carbachol (10 um, €) and open triangles (PDBu (1 M, B), n = 4 in each group.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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then 90%; Davis et al. 2012) inhibited the responses
to phenylephrine (Fig. 3A) and to PGF2« (Fig. 3B),
by 40 and 60%, respectively. This shows that PKC
is recruited following activation of these two receptor
pathways. However, when 100 uM NSC23766 was added
in the presence of 1 uM GF109203x, it still inhibited
the phenylephrine-induced contraction (filled squares,
Fig. 3A) and potentiated the PGF2w-induced contraction
(filled squares, Fig. 3B). These results show that the
inhibitory and potentiating effects of NSC23766 do not
involve actions via the PKC pathway.

Rho kinase inhibition with Y27632 significantly
attenuated the responses to phenylephrine (Fig. 3C)
and to PGF2« (Fig. 3D) with a maximal inhibition of
about 75 and 90%, respectively. Rho kinase activation
is thus essential for the contractile responses to both
these agonists. Since the Y27632 effects (Rho kinase)
are so prominent it is difficult to dissect a specific
inhibitory action of NSC23766 on this pathway and
consequently we did not combine Y27632 and NSC23766
on the phenylephrine-induced contractions. As seen in
Fig. 3D, a potentiating effect of NSC23766 was observed
atall intermediate Y27632 concentrations following PGF«
activation. It has been shown that NSC23766 does not
block Rho (Gao et al. 2004). Since Rho kinase inhibition
has an inhibitory effect on both phenylephrine and PGF2«
responses, it seems unlikely that an effect of NSC23766 on
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the Rho/Rho kinase pathway is a common mechanism for
both the potentiating and the inhibitory effects.

Effects of Rac1 gene ablation on smooth muscle
contractions induced by membrane depolarization
and agonist stimulation

We examined the expression of Racl in a range of smooth
muscle tissues and identified the protein with Western
blotting in arterial (aorta, mesenteric artery, mesenteric
microartery and SA) and visceral smooth muscle (UB
and small intestine). We generated smooth muscle-specific
conditional knockout mice for Racl and examined the
effects of Racl gene knockout in UB and SA smooth
muscle tissues. Two groups, both treated with tamoxifen,
were compared: knockout (KO), i.e. animals carrying Cre
with conditional expression, and loxP flanked Racl genes
and controls, i.e. animals with only Cre. No significant
differences could be observed in body weight in either sex
(Control male: 36.78 & 1.8 g, n =8, female: 24.55 £ 0.86 g,
n = 3; KO: male: 32.66 £+ 0.82 g, n = 6, female:
24.67 £ 0.98 g, n = 5), heart/body weight ratio (Control:
43+0.15mgg ', n=11;K0:4.2+0.1mgg "', n=11)or
UB weight (Control: 28.9 + 2 mg, n=5; KO: 28.7 £ 2.4 mg,
n=>5).

Western blotting analysis (Fig. 4A and D) showed
approximately 30 and 50% reduction of Racl in the
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Figure 2. Effects of NSC23766 on agonist induced contractions of saphenous artery and urinary bladder
A-D, original recordings of dose—response relationships in mouse saphenous artery (A, phenylephrine (PE); B,
PGF2a) and urinary bladder (C, carbachol (CCh); D, PGF2«) in the absence (upper traces) and presence (lower
traces) of 100 um NSC23766. E-H, summary data for the different agonists in saphenous artery (€, F) and urinary
bladder (G, H). The force data are expressed as a percentage of an initial high-K* contraction in the absence
of NSC. Open circles, controls; filled triangles, 10 um NSC23766; filled squares, 30 um NSC23766; filled circles,

100 um NSC23766; n = 4-5 in each group.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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SA and UB in the KO group. Circumference—tension
relationships of SA preparations from control and KO
animals are shown in supplementary Fig. S2. The active
tension at optimal length in response to high-K* was
lower in the KO group. No difference was observed in
the optimal circumference for active tension (Control:
847 4+ 18 pum; KO: 854 + 60 um, n = 6) and in
the passive tension at optimal circumference (Control:
1.16 &+ 0.09 mN mm™!; KO: 1.00 = 0.08 mN mm™!,
n = 6). Active tension at optimal length in response to
activation with high-K* (Control: 2.96 & 0.19 mN mm™;
KO: 1.81 £ 0.15 mN mm™!, P < 0.001, n = 11),
phenylephrine (Control: 3.73 4+ 0.31 mN mm™!; KO:
2.75 £ 0.3 mN mm~', P < 0.05, n = 11) and PDBu
(Control: 1.9+ 0.22mNmm~K0:1.3+0.17mNmm™',
P < 0.05, n = 9) was significantly lower in the SAs
of KO animals. To examine whether the lower wall
tension in the arterial preparations of the KO animals
was due to a difference in wall thickness we determined
the thickness of the media layer at optimal length using
morphometry (media thickness, control: 17.2 £ 1.2 um;
KO:15.8 0.7 um, n = 4) and calculated active stress (i.e.
force per unit smooth muscle area). These active stress
values were significantly lower in the SA preparations of
the KO group, when activated with high-K* (Fig. 4B).
When activated with phenylephrine the mean active
stress was lower but not significantly so (Fig. 4C). In
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the bladder preparations, active stress generated by both
high-K* and carbachol responses was significantly lower
(Fig. 4Eand F). In general the knockout of Rac1 in smooth
muscle resulted in a lower active force affecting both
high-K* and receptor agonist activation.

Effects of EHT1864 on contractions induced by
membrane depolarization, and by «¢-adrenergic and
muscarinic agonists

Figure 5A shows original recordings of force induced
by various modes of activation in the presence and
absence of 10 uM EHT1864 in SA (upper traces) and
UB (lower traces) preparations. EHT1864 inhibited the
contraction induced by all agonists in both tissues.
The summary data show that EHT1864 (1-100 uM)
concentration-dependently inhibited the agonist- and
high-K*-induced contractions in the two tissues (Fig. 5B
and C). Similar results were observed in the aorta,
SMA and ileum preparations (supplementary Fig. S3)
The half-maximal responses were observed between 1
and 10 uMm. These results show that the Racl inhibitor
EHT1864 has a broader inhibitory effect on different
modes of activation and tissues compared with NSC23766.
EHTI1864 (10 uM) inhibited the contractions induced by
(10 um) PGF2w in the SA (n = 3), by about 90%.
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To examine possible direct effects of EHT1864 on
the contractile machinery we examined the effects in
permeabilized UB tissue. The preparations were first
examined in the intact state and we recorded high-K*
responses before and after a 60 min incubation with
0 or 10 um EHT1864. The high-K™ responses were
significantly (P < 0.001) inhibited in the presence of
EHT1864 (Control: 95 & 2%, n = 8; EHT1864: 51 &£ 2%,
n = 6; relative to initial high-K* response). The tissues
were then permeabilized and activated at maximal Ca**
(pCa 4.7), in the presence or absence of EHT1864. The
contractile responses of the permeabilized preparations
were similar in the two groups (Control: 38 £ 5%, n = 8§;
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EHT1864: 37 & 6%, n = 6%; relative to initial high-K*
response). These results show that EHT1864 does not
cause non-specific contractile failure, but rather acts on
upstream pathways lost during the Triton X-100 skinning
process. A significant effect of EHT1864 on the myo-
sinlight chain phosphorylation/dephosphorylation would
have affected the response of skinned fibres, and in view
of the significant effects on intracellular Ca’" levels in
the Ca’" measurements we did not, within this study,
further examine potential effects on the Ca®" sensitivity
modulation using other permeabilization techniques and
varied Ca®" levels. It is thus still possible that the effects
of Racl inhibition also include a component of Ca**
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Figure 5. Effects of EHT1864 on active contractions of saphenous artery and urinary bladder

A, original recordings of contractile responses in mouse saphenous artery (SA) and urinary bladder (UB) in the
presence of EHT1864 (EHT) and solvent control (Con). Band C, EHT1864 dose-response relationships for saphenous
artery (B) and urinary bladder (C). The force values are normalized to the initial contractile response induced by KCI
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sensitization/desensitization in addition to the effects on
the Ca?* transient.

Effects of Rac1 inhibitors on intracellular calcium
transients induced by phenylephrine and PGF2«

Using confocal microscopy we found that 10 um EHT1864
or 100 uM NSC23766 reversibly inhibited intracellular
Ca’* oscillations in phenylephrine- and PGF2a-activated
SAs (from about 2-3 to about 0.1 waves per minute
and cell). We then proceeded with combined force and
Ca** measurements using Fura-2. Figure 6A-D shows
original traces from simultaneous recordings of force
and [Ca’*]; with and without 100 uM NSC23677. The
arterial segments were loaded with Fura-2 and activated
by agonists (2 um phenylephrine or 10 um PGF2«x). At
the plateau of contraction high-K* was added. NSC23766
inhibited phenylephrine-induced contractions (Fig. 64,
lower trace and Fig. 6E), which was correlated with
decreased [Ca®"] (Fig. 6B, lower trace and Fig. 6F). Both
force and [Ca?*] increased in high-K™ when introduced
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at the plateau of the agonist response, in both the presence
and the absence of NSC23766. NSC23766 potentiated
PGF2w-induced force generation (Fig. 6C, lower trace
and Fig. 6G). However, [Ca’"] levels during PGF2«
activation were lower in NSC23766 (Fig. 6D, lower trace
and Fig. 6H). These results show that the inhibitory action
of NSC23766 on «; receptor responses can be correlated
with an attenuated Ca?* transient. Potentiation of the
PGF2a responses occurred at lower [Ca**], suggesting an
increased Ca’™ sensitivity.

Discussion

We show that Racl is expressed in both arterial and
visceral smooth muscle and has an essential role in
regulating the contraction, probably via a modulation
of the level of activator Ca’". EHT1864 is an inhibitor
of Racl activity, via action on the nucleotide binding
site (Shutes et al. 2007) and thereby affects the
interaction between Racl and its downstream targets.
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Figure 6. Effects of NSC23766 on force and Ca2*-transients in saphenous artery

Original recordings of force (A and C) and intracellular calcium levels (B and D) in the mouse saphenous artery.
Force is shown in arbitrary units and intracellular Ca2* as a ratio between emitted intensities at 340 and 380 nm.
The ratio data were smoothed using a Gaussian weight function and a quadratic fit as implemented in SigmaPlot
8. Upper and lower traces show recordings in the absence and presence of 100 um NSC23766, respectively.
Contraction was induced with receptor agonists (first arrow in each trace): 2 um phenylephrine (A and B) or
10 um PGF2« (C and D). After 5 min exposure to the receptor agonists, 80 mm KCl was added (second arrow).
E-H, summary force and [Ca?*] data (F and F, phenylephrine; G and H, PGF2«) normalized to values in high-K=.
Open bars show high-K*-induced force and calcium signals; filled and hatched bars show the agonists-induced
responses (Phen/PGF2a) in the absence (hatched) and presence (filled) of 100 um NSC23766); n = 4-5 in each

group.
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EHT1864 almost completely blocks active tension
generation of all smooth muscles examined, in response
to a range of agonists. This inhibition is reversible.
Experiments on skinned fibres showed that the effect
of EHT1864 cannot simply be fully explained by an
irreversible structural reorganization or major effects on
myosin light chain phosphorylation/dephosphorylation.
We cannot, however, at present fully exclude a
contribution via Ca’"  sensitization/desensitization
mechanisms. The absence of EHTI1864 effects
in permeabilized tissue shows that Racl, or a
Racl-dependent process, affecting tension, is lost
during permeabilization or that the high and controlled
Ca’?* level in the permeabilized muscle bypasses the
action of Racl. The Ca?’* measurements in the intact
tissue are consistent with the latter hypothesis, and
suggest that Ca®" mobilization is an important target
for Racl. Phospholipase C-p2 (PLC-B2) has been shown
to be an effector of Racl (Jezyk er al. 2006; Harden
et al. 2009), and inhibition of PLC could affect the Ca**
mobilization. However, Rac1 effects on PLC do not seem
to be the sole mechanism, since depolarization with
high-K*, PKC activation and receptor agonist stimulation
(phenylephrine, carbachol and PGF2«) are all affected
by EHT1864, suggesting that Racl activity affects a
common step in their signalling pathways, downstream
of receptor activation, depolarization and PKC. Receptor
agonists, depolarization and PKC activation lead to influx
of Ca’" via L-type Ca** channels (Ekman et al. 2006;
Snetkov et al. 2006; Rahman et al. 2007; Mukherjee et al.
2013), in addition to Ca®" release and sensitization of
the contractile activation systems. To our knowledge, the
effects of Racl on L-type channel activity have not been
examined in smooth muscle. However, cardiac L-type
channels are proposed to be activated by RhoA (Yatani
et al. 2005), and one possibility is that Racl is required
for function or activation of the smooth muscle L-type
Ca’* channels.

This might involve direct effects or be secondary to
other Racl targets. A cross-talk with RhoA (Sander et al.
1999; Burridge & Wennerberg, 2004; Rosenfeldt et al.
2006) cannot be excluded. However, Rac1 seems to inhibit
RhoA activity, which is not consistent with our results that
inhibition of Racl inhibits the Ca®* transient. We cannot,
at present, determine if Racl is constitutively active or if it
is activated in response to the different agonists discussed
above. It might be difficult to find a common signalling
pathway recruited by PKC, membrane depolarization
and the receptors. Calcium/calmodulin-dependent kinase
has been shown to affect RacGEFs in some cell types
(Penzes et al. 2008). One intriguing possibility is that Racl
activation in smooth muscle includes a Ca?"-dependent
pathway whereby a small mobilization of Ca** activates
Racl to enable a larger increase in activator Ca** via sub-
sequent Racl activation of membrane influx.
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Knockout of Racl, wusing conditional smooth
muscle-specific Racl knockout mice, showed that a 50%
loss of the protein in the tissue results in a significant
decrease in the contractile responses to different agonists
in smooth muscle. This is consistent with the results
of experiments with EHT1864, which show that Racl
activity is required for contractile activation of smooth
muscle. Our mechanical data from the microarteries of
these knockout animals do not reveal any major changes
in vascular diameter or in the passive properties of the
vessels, excluding any major remodelling of the vessels
during the 8-10 week period after induction of cre and
ablation of Racl. The similar heart/body weight and UB
weight suggest that the lowering of Racl activity in the
smooth muscle tissue does not introduce major changes
in the cardiovascular system or UB structure. It is possible
that compensatory mechanisms maintain body homeo-
stasis and that further in vivo analysis, beyond the scope
of this study, might reveal more subtle changes in animal
physiology associated with the lowering of Racl.

Our second pharmacological approach was to apply
NSC23766, a blocker of the upstream interaction between
Racl and GEFs (mainly Tiaml and Trio). Using this
compound we identified a specific pathway from the
al- and FP (prostaglandin) receptors, to Racl activation
and to the Ca** influx. Interference with this GEF/Racl
interaction is sufficient to block both phenylephrine- and
PGF2a—mediated activation of Ca*" influx. This shows
that both the o} adrenergic and FP receptors use the Racl
signalling to activate the receptor-operated Ca?" influx.
This can explain the inhibition of phenylephrine-induced
contractions in the presence of NSC23766. However, the
PGF2« responses were potentiated, which cannot simply
be explained by Ca®" changes. An additional Racl effect
that inhibits the Ca?" sensitization, possibly via effects on
RhoA or other steps in the Ca?" sensitization pathway,
has to be included. The difference between the NSC23766
effects on phenylephrine and PGF2« responses might
reside in the relative recruitment of different sensitizing
pathways.

Since Racl can affect endothelial signalling (Sauzeau
etal.2010), a contribution from endothelial factors cannot
be excluded in the arteries.

In summary, this is the first study showing a key role
of Racl signalling in the activation of smooth muscle
contraction. Specifically, we conclude that Racl is required
for Ca’" influx, a pathway recruited for several modes
of activation. Details of the link between Racl and the
Ca** channels, as well as the mechanisms by which the
Racl pathway is activated by different agonists, remain to
be elucidated. The latter could include Ca?*-dependent
activation of Racl. We have further identified two
receptors (the ay-adrenoceptor and the FP-prostaglandin
receptor) that activate Racl via a separate mechanism,
probably via specific GEFs and shown that inhibition

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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of this pathway reveals differences in Ca*" sensitization
mechanisms between the two receptors.
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