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1 Caveolin-1 is a plasma membrane-associated protein that is responsible for caveolae formation.
It plays an important role in the regulation of the function of different signaling molecules, among
which are the different isoforms of nitric oxide synthase (NOS).

2 Nitric oxide (NO) is known to be an important inhibitory mediator in the mouse gut. Caveolin-1
knockout mice (Cav1�/�) were used to examine the effect of caveolin-1 absence on the NO function in
the mouse small intestine (ileum and jejunum) compared to their genetic controls and BALB/c
controls.

3 Immunohistochemical staining showed loss of caveolin-1 and NOS in the jejunal smooth muscles
and myenteric plexus interstitial cells of Cajal (ICC) of Cav1�/� mice; however, nNOS immunoreactive
nerves were still present in myenteric ganglia.

4 Under nonadrenergic noncholinergic (NANC) conditions, small intestinal tissues from Cav1�/�

mice relaxed to electrical field stimulation (EFS), as did tissues from control mice. Relaxation of
tissues from control mice was markedly reduced by N-omega-nitro-L-arginine (10�4M), but relaxation
of Cav1�/� animals was affected much less. Also, Cav1�/� mice tissues showed reduced relaxation
responses to sodium nitroprusside (100mM) compared to controls; yet there were no significant
differences in the relaxation responses to 8-bromoguanosine-30 : 50-cyclic monophosphate (100 mM).
5 Apamin (10�6M) significantly reduced relaxations to EFS in NANC conditions in Cav1�/� mice,
but not in controls.

6 The data from this study suggest that caveolin-1 gene knockout causes alterations in the smooth
muscles and the ICC, leading to an impaired NO function in the mouse small intestine that could
possibly be compensated by apamin-sensitive inhibitory mediators.
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Introduction

Caveolins are 21–24 kDa integral membrane proteins that have

been identified as principal components of caveolar mem-

branes in vivo (Rothberg et al., 1992; Chang et al., 1994).

Caveolins insert into the inner leaflet of plasma membrane

in the form of homo-oligomers to form the characteristic

flask-shaped caveolae (Sargiacomo et al., 1995). Caveolin-1 is

essential for caveolae formation in adipocytes, endothelial

cells, pneumocytes, fibroblasts, and smooth muscles (Scherer

et al., 1994; Tang et al., 1996). Full-length caveolin-1 contains

three domains: a 101-residue N-terminal domain, a 33-residue

membrane spanning region, and a 44-residue C-terminal

domain (Scherer et al., 1995). A 20-aminoacyl residue domain

(residues 82–101), the caveolin scaffolding domain, recognizes

a caveolin-binding motif in proteins interacting with caveolin-

1. The caveolin scaffolding domain and its consensus sequence

are absolutely conserved from chicken to human (Couet et al.,

1997). Among the signaling molecules that contain the

caveolin-binding motif are heterotrimeric G-proteins, H-Ras,

Src family tyrosine kinases, protein kinase C isoforms, and

nitric oxide synthase (NOS) isoforms (Engleman et al., 1998;

Okamoto et al., 1998; Smart et al., 1999; Felly-Bosco et al.,

2000; Sato et al., 2004).

The binding and interaction between caveolin-1 and NOS

has been extensively studied in the endothelium (Garcia-

Cardena et al., 1996a; 1997; Ju et al., 1997). In vitro interaction

between caveolin-1 and endothelial NOS (eNOS) inhibits

eNOS activity (Ju et al., 1997). Moreover, eNOS is directly

targeted to the caveolar domains of the plasma membrane via

post-transcriptional palmitoylation (Garcia-Cardena et al.,*Author for correspondence; E-mail: edaniel@ualberta.ca
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1996b). In vivo studies have also shown that caveolin-1 is an

important negative modulator of eNOS (Bucci et al., 2000).

However, it has been shown that the stimulated production of

NO becomes optimal only when eNOS is correctly targeted

into the caveolae. That is because the mutation that blocked

the N-terminal palmitoylation of eNOS and its subsequent

targeting to the caveolae has led to the prevention of NO

release upon stimulation (Feron et al., 1996). In addition,

different studies have examined the interaction between

caveolin-1 and other NOS isoforms (Garcia-Cardena et al.,

1997; Michel et al., 1997; Venema et al., 1997; Salapatek et al.,

1998a; Segal et al., 1999; Felly-Bosco et al., 2000; Cho &

Daniel, 2005). Binding to caveolin-1 has been shown to inhibit

NO production in neuronal NOS (nNOS) (Venema et al.,

1997) and inducible NOS (iNOS) (Felly-Bosco et al., 2000).

In mouse intestine, studies in our laboratory have shown

that the disruption of caveolae and caveolin-1 in the smooth

muscles and interstitial cells of Cajal (ICC) with methyl-b-
cyclodextrin reduced pacing frequencies and inhibited paced

contractions (Daniel et al., 2004). This suggests the importance

of caveolin-1 and caveolae in the control of mouse gut

motility. In addition, co-localization between caveolin-1 and

myogenic NOS, a splice variant of nNOS (Huber et al., 1998),

was shown in smooth muscles and ICC in the jejunum and

lower esophageal sphincter of wild-type mice (Cho & Daniel,

2005). This supports a possible role for caveolin-1 in the

regulation of nNOS activity in the murine small intestine.

However, disruption of caveolin-1 and caveolae did not appear

to affect cholinergic innervation to the mouse intestine (Daniel

et al., 2004).

Caveolin-1 knockout mice (Cav1) lack morphologically

identifiable caveolae in tissues known to express caveolin-1

(Razani et al., 2002). Cav1 show a number of abnormalities:

defects in caveolar endocytosis, lung hypercellularity, de-

creased vascular tone, and atrophic fat pads (Razani et al.,

2002). In addition, caveolin-1 null cells and tissues exhibit

behaviors different from wild-type ones, showing defects in the

sorting of glycosyl phosphatidyl inositol (GPI)-anchored and

lipid-modified proteins (Sotgia et al., 2002). Studies of isolated

aortic rings from Cav1 suggested that, in these tissues, eNOS

retains a higher level of activity because caveolin-1, being one

of the regulatory component of eNOS action, is lacking (Drab

et al., 2001; Razani et al., 2001).

To date, no data are available to describe the effects of

caveolin-1 gene knockout on the NO function in mouse

intestine, where NO is involved as an inhibitory neurotrans-

mitter in all regions of the gut (Okasora et al., 1986; Satoh

et al., 1999), where the use of NOS inhibitors affects the

inhibitory mechanisms (Lyster et al, 1995; Spencer et al.,

1998a). Changes in NO function have a strong impact on

mechanical and electrical patterns in various gut preparations

(Azzena & Mancinelli, 1999; Mulè et al., 1999; Serio et al.,

2001; Mulè & Serio, 2002). Therefore, our aim in the present

study is to examine the effects of caveolin-1 gene knockout on

NO function in mouse small intestine.

Methods

All animal experiments were conducted according to a

laboratory animal protocol approved by our University

Animal Policy and Welfare Committee.

Functional studies

Preparation of tissue Male 6–8-weeks-old caveolin-1

knockout [(cavotm 1M Is4/J) (Cav1�/�)], and control [(B6

129 SF2/J) (Cav1þ /þ ) and BALB/c] mice (Jackson laboratory,

Bar Harbor, Maine, U.S.A.) were killed by cervical disloca-

tion. After opening of the abdominal wall, the digestive tract,

beginning from the level of the stomach to the rectum, was

removed from the mouse and immediately placed into a beaker

of Krebs–Ringer solution containing (in mM): 115.5 NaCl,

21.9 NaHCO3, 11.1 D-glucose, 4.6 KCl, 1.16 MgSO4, 1.16

NaH2PO4, and 2.5 CaCl2, at room temperature (21–221C), and

pre-equilibrated with carbogen (95% O2 and 5% CO2). In a

dissection dish, filled with Krebs–Ringer solution and con-

tinuously bubbled with carbogen, small intestinal tissue (ileum

and jejunum) was isolated and cut into 1–1.5 cm segments. The

intestinal content, if any, was pushed out by gently rubbing the

segments with dissection forceps. To study the longitudinal

muscle contractions, the tissue segments were placed between

two platinum concentric circular electrodes. Each segment was

tied to a hook at the bottom of the electrode holder by a silk

suture thread and the top of the tissue was also tied with

thread and attached to a strain gauge (Grass FT-03). The

muscle preparations were placed into muscle baths, filled with

10ml Krebs–Ringer solution, bubbled continuously through

the experiment with carbogen, and maintained at a tempera-

ture of 371C. The tissue was subjected to a slight tension, just

enough to obtain the maximum amplitude of spontaneous,

phasic activity. Tissue contractile activities were recorded on a

Grass Model 7D Polygraph.

Experimental protocols Nonadrenergic noncholinergic

(NANC) conditions were achieved by equilibrating in atropine

(10�7M), timolol (10�6M), and prazosin (10�6M) for 20min.

Electrical field stimulation (EFS) for 10 s (parameters:

50V cm�1 and 0.5ms) was carried out at 1, 3, 10, and 30

pulses per second (pps), with a 10-min interval between each

series. At the end of each experiment, all tissues were washed

twice with 10ml Ca2þ -free Krebs with 1.0mM EGTA. This

relaxed the tissues to basal passive tensions and abolished

spontaneous contractions.

Experimental procedures In some experiments, N-omega-

nitro-L-arginine (LNNA) at 100 mM was added to the tissue

bath following an EFS cycle at the four frequencies. A 20-min

incubation period was allowed, followed by another EFS cycle

at all frequencies. The inhibitory responses to EFS after

LNNA were compared to those before LNNA. Apamin, 1mM,
was added initially in some experiments and allowed a 20-min

incubation period with the tissue, followed by a cycle of EFS

at all frequencies. Pilot experiments with apamin showed that

clearer and more consistent results were obtained when

apamin was added before the first cycle of EFS. In these

experiments, the results were compared to time controls in

which the tissues were not pretreated with apamin. In some

of the apamin experiments (in Cav1�/� tissues), LNNA was

added after the first cycle of EFS and allowed a 20-min

incubation period, followed by another cycle of EFS at all

frequencies. These experiments were carried out in order to

examine the effect of the combination of LNNA and apamin

on EFS-induced relaxation.
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The effects of sodium nitroprusside (SNP) at 100 mM were

also evaluated, where SNP was added directly after the

equilibration period and the inhibitory effects were measured

when the relaxation to SNP was maximal. The SNP dose lies

at the just submaximal range. This dose was chosen as it gave

the clearest and most consistent responses and repetitive

dosing appeared to produce tachyphylaxis. Similarly, in some

experiments, 8-bromoguanosine-30 : 50-cyclic monophosphate

(BCGMP) at 100 mM was added directly after the equilibration

period. Due to the relatively slow permeability of BCGMP, its

inhibitory effect was measured after 5min. The BCGMP dose,

being in the submaximal range, was chosen so that a clear and

consistent response was obtained. In preliminary experiments,

repeated doses appeared to decrease in effect.

All the drugs used for functional experiments, with the

exception of apamin, were dissolved in double-distilled water.

Apamin was dissolved in 0.05M acetic acid. Acetic acid

(0.05M) alone, in the amount added (10 ml 10ml�1), did not

appear to affect the functional activity of the tissue.

Data analysis Amplitudes of the spontaneous contractions

and the inhibitory phases were measured as the values above

the passive tension determined at the end of the experiments.

They were measured as the mean of individual contractions

over at least 15 contractions. Inhibitions in response to EFS,

SNP, and BCGMP were calculated by normalizing the

amplitude in the inhibitory phase to the amplitude of the

muscle activity directly precedent to the inhibitory stimulus

(taken as 100%). The measurements were entered into

GraphPad Instat and statistically tested using analysis of

variance (ANOVA) with Bonferroni post hoc test (Po0.05

considered to be statistically significant). The n-values

represent the number of mice whose small intestine provided

segments for study.

Ultrastructural study

The jejunal tissue of BALB/c and Cav1�/� mice was pre-fixed

in a mixed fixative as described previously (Daniel et al., 2004)

for 2 h at 41C. The tissue was washed in 0.075M sodium

cacodylate buffer overnight at 41C. The tissue was dissected to

prepare a size of 1.0� 4.0mm2 and muscular layers were

separated from mucosa layers. The tissue was en bloc stained

in saturated (1%) uranyl acetate in 70% ethanol for 1 h at

room temperature, post-fixed in 1% OsO4 in 0.05M sodium

cacodylate buffer (pH 7.4) for 2 h at 41C, dehydrated in

graded ethanol and propylenoxide, and embedded in

TAAB 812 resin. Ultra-thin sections were cut, mounted on

100- or 300-mesh grids coated with 0.25% formvar solution

in ethylene dichloride, and stained with 13% uranyl acetate in

50% ethanol and lead citrate. The grids were examined in

a Philips 410 electron microscope equipped with a charge-

coupled device camera (MegView III) at 80 kV.

Immunohistochemical studies

Cryosections Jejunal tissues from three Cav1�/� mice were

prepared as cryosections. The tissues were opened along the

mesenteric border and pinned on a petri dish of Sylgard silicon

rubber filled with oxygenated ice-cold Krebs–Ringer’s solu-

tion. The tissues were fixed in ice-cold 4% paraformaldehyde

in 0.1M sodium phosphate buffer (PB; pH 7.4) for 4 h at room

temperature, cryoprotected in 30% sucrose in PB including 0.1

NaN3 overnight at 41C, and then stored at �801C until used.

Cryosections of 10mm thickness were obtained using a cryostat

(Leitz 1720 digital cryostat, Germany). The cryosections were

attached to a slide glass coated with 2% 3-aminopropyl-

triethoxysilane in acetone, and were dried overnight at 41C.

The dried cryosections were used for double immunohisto-

chemistry.

Whole-mount preparations Jejunal tissues from five

Cav1�/� and five Cav1þ /þ mice were prepared as whole-

mount preparations. The tissues were opened along the

mesenteric border, stretched, and pinned on a petri dish of

Sylgard silicon rubber filled with oxygenated ice-cold Krebs–

Ringer’s solution. The tissues were fixed in the same fixative

used for cryosections for 4 h at room temperature. The fixed

tissues were washed in ice-cold phosphate-buffered saline

(PBS; 0.85 NaCl in 0.01M sodium PB, pH 7.0) eight times

(once every 30min), dehydrated in dimethylsulfoxide (DMSO)

three times (once every 10min), rehydrated in PBS three times

(once every 15min), and stored in 30% sucrose in PBS

including 0.1% NaN3 at 41C. The fixed tissues were cut to

make specimens of 1.0� 1.5 cm2 (circular muscle

layer� longitudinal muscle layer) by a dissection knife. In

each specimen, muscular layers (circular and longitudinal

muscle layers) were separated from the mucosa layers (mucosa

and submucosa layers). To obtain myenteric plexus attached

to longitudinal muscle layer, the circular muscle fibers were

peeled away by tweezers. All micro-dissections were carried

out under a dissection microscope and the separated specimens

were used for double immunohistochemistry.

Double immunohistochemical staining using cryosec-
tions The cryosections were washed in 0.3% Triton X-100

(TX-100) in PBS three times (once every 15min). The

cryosections were incubated in 10% normal donkey serum to

reduce nonspecific binding for 1 h at room temperature.

Primary antibodies: Mouse anti-caveolin-1, guinea-pig anti-

rat nNOS with COOH-terminal epitope (nNOS-C), and rabbit

anti-rat nNOS with NH2-terminal epitope (nNOS-N) were

incubated for 19–20 h at 41C or room temperature. The

cryosections were washed in 0.3% TX-100 in PBS three times

(once every 15min) and then incubated in secondary

antibodies, Cy3-conjugated donkey anti-mouse IgG, FITC-

conjugated donkey anti-guinea-pig IgG, and Alexa Fluors

488-conjugated goat anti-rabbit IgG for 1 h at room tempera-

ture. The cryosections were washed in 0.3% TX-100 in PBS

twice (separated by 15min) and then washed in PBS without

TX-100 once after 15min. The cryosections were mounted

with aqua-mount medium with antifading agents.

Immunohistochemical staining using whole-mount prepar-
ations To improve antibody penetration, the separated

specimens were incubated in PBS including 0.5% TX-100

in PBS for 1 h at room temperature. The specimens were

incubated in normal serum (10% normal goat serum of the

final incubation volume) or mixed normal sera (10% normal

goat serum and 10% normal donkey serum of the final

incubation volume) in 0.5% TX-100 in PBS for 1 or 2 h at

room temperature to reduce nonspecific binding proteins. The

rabbit anti-rat nNOS with NH2-terminal epitope was used at

a concentration of 1 : 100, the mouse anti-HuC/HuD neural
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protein (HuC/D) was used at a concentration of 1 : 200, and

the rabbit anti-vimentin was used undiluted. The specimens

were incubated in the rabbit anti-vimentin or mixed primary

antibodies (rabbit anti-nNOS and mouse anti-HuC/D) in

0.5% TX-100 in PBS into a 24-well tissue culture plate for

three nights at 41C. The specimens were washed in 0.5% TX-

100 in PBS three times (once every 15min) and then incubated

for 3 h at room temperature with Alexa Fluors 488-conjugated

goat anti-rabbit IgG or mixed secondary antibodies: Alexa

Fluors 488-conjugated goat anti-rabbit IgG and Alexa Fluors

405-conjugated goat anti-mouse IgG. The specimens were

washed in 0.5% TX-100 in PBS twice (separated by 15min),

washed in PBS once after 15min, and then mounted with

aqua-mount medium. All primary antibodies were reconsti-

tuted in distilled water according to the reconstitution protocol

from the maker.

To determine the specificity of immunostaining of cryo-

sections and whole-mount preparations, primary antibodies

were omitted.

Confocal images The immunofluorescent-labeled cryo-

sections and whole-mount preparations were observed by

confocal laser-scanning microscope (CLSM 1500, Zeiss Co.,

Germany) with one- or two-photon lasers. In whole-mount

preparations, HuC/D-immunoreactive cells, labeled with

Alexa Fluors 405, were originally blue. However, the blue

was converted to red to show yellow colour upon co-

localization with nNOS-N-immunoreactive cells labeled with

Alexa Fluors 488 (green). The resolution of the confocal

images obtained from cryosections and whole-mount prepara-

tions was originally 512� 512 pixels, and then the images were

edited and enhanced by LSM 5 and Adobe PhotoShop

software.

Morphometric study nNOS-N-immunoreactive (nNOS-N-

IR) cells and HuC/D-immunoreactive (HuC/D-IR) cells in

myenteric ganglia were counted independently by two persons

(WJC and EED) to be analyzed statistically (contingency

analysis). Only nNOS-N-IR cells with immunostaining in their

cytoplasm brighter than glial cells and background staining

were counted.

Materials

Atropine, timolol (as maleate salt), prazosin hydrochloride,

LNNA, SNP, BCGMP, and apamin were purchased from

Sigma (Oakville, ON, Canada). Apamin was dissolved in

0.05M acetic acid. Tweezers were purchased from WPI Inc.

(FL, U.S.A.). The mouse anti-caveolin-1 was from BD

Biosciences (U.S.A.). The guinea-pig anti-rat nNOS with

COOH-terminal epitope and the rabbit anti-rat nNOS with

NH2-terminal epitope were from Euro-Diagnostica (Malmö,

Sweden). The mouse anti-HuC/HuD neural protein, Alexa

Fluors 488 goat anti-rabbit IgG, and Alexa Fluors 405 goat

anti-mouse IgG were from Molecular Probe (OR, U.S.A.).

The rabbit anti-vimentin was from Abcam, Inc. (MA, U.S.A.).

Cy3-conjugated donkey anti-guinea-pig IgG and Cy3-conju-

gated donkey anti-mouse IgG were from Jackson Immuno

Research Laboratories, Inc. (PA, U.S.A.). FITC-conjugated

donkey anti-guinea-pig IgG was from Research Diagnostics,

Inc. (NJ, U.S.A.). Uranyl acetate, OsO4, and TAAB 812 resin

were purchased from Marivac, Inc. (Montreal, Quebec,

Canada). Lead acetate was purchased from TAAB Lab.

(Aldermaston, U.K.). Mesh grids and formvar solution in

ethylene dichloride were purchased from Electron Microscopy

Sciences (PA, U.S.A.). DMSO was purchased from Caledon

Laboratories Ltd (ON, Canada). 3-aminopropyltriethoxy-

silane was purchased from Sigma (St Louis, MO, U.S.A.).

Tissue culture plates were purchased from ICN Biomedicals,

Inc. (OH, U.S.A.). Aqua-mount medium was purchased from

Biomeda (CA, U.S.A.).

Results

Ultrastructural study

In order to confirm that Cav1�/� mice lacked caveolae in their

small intestinal smooth muscles, ultrastructural examination of

the longitudinal muscles was carried out using the electron

microscope. Previous work in our laboratory has demon-

strated that ICC and smooth muscles of mouse intestine

contain a large number of caveolae that typically appeared in

the electron microscope images as flask-shaped invaginations

of the plasma membrane (Daniel et al., 2004). However,

electron microscope imaging of the longitudinal muscle cells in

Cav1�/� mouse intestine revealed total loss of caveolae on the

plasma membrane of these cells (Figure 1b). The absence of

caveolar structures was very evident upon comparison with the

electron microscope image of the longitudinal muscle cells in

the control mice (Figure 1a).

Immunohistochemical studies

Double immunohistochemical staining in cryosections
Cryosections stained with caveolin-1 antibody and the anti-

body for nNOS with COOH-terminal epitope, which recog-

nizes the myogenic variant of nNOS (Daniel et al., 2001),

showed lack of both caveolin-1 and nNOS-C in the smooth

muscle cells and ICC of Cav1�/� mice (Figure 2a–c). Our

laboratory showed previously that nNOS-C is closely co-

localized with caveolin-1 at punctate sites in the cell periphery

of circular and longitudinal muscle cells of BALB/c mice (Cho

& Daniel, 2005).

Cryosections stained with caveolin-1 antibody and antibody

for nNOS with NH2-terminal epitope (nNOS-N), which

recognizes the nerve-resident variant of nNOS in myenteric

plexus (Cho & Daniel, 2005), also showed loss of caveolin-1

immunoreactivity in Cav1�/� mice compared to control mice.

However, nNOS-N-specific immunoreactivity was comparable

and showed a cytoplasmic localization in myenteric neurons

(data not shown).

Single immunohistochemical staining in whole-mount
preparations To examine the presence and distribution of

myenteric plexus ICC, single staining with anti-vimentin,

which recognizes vimentin filaments characteristically present

in the ICC (Komuro et al., 1999), of whole-mount prepara-

tions of the jejunal tissue in Cav1þ /þ and Cav1�/� was carried

out. Anti-vimentin was used to stain ICC in the small intestine

of mouse (Fujita et al., 2003) and other species (Torihashi

et al., 1993; Ishikawa & Komuro, 1996; Andries et al., 2000). It

showed that the myenteric plexus ICC were equally present
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and similarly distributed in the small intestine of Cav1þ /þ and

Cav1�/� strains (Figure 2d and e).

Double immunohistochemical staining in whole-mount
preparations This technique was used to quantify the

differences in expression of nNOS-N in the myenteric neurons

in Cav1�/� and Cav1þ /þ mice (Figure 2f–k). The number of

cells showing specific staining with human neuronal protein

HuC/D antibody, which recognizes the cytoplasm and the

nucleus of myenteric neurons (Lin et al., 2002; Chiocchetti

et al., 2004), was considered to be the total number of

myenteric neurons. The percentage of myenteric neurons

expressing nNOS-N was determined in the myenteric ganglia

of Cav1þ /þ and Cav1�/� mice. The number of myenteric

plexus ganglia examined was eight in Cav1þ /þ and 13 in

Cav1�/�. Out of a total of 123 nerve cells examined in Cav1�/�,

78.9% showed nNOS-N IR, while only 63.1% out of 84 nerve

cells showed nNOS-N IR in Cav1þ /þ myenteric ganglia.

The results indicate an increase in the percentage of myen-

teric neurons expressing nNOS-N in Cav1�/� (two-sided

P-value¼ 0.0172).

Functional studies

Spontaneous activity The amplitudes of the spontaneous

muscle contractions in Cav1�/� and the control species were

measured at the mid-point of the equilibration period. The

values in mg tension are: 199.38734.19 for BALB/c (n¼ 13),

160723.53 for Cav1þ /þ (n¼ 10), and 182.82721.89 for

Cav1�/� (n¼ 17). Statistical analysis showed that there were

no significant differences between the amplitudes of the

spontaneous contractions in the three mice strains. There

was no significant difference between the values measured

from the ileum and the jejunum in a single mouse strain.

Effects of LNNA on EFS-induced relaxations EFS in

NANC conditions elicited a transient relaxation, which

increased in magnitude as the stimulation frequency was

increased to reach a maximum at 10 pps. All three strains

showed relaxations of comparable magnitudes (no significant

differences). In both control strains, inhibiting NOS function

with 100 mM LNNA abolished EFS-evoked relaxations at

all stimulation frequencies (Figure 3a, b). On the contrary, in

Cav1�/�, LNNA only reduced the relaxations at 1 and 3 pps

stimulations and had no significant effect on the relaxations at

10 and 30 pps (Figure 3c). The responses to EFS and the effects

of LNNA were similar in tissue segments obtained from the

ileum and the jejunum in the same mouse strain (data not

shown).

Responses to SNP SNP (100mM), which acts by generating
NO, produced a reduction in the amplitude of contractions

and an inhibition of the phasic activity of the muscle. The

magnitudes of SNP-induced inhibitions were greater in control

mice compared to Cav1�/� mice (Figure 4). The effects of SNP

were similar in tissue segments obtained from the ileum and

jejunum in the same mouse strain (data not shown).

Responses to BCGMP BCGMP (100mM), a plasma-

membrane permeable analogue of the second messenger cyclic

guanosine monophosphate (cGMP), produced a reduction in

the amplitude of contraction of the muscle. There were no

significant differences among the magnitudes of BCGMP-

induced inhibitions in Cav1�/� mice and the control mice

(Figure 5). The effects of BCGMP were similar in tissue

segments obtained from the ileum and jejunum in the same

mouse strain (data not shown).

Effects of apamin on EFS-induced relaxations Apamin

(1 mM), which acts by blocking a small-conductance Ca2þ -

dependant Kþ channel (Matsuda et al., 2004), caused a

significant reduction in the magnitudes of EFS-induced

relaxations at all stimulation frequencies in Cav1�/� mice

(Figure 6a). In Cav1þ /þ control mice, the effect of apamin on

the magnitude of EFS-induced relaxation was smaller and

more variable, causing it to be statistically insignificant, except

at the stimulation frequency of 30 pps (Figure 6b). The effect

of apamin was similar in tissue segments obtained from the

ileum and jejunum in the same mouse strain (data not shown).

In the experiments in Cav1�/� where LNNA was added after

the first cycle of EFS, it was found that the combination of

Figure 1 An electron microscope image of the longitudinal muscle
layer (LM) of mouse small intestine. Note the total absence of the
flask-shaped caveolae on the plasma membrane of the longitudinal
muscle cells of Cav1�/� (b) as compared to the longitudinal muscle
cells of the control BALB/c mouse (a). Caveolae are indicated by
solid arrowheads. Small endoplasmic reticulum profiles (marked
with thick arrows) and sarcoplasmic reticulum (marked with thin
arrows) remain. Mitochondria are labeled with (M). Cav1þ /þ

intestine showed similar caveolae profile to the BALB/c (data not
shown). Length bars are 1 mm.
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Figure 2 Immunohistochemical staining of cryosections from Cav1�/� jejunum (a–c) and whole-mount preparations of myenteric
plexus layer from Cav1þ /þ and Cav1�/� jejunal tissues (d–k). Panels (a)–(c) show that there are no caveolin-1 and nNOS-C-
immunoreactivities in all ICC and smooth muscles layers of Cav1�/� jejunum. Panels (d) and (e) show myenteric ICC stained with
anti-vimentin in Cav1þ /þ and Cav1�/� myenteric plexus, respectively. ICCs are marked with asterisks. Note that the myenteric
plexus ICC are equally present and similarly distributed in both strains. Panels (f)–(k) show double staining of whole-mount
preparations for myenteric neurons HuC/D protein and nNOS-N. Panels (f) and (i) show myenteric neurons stained with HuC/D in
Cav1þ /þ and Cav1�/� myenteric plexus, respectively. Panels (g) and (j) show myenteric neurons and nerve fibers stained with
nNOS-N in Cav1þ /þ and Cav1�/� myenteric plexus, respectively. Panels (h) and (k) show myenteric neurons co-localized with HuC/
D and nNOS-N in Cav1þ /þ and Cav1�/� myenteric plexus, respectively. Note the persistence of nNOS-N in myenteric neurons in
Cav1�/� intestine. Length bars are 20 mm for panels (a)–(c), (d) and (e), and (f)–(k).
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LNNA and apamin abolished the EFS-evoked relaxation at 1

and 3 pps. However, residual inhibitions of �15.9973.03 and

�22.2774.06% persisted at 10 and 30 pps, respectively (n¼ 6).

This effect was similar in both the ileum and the jejunum of the

Cav1�/� strain.

Discussion and conclusions

Caveolin-1 is known to exert regulatory effects on the different

NOS isoforms, which normally reside in the caveolae (Feron

et al., 1996). The present study examined the possible role of

caveolin-1 in the regulation of NO function in the mouse small

intestine. Ultrastructural examination of the longitudinal

smooth muscles of Cav1�/� small intestine confirmed the

absence of caveolae. In addition, caveolin-1, as well as the

associated protein (Cho & Daniel, 2005), nNOS-C, was absent

in the smooth muscles and ICC in small intestine of Cav1�/�

mice.

Previous work carried out on mdx mice, that lack

dystrophin due to an X-linked mutation (Bulfield et al.,

1984), showed defective NO production in the colon (Mulè

et al., 2001) in addition to a reduction in the responsiveness to

EFS in NANC conditions and to SNP in the duodenum (Zizzo

et al., 2003). Dystrophin anchors nNOS at the inner surface of

the sarcolemma in skeletal muscle fibers (Brenman et al.,

1995). Both dystrophin and caveolin-3, the striated muscle

analogue of caveolin-1 (Razani et al., 2002), co-immunopre-

cipitate and interact with b-dystroglycan (Sotgia et al., 2000).

This relationship between dystrophin and caveolin-1, together

with our observations, suggests a possible functional defect in

NO function in the Cav1�/� intestine similar to that in the mdx

intestine.

Figure 3 Effect of LNNA (100 mM) on the inhibitory responses
obtained by EFS in NANC conditions at different stimulation
frequencies (0.5ms, 50V cm�1 for 10 s). The magnitudes of the EFS-
evoked responses are expressed as the % change in the amplitude
(the amplitude of the inhibitory phase normalized to the amplitude
of the muscle activity directly precedent to the inhibitory stimulus)
and the values shown are mean7s.e. (a, b) LNNA abolishes the
EFS-induced inhibitions at all frequencies in BALB/c and Cav1þ /þ ,
respectively. Significance is tested by ANOVA followed by
Bonferroni’s test (***Po0.001, n-value¼ 7 for BALB/c and 6 for
Cav1þ /þ ). (c) LNNA significantly reduces the EFS-induced
inhibitions only at 1 and 3 pps (*Po0.05, n-value¼ 11), and had
no effect on the inhibitions at 10 and 30 pps in Cav�/� mice.

Figure 4 The inhibitory effect produced by 100 mM SNP on
longitudinal muscle preparations from the small intestine of
Cav1þ /þ , Cav1�/�, and BALB/c mice. The inhibitory effects were
more pronounced in wild-type mice compared to Cav1�/�. The
magnitudes of inhibition are expressed as the % inhibition of
the amplitude (amplitude of the inhibitory phase normalized to the
amplitude of the muscle activity directly precedent to the addition of
SNP). The values are shown as mean7s.e. of six experiments.
Significance was tested by ANOVA, followed by Bonferroni test
(**Po0.01).

Figure 5 The inhibitory effect produced by 100 mM BCGMP
on longitudinal muscle preparations from the small intestine of
Cav1þ /þ , Cav1�/�, and BALB/c mice. There were no significant
differences among the magnitudes of inhibition, which are expressed
as the % inhibition of the amplitude (amplitude of the contrac-
tions 5min after the addition of BCGMP normalized to the ampli-
tude of the muscle contraction directly precedent to its addition).
The values shown are mean7s.e. of six experiments. Significance
was tested by ANOVA, followed by Bonferroni test.
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To test this hypothesis, the effect of block of NO synthesis

by LNNA on EFS-induced relaxations in NANC conditions in

small intestinal smooth muscles was studied. LNNA attenu-

ated EFS-evoked relaxations much less in Cav1�/� tissues,

suggesting that NO played a lesser functional role in these

tissues. However, immunohistochemical staining for nNOS-N,

the nerve-resident variant, indicated that Cav1�/� myenteric

neurons containing nNOS were still present in myenteric

ganglia. The persistence of nNOS-N may be due to the fact

that it is a different splice variant and has a cytoplasmic

localization in nerves (Salapatek et al., 1998b) and that nerves

lack any detectable caveolin-1 (Wu et al., 1997). This finding

ruled out the suggestion that the reduced NO function was due

to a decrease in sources of nNOS; that is, the myenteric

neurons expressing nNOS-N. In addition, these findings are

consistent with similar studies in mdx mouse, where nNOS was

spared in myenteric neurons from the colon (Mulè et al., 2001).

To determine whether the cause of the defective NO

function in the Cav1�/� mouse small intestine was post-

junctional or pre-junctional, we examined the effects of SNP, a

source of exogenous NO (Zizzo et al., 2003), on smooth muscle

contraction. Cav1�/� preparations showed reduced respon-

siveness to SNP compared to control (BALB/c and Cav1þ /þ )

preparations. This was not due to a general failure to relax,

since relaxation of segments from Cav1�/� mice to EFS was

comparable to that from control segments; that is, EFS-

induced inhibition was just less sensitive to LNNA and more

sensitive to apamin. Consequently, we suggest that post-

junctional abnormalities occur in ICC and/or smooth muscles,

leading to the impaired response to NO. Also, it is more likely

a deficiency at some point in the intracellular signal transduc-

tion cascade than a nerve-to-muscle signal transmission

abnormality, since nNOS is expressed in the myenteric neurons

from Cav1�/� mice.

To determine the level of the deficiency downstream of the

NO signal, the inhibitory responses to BCGMP, the plasma

membrane-permeable analogue of cGMP (Zizzo et al., 2003),

the second messenger usually generated by NO stimulation,

were compared in all three strains. The absence of significant

differences between the Cav1�/� and the control strains

indicates that the deficiency lies before the level of cGMP-

controlled effectors. This might be due to a decrease in soluble

guanylyl cyclase; yet this hypothesis and other possible

mechanisms still require further experimentation. Neverthe-

less, the absence of nNOS-C provides a clear example of the

structural abnormalities imparted by caveolin-1 gene knockout

in small intestinal smooth muscles and ICC, which are well

known to play a crucial role in nerve-to-muscle signal

transmission in the gastrointestinal tract (Sanders, 1996).

Moreover, the increase in the number of myenteric nerve cells

expressing nNOS in Cav1�/� mice, seen upon quantification of

the immunohistochemical staining results in whole-mount

preparations, might be a possible compensatory outcome of

the reduced muscle and ICC NO responsiveness. In addition,

this observation provides further evidence that the impairment

of NO function is most likely to be post-junctional.

Despite reduced responses to NO, EFS produced relaxations

in the Cav1�/� small intestine that were comparable in

magnitude to those obtained in the control mouse small

intestine. This suggests that the relaxing function of NO in the

Cav1�/� small intestine was substituted by other mediators.

ATP is an established inhibitory neurotransmitter (Bauer &

Matusak, 1986) that elicits inhibitory responses due to the

activation of small-conductance Ca2þ -dependant Kþ -chan-

nels (Ohno et al., 1996). Moreover, the pituitary adenylate

cyclase-activating peptide (PACAP) is a neurotransmitter that

induces inhibitory effects in different gastrointestinal segments

from several animal species (Kishi et al., 1996; Chakder &

Rattan, 1998; Pluja et al., 2000). This inhibitory effect might be

due to the opening of apamin-sensitive Kþ -channels (Pluja

et al., 2000). PACAP has recently been reported to act directly

on the smooth muscles of the mouse small intestine (Zizzo

et al., 2004). Therefore, addition of apamin may have affected

both ATP and PACAP functions in the Cav1�/� and the

Cav1þ /þ small intestine. Apamin-induced reduction in EFS-

evoked relaxations was only significant in Cav1�/� intestine.

This finding points out the fact that the contribution of

apamin-sensitive inhibitory mediators to the regulation of

Cav1�/� small intestine motility increases in importance,

possibly to compensate for the reduced NO function.

However, these might not be the only possible mechanisms

involved in the inhibitory neurotransmission in the Cav1�/�

small intestine. This was evident when a combination of

apamin and LNNA was used, since residual inhibition of the

amplitude of the contractions persisted at 10 and 30 pps. These

results agree with other published data, where a combination

of LNNA and apamin only reduced the amplitudes of EFS-

evoked inhibitory junction potentials by 50% in mouse colon

Figure 6 Effect of apamin (1 mM) on the inhibitory responses
induced by EFS in the NANC conditions at different stimulation
frequencies (0.5ms, 50V cm�1 for 10 s). The magnitudes of the EFS-
evoked responses are expressed as the % change in the amplitude
(the amplitude of the inhibitory phase normalized to the amplitude
of the muscle activity directly precedent to the inhibitory stimulus),
and the values shown are mean7s.e. (a) Apamin significantly
reduced the magnitude of EFS-induced inhibitions at all frequencies
in Cav1�/� mouse intestine. Significance was tested by ANOVA,
followed by Bonferroni test (*Po0.05; ***Po0.001, n-value¼ 6).
(b) Apamin did not produce a significant effect on the EFS-induced
inhibitions in the Cav1þ /þ mouse intestine, except at 30 pps
(*Po0.05, n-value¼ 6).
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(Spencer et al., 1998b). Vasoactive intestinal peptide (VIP) is

one of the important mediators that could likely be involved

in this residual inhibition, since the complete co-localization

between NOS and VIP in mouse small intestine nerves has

been reported (Sang & Young, 1996). However, further

research is required to verify and elucidate the nature of the

involved mediator(s).

In conclusion, the current study shows that caveolin-1 is

necessary for normal NO function in the mouse intestine.

Caveolin-1 gene knockout causes abnormalities in the ICC and

smooth muscles of the mouse intestine, leading to a reduced

responsiveness to endogenous and exogenous NO. The

impairment of NO function in Cav1�/� mouse intestine may

be compensated by the apamin-sensitive inhibitory mediators.

This research was supported by the Canadian Institute for Health
Research (CIHR).
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