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Abstract

Caveolin (Cav)-1 is an integral membrane protein of caveolae playing a crucial role in various signal transduction pathways. Caveolae
represent the sites for calcium entry and storage especially in smooth muscle cells (SMC) and interstitial cells of Cajal (ICC). Cav-1�/�

mice lack caveolae and show abnormalities in pacing and contractile activity of the small intestine. Presently, we investigated, by trans-
mission electron microscopy (TEM) and immunohistochemistry, whether the absence of Cav-1 in Cav-1�/� mouse small intestine
affects ICC, SMC and neuronal morphology, the expression of NK1 and NK2 receptors, and of Ano1 (also called Dog1 or TMEM16A),
an essential molecule for slow wave activity in gastrointestinal muscles. ICC were also labelled with c-Kit and tachykinergic neurons with
Substance P (SP). In Cav-1�/� mice: (i) ICC were Ano1-negative but maintained c-Kit expression, (ii) NK1 and NK2 receptor immunore-
activity was more intense and, in the SMC, mainly intracytoplasmatic, (iii) SP-immunoreactivity was significantly reduced. Under TEM:
(i) ICC, SMC and telocytes lacked typical caveolae but had few and large flask-shaped vesicles we called large-sized caveolae; (ii) SMC
and ICC contained an extraordinary high number of mitochondria, (iii) neurons were unchanged. To maintain intestinal motility, loss of
caveolae and reduced calcium availability in Cav-1–knockout mice seem to be balanced by a highly increased number of mitochondria
in ICC and SMC. Loss of Ano-1 expression, decrease of SP content and consequently overexpression of NK receptors suggest that all
these molecules are Cav-1–associated proteins.
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Introduction

Caveolae [1] are plasma membrane flask(omega)-shaped invagi-
nations present in many cell types [2–4]. These structures are par-
ticularly prominent in the interstitial cells of Cajal (ICC), the gut
pacemaker cells [5–9], and in the smooth muscle cells (SMC) [10,
11], but their role is not fully understood yet. In the early 1970s,
caveolae were proposed as sites of excitation–contraction cou-

pling in visceral SMC [11–13] and currently it is acknowledged the
role of caveolae in smooth muscle Ca2� homeostasis [14] as sites
for calcium entry and storage [15, 16]. Strategic caveolae–
sarcoplasmic reticulum or caveolae–mitochondria nanocontacts in
SMC are probably responsible for a vectorial control of free Ca2�

cytoplasmic concentrations in definite nanospaces [17–20].
Caveolae have also been involved in many cellular processes:
transcytosis [21, 22], potocytosis [23, 24], endocytosis [25, 26],
signal transduction [27–29], control of cellular growth and prolif-
eration [14, 28–30].

The caveolins [31–34], 21–24 kD integral proteins inserted into
the inner leaflet of the plasmalemma, are the principal components
of caveolae and responsible for caveolae characteristic flask shape
[35]. Three caveolins isoforms have been identified: Caveolin-1, 
-2 and -3 (Cav-1, Cav-2 and Cav-3) [31, 32]. Cav-1 is highly
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expressed in caveolae of the SMC and ICC. Caveolins leave both
COOH- and NH2-terminal ends in the cytosol where they have
binding sites for numerous signalling molecules involved in the
regulation and organization of various signal transduction path-
ways [36, 37]. In the absence of caveolins, no morphologically
identifiable caveolae are detected and this loss leads to the dys-
function of caveolin-associated proteins [15, 33, 34, 37]. Recently,
it has been demonstrated that either after the experimental disrup-
tion of caveolae or the genetical absence of Cav-1, as in Cav-
1–knockout (Cav-1�/�) mice, several signalling molecules are lost
or dissociated from caveolins and reduced pacing frequencies and
impaired contractile activity were recorded in the small intestine
[15, 38–41]. Many of the molecules lacking in these animals are
co-expressed with Cav-1 in both SMC and ICC and involved in
Ca2� handling [37]. One of these molecules is the myogenic
nNOS, an enzyme modulating contraction activating L-type cal-
cium channels [37]. Ano1 (or TMEM16A or DOG1) is a calcium-
activated chloride channel involved in sensory signal transduction
and smooth muscle contraction [42–45] and it is required for
rhythmic contraction, as supported by the absence of slow waves
in the TMEM16A knockout mice [44]. This ionic channel is
expressed by the ICC [43] but whether its expression is main-
tained in the Cav-1�/� was not investigated.

In the gut of Cav-1�/� mice, neither the cholinergic nor the
nitrergic enteric neurons are affected but the SMC show a defec-
tive responsiveness to both ACh and nitric oxide release [40, 41].
Noteworthy, the mdx mice, an animal model of muscular dystro-
phy, have a significant reduction in the caveolae number. These
animals show a decrease in myogenic nNOS and NK2 receptor
(NK2r) expression associated with an altered Ca2� handling and a
defective generation and regeneration of slow wave activity with
no change in nNOS and NK1 receptor (NK1r) expression in the
neurons [46–50]. To date, no information is available on possible
changes in the expression of NK receptors (NKr) in the gut mus-
cle coat of the Cav-1�/� mice, nor on the neurotransmitter
Substance P (SP), the main NKr agonist whose interaction causes
NKr internalization and smooth muscle contraction.

This study was aimed to investigate whether the absence of
Cav-1 in small intestine of Cav-1�/� mice impairs the expression
of Ano1, NKr and SP, molecules with important roles in intestinal
motility. In addition, electron microscope examination was per-
formed to identify all possible structural changes in the cell types
present in the intestinal muscle coat of the Cav-1�/� mice.

Materials and methods

Animals and tissue collection

Specimens were obtained from the proximal part of the small intestine of
six Cav-1�/� (B6129PF2/J) and six Cav-1�/� (Cav-1 KO; Cav1 tm1Mls/J)
10-week-old mice purchased from Jackson Laboratories (Bar Harbor, ME,
USA). The intestine was cleaned of digestive material with saline and then

cut in full thickness strips. Some of them were processed for immunohis-
tochemistry and some others for electron microscope examination. The
institutional ethical committee from ‘Victor Babeş’ National Institute of
Pathology, Bucharest, Romania, approved this study.

Immunohistochemistry

Specimens from control and Cav-1�/� mice were fixed in 4%
paraformaldehyde in 0.1M phosphate-buffered saline (PBS) pH 7.4, for
4–6 hrs at 4�C. Then some of them were placed in 30% sucrose in PBS, at
4�C, embedded in killik cryostat medium compound (Biooptika, Milan,
Italy) and frozen at �80�C. Some other strips were dehydrated in alcohol,
cleared with xylene and embedded in paraffin.

For fluorescence and confocal microscopes examination, 10-�m-thick
transverse sections were cut with a cryostat from the frozen specimens
and collected on polylysine-coated slides. The slices were pre-incubated in
5% bovine serum albumin (BSA) in PBS, pH 7.4 with 0.5% Triton X-100
for 20 min. at room temperature to minimize non-specific binding. All anti-
sera (Cav-1, NK1r, NK2r and SP), used at different dilution, were diluted
with 1% BSA with 0.5% Triton X-100 and incubated overnight at 4�C. Next
day, the slices were washed for 3 � 5 min. in PBS, and then incubated for
90 min. at room temperature in a secondary antibody directed toward IgG
coupled to Alexa 488 (Invitrogen, Milan, Italy) diluted at a concentration of
1:333 with BSA 1% in PBS. The sections were again washed for 3 � 2 min.
in PBS and mounted in an aqueous medium (Fluoremount, Sigma, Milan,
Italy). The immunoreaction products were observed under an epifluores-
cence Zeiss Axioskop microscope (Zeiss, Mannheim, Germany) and under
a Leica TCS SP5 confocal laser scanning microscope (Leica, Mannheim,
Germany) equipped with a HeNe/Ar laser source, a Leica Plan Apo 63� oil
immersion objective and differential interference contrast optics. The fluo-
rescent signal at the confocal microscope was obtained using a 488-nm
excitation wavelength for the green immunofluorescence and 568 nm for
the red one.

For bright field microscope examination, paraffin embedded sections
were re-hydrated and then rinsed for 5 min. in H2O2 3% and washed 3 �
5 min. in bidistilled H2O. Then the sections were pre-incubated with BSA
1% in PBS for 20 min. and incubated with different antisera (Cav-1, Ano1,
c-kit), used at different dilution and diluted with 1% BSA with 0.5% Triton
X-100 and incubated overnight at 4�C. Next day, after washing, the sec-
tions were incubated with a secondary biotinylated antiserum (1:300
diluted in BSA 0.1% in PBS) for 2 hrs at room temperature. The sections
were then washed in PBS and incubated with the ABC solution (Vector, CA,
USA) for 30 min. and, after being washed with PBS, incubated with DAB
(Diaminobenzidine Tables, Sigma, Milan, Italy). Finally, after washing with
PBS, the sections were mounted in an aqueous medium and the
immunoreactive products were observed under a Leitz light microscope
(Mannheim, Germany) and photographed.

Negative controls were performed without using the primary antibod-
ies and all of them had no labelling. All antibodies used are summarized in
Table 1.

Quantitative analysis

The density of the SP-immunoreactive (SP-IR), NK1r-IR and NK2r-IR struc-
tures was evaluated in transverse sections of control and Cav-1�/� mouse
tissue. Digitized images of 10 photographic fields of the muscle wall (four
sections each animal; three animals each group, for a total of 12 sections
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for each antibody) were acquired using at 40� objective using an AxioCam,
HRm digital camera (Zeiss). Field edges were defined based on structural
details within the tissue section to ensure that the fields did not overlap. All
the counts were performed by two of us blind to each other. Fluorescence
thresholds were set to analyse the structures of interest exclusively. These
thresholds were converted to a binary image, the number of pixels above
threshold was counted and the percentage area containing IR structures
was calculated. The results were expressed as mean � S.E. of the number
of pixel for each image. Statistical analysis was performed by Student’s 
t-test to compare two experimental groups or one-way ANOVA followed by
Newman–Keuls multiple comparisons post-test when more than two
groups were compared. P � 0.05 was considered significant.

Electron microscopy

Full-thickness strips 1 mm � 3 mm long from control and Cav-1�/� mice
were fixed for 4 hrs at 4�C in a solution of 4% glutaraldehyde in 0.1M
cacodylate buffer, pH 7.3. After four rinses in the buffer solution, the strips
were post-fixed for 1 hr in 1% OsO4 in 0.1M cacodylate buffer. After a rinse
for 30 min. in distilled H2O, the strips were dehydrated in graded ethanol
and then immersed overnight in a mixture of propylene oxide and Epon
812 resin; the day after the strips were embedded in Epon 812 using flat
moulds to obtain full-thickness sections with the circular muscle cut in
cross-section. Semi-thin sections, obtained with an LKB-NOVA ultramicro-
tome, were stained with a solution of toluidine blue in 0.1M borate buffer
and then observed under a light microscope. Ultra-thin sections of the
selected areas were obtained by using a diamond knife and stained with a
saturated solution of uranyl acetate in methanol (50:50) per 12 min. at
45�C, followed by an aqueous solution of concentrated bismuth subnitrate
per 10 min. at room temperature. The sections were examined under a
JEOL 1010 electron microscope (Tokyo, Japan) and photographed.

Results

Immunohistochemistry

Cav-1 immunoreactivity (IR) in controls appeared as small bars
distributed along the plasma membrane on the entire cell contour
(Fig. 1A). In the sections from Cav-1�/� mice labelled with fluo-
rescent antibodies, this positivity was not appreciable, whereas in
those labelled for bright field microscopy, Cav-1-positivity could
still be detected although at a very low intensity (Fig. 1B).

c-kit-IR at the ICC located either at the myenteric plexus (MP)
and deep muscular plexus (DMP) showed the same intensity and
distribution in both groups of mice (Fig. 1C and D). On the con-
trary, the Ano1-IR on the ICC present in control mice (Fig. 1E) was
completely lost in the Cav-1�/� mice (Fig. 1F).

NK1r-IR was detected either in the submucous (SMP) or MP
neurons of control and Cav-1�/� mice with both antibodies used,
that is from Vigna [51] and the commercially available one (Fig. 2A
and B). SMC were also labelled by both antibodies and, in the
SMC, NK1r was mainly distributed on the cell surface (Fig. 2C).
The labelling was less intense with the Vigna’s antibody compared
with the commercially available one. Noteworthy, with the Vigna’s
antibody the ICC were intensely labelled (Fig. 2A). In the Cav-1�/�

mice, immunoreactivity for NK1r was more intense with both anti-
bodies and in the SMC it was mainly intracytoplasmatic (Fig. 2B
and D).

NK2r-IR (Fig. 2E–H) distribution was identical with both anti-
bodies used, that is from Grady et al. [52] and the commercially
available one. In controls, the labelling was mainly distributed on
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Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Table 1 Primary and secondary antibodies used

Host Dilution Source Catalogue number

Primary antibody

NK2 receptor Goat 1:200 Santa Cruz, CA, USA Sc-14121

NK2 receptor Rabbit 1:10 Gift from Grady et al. [52]

NK1 receptor Rabbit 1:500 Chemicon, Temecula, CA, USA AB5897

NK1 receptor Rabbit 1:100 Gift from Vigna et al. [51]

Substance P Rat 1:50 Santa Cruz, CA, USA Sc-21715

c-kit Rabbit 1:100 Calbiochem, San Diego, CA, USA PC34

TMEM 16A Rabbit 1:100 Abcam, Cambridge, MA, USA Ab53212

Caveolin 1 Rabbit 1:200 Abcam, Cambridge, MA, USA Ab2910

Secondary antibody

Alexa 488 FITC Goat 1:333 Invitrogen, San Diego, CA, USA A-11078

Alexa 488 FITC Rabbit 1:333 Invitrogen, San Diego, CA, USA A-11008

Alexa 488 FITC Rat 1:333 Invitrogen, San Diego, CA, USA A-11006

Alexa 568 TRITC Rat 1:333 Invitrogen, San Diego, CA, USA A-11077

Biotinylated antibody Rabbit 1:300 Vector, Burlingame, CA, USA V0527



the plasma membrane of the SMC (Fig. 2G) whereas in the Cav-
1�/� mice it was mostly internalized in the cytoplasm and more
intense (Fig. 2F and H).

SP-IR was detected in myenteric and submucous neurons and
in intragangliar and intramuscular varicose nerve fibres of control
mice (Fig. 2A and E). In the Cav-1�/� mice, the labelled structures
had the same distribution as in controls, although being signifi-
cantly less numerous (Fig. 2B and F).

Quantitative analysis

The mean � S.E.M. density of the intramuscular NK1r-, NK2r- and
SP-IR was evaluated and quantitative analysis demonstrated 
significant differences between control and Cav-1�/� mice as
regarding the NK1r and SP positivity, being the former increased
twice and the latter reduced half as much (Fig. 3A and C). NK2r
reactivity was higher than in controls, but the difference was not
statistically significant (Fig. 3B).

Electron microscopy

In control tissue, SMC and ICC were rich in typical flask-shaped
caveolae, 40–60 nm in diameter, frequently opened on the plasma
membrane (Fig. 4A–D). In the Cav-1�/� mice (Figs 5 and 6), the
overall structure of the tissue was similar to controls but discrete
ultrastructural abnormalities were present. Gap junctions

between SMC and ICC (Fig. 5C) and between SMC (Fig. 6A) were
present as well as the close contacts between ICC and nerve end-
ings (Fig. 5C). Neuronal perikarya and nerve fibres appeared nor-
mal (Fig. 5C).

The most important ultrastructural abnormalities were seen
in the SMC and ICC. One of these was the absence of the typical
caveolae and the presence of large (150–200 nm in diameter)
flask-shaped vesicles close to or opened on the plasmalemma
(Figs 5A and 6A, C and D). These structures were very few, 
195 in 185 SMC profiles (about 1 for each SMC profile) and 34
in 63 ICC profiles (0.5 for each ICC profile). We named them
large-sized caveolae because opening on the plasma membrane
and showing the same shape of the typical caveolae (Fig. 4A–D).
The SER cisternae were still present nearby the plasmalemma
but showed few contacts with the large-sized caveolae (Fig. 6C
and D). Another striking feature consisted in an extraordinary
richness in mitochondria in SMC and ICC from Cav-1�/� mice.
These organelles, however, had the same morphology and size
of the control ones. In the ICC, they filled the entire cytoplasm
(Fig. 5A–C) and in the SMC were clustered in paranuclear
regions (Fig. 6B).

Cells with the features of telocytes [53] (formerly called inter-
stitial Cajal-like cells, ICLC [54]) were frequently seen at the sub-
mucosal border of the circular muscle layer. As previously
described for the myocardial ones [55], the characteristic caveo-
lae were not observed in intestinal telocytes from the Cav-1�/�

mice but large-sized caveolae were occasionally seen opening on
their plasmalemma (Fig. 5D), similarly to ICC and SMC.

2414 © 2011 The Authors
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Fig. 1 (A, B) Cav-1-IR. In the control (A),
Cav-1-IR appears as small bars distributed
along the plasma membrane on the entire
cell contour. In the Cav-1�/� mice (B), 
Cav-1-IR can be detected, although having
a very low intensity. (C, D) c-kit-IR. In the
control (C), both the ICC at the myenteric
plexus (MP) and the deep muscular plexus
(DMP) are c-kit-IR; in the Cav-1�/� mice
(D), the c-kit-IR is perfectly maintained. 
(E, F) Ano1-IR. In the control (E), all 
ICC show the Ano1-IR whereas in the 
Cav-1�/� mice (F) these cells are Ano1-
negative. Bar 	 40 �m.
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Discussion
The present immunohistochemical and ultrastructural study
demonstrates that the absence of Cav-1 in the mouse small intes-
tine associates with important changes at the level of the ICC,
SMC and tachykinergic innervation. The obtained results are in
agreement with the previous physiological findings that showed
an impaired contractile activity in these animals [33, 34, 38–40].

According to the literature [15, 33, 34, 37–40, 55, 56], Cav-1
and caveolae should be absent in the Cav-1�/� mice. However,
under bright field microscope (but not under fluorescent micro-
scope) we observed a faint Cav-1 positivity in these animals. This
might be simply an artefact, although a residual Cav-1 transcrip-
tion cannot be excluded. Indeed, under TEM, caveolae with the
characteristic 40–60 nm in diameter were no more identifiable
also in our specimens, but we could observe, at very low fre-
quency (in mean, no more than 1 per cell profile), flask-shaped

vesicles with a diameter ranging from 150 to 200 nm close to the
plasmalemma of SMC, ICC and telocytes. We considered these
structures as large-sized caveolae and they could represent an
attempt to compensate the loss of the normal-sized caveolae.
These large-sized caveolae had few of the nanocontacts with SER
cisternae and mitochondria reported for the SMC [17–20], even
though the latter organelles where increased in number compared
with controls. This datum is very important because caveolae rep-
resent an extracellular source of calcium by which SER restores its
normal calcium level [15, 34, 38].

There are considerable evidences that a loss of signalling mol-
ecules accompanies that of caveolae [15, 33, 34, 38] and this loss
results in an impairment of contractile activity and reduced pacing
frequencies in the gut of Cav-1�/� mice [34, 38, 39]. In our spec-
imens from Cav-1�/� mice, the ICC, although still c-kit-IR, are no
more Ano1-IR. The Ano-1 is a calcium-activated chloride channel
involved in sensory signal transduction and smooth muscle 
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Fig. 2 (A–D) NK1r-IR. In the control, the labelling is intense on the ICC (A) and in the smooth muscle cells is on granules mainly distributed on the cell
surface (C). In the Cav-1�/� mice (B, D), the labelling is more intense (B) and mainly internalized in the cytoplasm (D). (E–H) NK2r-IR. The smooth mus-
cle cells are labelled both in control (E, G) and Cav-1�/� mice (F, H). In the Cav-1�/� mice, the labelling is more intense (F) and internalized in the cyto-
plasm (H). (A, B, E, F) SP-IR. Labelling is detectable on myenteric and submucous neurons and on intragangliar and intramuscular varicose nerve fibres.
In the Cav-1�/� mice (B, F), the labelled structures had the same distribution as in controls (A, E), although being less numerous. ICC-DMP: Interstitial
cells of Cajal at the deep muscular plexus; MP: myenteric plexus; SMP: submucous plexus; DMP: deep muscular plexus. (A, B, E, F) Bar 	 40 �m and
(C, D, H, G) Bar 	 10 �m.
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contraction [45] and required for the rhythmic contractions of the
intestinal smooth muscle [42–44]. Its absence gets well along

with the reduced pacing frequencies recorded in the small intes-
tine of Cav-1�/� mice.

The extraordinary richness in mitochondria we found by TEM
examination in both ICC and SMC of the Cav-1�/� mice is an
unexpected and striking feature. Several studies underlie the
importance of mitochondria in modulating cytosolic calcium
signalling [57–60]. The presence of so many mitochondria might
be an attempt, likely acting as Ca2� buffer, to compensate the
defect in cytosolic calcium concentration and the calcium
signalling molecules loss due to caveolae absence. Besides, an
increased production of ATP could be an alternative way in the
maintenance of contraction.

According to the available data, the loss of Cav-1 or the disrup-
tion of caveolae in the mouse intestine does not affect either 
the cholinergic or the nitrergic innervation [40, 41]. However, a
defective response to nitric oxide and ACh release was observed
[40, 41], suggesting the presence of a post-junctional defect.
Interestingly, the present data indicate that the excitatory tachykin-
ergic (SP-IR) neurons are compromised in the Cav-1�/� mice,
because a statistically significant reduction in the SP-IR was
observed. The reduced contractility characterizing these animals
is in agreement with the decrease in SP content but in contrast
with the significant increase and intracytoplasmic distribution
(internalization) of the NKr in the SMC. However, this discrepancy
might be explained with the occurrence of a first change at the NK
receptor location, likely due to Cav-1 loss, then followed by a
decrease in SP production.

In conclusion, this study shows important and not yet reported
changes in SMC, ICC, neurons and telocytes of the Cav-1�/� mice
and emphasizes the complexity of molecular mechanisms control-
ling the intestinal motility. Loss of Ano1 expression in the ICC and
rearrangement of NK receptors in the SMC are interpretable as
consequence of Cav-1/caveolae loss and possibly responsible for
the impaired contractile activity. To note, despite the reported
involvement of several organs, the Cav-1�/� mice are viable. In
this respect, the impressive richness in mitochondria and the
decrease in SP content we found in these animals might represent
the ways to compensate the reduced calcium availability and the
increased expression of NKr, thus allowing the maintenance of a
certain cell function.
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Fig. 3 Quantification of the NKr-IR and SP-IR in the intestinal muscle coat
of control (white column) and Cav�/� (black column) mice. (A, B) NK1r-IR
and NK2r-IR are higher in the mutant mice compared to controls, although
only the NK1r-IR increase is statistically significant. (C) SP-IR is
significantly lower in the mutant mice compared to controls. *P � 0.01
compared to control mice.
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Fig. 4 Electron microscopy. Control mice.
In (A), Interstitial cells of Cajal (ICC) at the
deep muscular plexus and in (B) at the
myenteric plexus. All ICC are rich in mito-
chondria and caveolae. Details of the cave-
olae of the smooth muscle cells in (C), and
of one nexus (asterisk) between two
smooth muscle cells (SMC) in (D). NE:
nerve endings; cap: blood capillary; SMC:
smooth muscle cells. (A) Bar 	 1.5 �m;
(B) Bar 	 2.0 �m; (C) Bar 	 0.4 �m and
(D) Bar 	 0.33 �m.

Fig. 5 Electron microscopy. Cav-1�/�

mice. (A–C) Interstitial cells of Cajal, in (A)
and (C), at the deep muscular plexus and in
(B) at the myenteric plexus. All these cells
are extraordinary rich in mitochondria. In
(C), a gap junction* between one smooth
muscle cell (SMC) and one interstitial cell.
The latter is also in close contact with nerve
endings (NE). (D) A telocyte located at the
submucosal border of the circular muscle
layer. SMC: smooth muscle cells; NE: nerve
endings; ICC: interstitial cells of Cajal. The
arrows indicate the large-sized caveolae.
(A) Bar 	 2.0 �m; (B) Bar 	 4.0 �m and
(C and D) Bar 	 0.4 �m.
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