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Caveolin-1 knockout mice exhibit airway hyperreactivity
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doi:10.1152/ajplung.00018.2012.—Caveolae are flask-shaped plasma
membrane invaginations expressing the scaffolding caveolin proteins.
Although caveolins have been found in endothelium and epithelium
(where they regulate nitric oxide synthase activity), their role in
smooth muscle is still under investigation. We and others have
previously shown that caveolae of human airway smooth muscle
(ASM), which express caveolin-1, contain Ca>* and force regulatory
proteins and are involved in mediating the effects of inflammatory
cytokines such as TNF-a on intracellular Ca®>* concentration re-
sponses to agonist. Accordingly, we tested the hypothesis that in vivo,
absence of caveolin-1 leads to reduced airway hyperresponsiveness,
using a knockout (KO) (Cavl KO) mouse and an ovalbumin-sensi-
tized/challenged (OVA) model of allergic airway hyperresponsive-
ness. Surprisingly, airway responsiveness to methacholine, tested by
use of a FlexiVent system, was increased in Cavl KO control (CTL)
as well as KO OVA mice, which could not be explained by a blunted
immune response to OVA. In ASM of wild-type (WT) OVA mice,
expression of caveolin-1, the caveolar adapter proteins cavins 1-3,
and caveolae-associated Ca?" and force regulatory proteins such as
Orail and RhoA were all increased, effects absent in Cavl KO CTL
and OVA mice. However, as with WT OVA, both CTL and OVA
Cavl KO airways showed signs of enhanced remodeling, with high
expression of proliferation markers and increased collagen. Sepa-
rately, epithelial cells from airways of all three groups displayed lower
endothelial but higher inducible nitric oxide synthase and arginase
expression. Arginase activity was also increased in these three groups,
and the inhibitor nor-NOHA (N-omega-nor-L-arginine) enhanced sen-
sitivity of isolated tracheal rings to ACh, especially in Cavl KO mice.
On the basis of these data disproving our original hypothesis, we
conclude that caveolin-1 has complex effects on ASM vs. epithelium,
resulting in airway hyperreactivity in vivo mediated by altered airway
remodeling and bronchodilation.

bronchial smooth muscle; caveolae; calcium; airway remodeling;
epithelium; arginase

INCREASED AIRWAY CONTRACTILITY and impaired relaxation are
major components of inflammatory airway diseases such as
asthma. Enhanced intracellular calcium ([Ca®*];) responses of
airway smooth muscle (ASM) in response to bronchoconstric-
tors is a key component of airway contractility. In this regard,
we and others have previously demonstrated in vitro that the
plasma membrane of human ASM cells contain caveolae
(flask-shaped invaginations) that express the constituent scaf-
folding proteins caveolin-1 and -2 (but not caveolin-3) (15, 17,
41). Importantly, caveolae harbor plasma membrane proteins
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involved in regulation of [Ca™]; as well as force (17, 41, 48)
and may thus be key regulators of ASM contractility. Indeed,
we previously demonstrated that reduced caveolin-1 expres-
sion decreases ASM [Ca®"]; and contractility (46, 48), whereas
proinflammatory cytokines such as TNF-a and IL-13 increase
caveolin-1 expression, which in turn contributes to the en-
hanced [Ca?™"]; response of human ASM during inflammation
(46). Separately, other investigators have demonstrated that
suppression of caveolin-1 is associated with a proliferative
ASM cell phenotype (16, 22), another key component of
asthma.

Overall, in vitro data clearly demonstrate an important role
for caveolin-1 in enhanced airway contractility relevant to
asthma. However, the effect of altered caveolin-1 expression or
function in vivo has not been examined and was the focus of
this study. Based on previous work, our hypothesis was that
reduced caveolin-1 results in airway hyporesponsiveness. To
this end we employed the mouse lacking caveolin-1 (Cavl KO)
as a model, with ovalbumin (OVA) sensitization and challenge
as a model of allergic airway hyperresponsiveness to test our
hypothesis. Cavl KO mice are known to develop pulmonary
fibrosis (9, 15, 60), and a single study showed that these mice
have reduced lung compliance and increased elastance by 3 mo
of age (28), with evidence of progressively greater deposition
of collagen within airways and parenchyma. Whether such
changes are associated with altered airway contractility and the
specific role of ASM per se have not been examined. In the
present study, we compared airway structure and function in
wild-type (WT) vs. Cavl KO mice that were either unsensi-
tized [control (CTL)] or sensitized and challenged with OVA.

The above rationale and hypothesis were based on previous
data suggesting a role for ASM caveolae in determining con-
tractility. However, it is also important to consider that allergic
airway inflammatory diseases such as asthma involve changes
to bronchial epithelium, wherein increased epithelial thicken-
ing and the contribution of epithelium to bronchodilation may
be altered (18). Although the specific role of epithelium-
derived nitric oxide (NO) in bronchodilation is still under
investigation (54), the role of caveolae in regulating endothe-
lial nitric oxide synthase (eNOS) activity is well recognized
(29). Furthermore, L-arginine (L-arg) serves as a common
substrate for eNOS as well as arginase, the latter leading to the
collagen production pathway (10), and an important area of
investigation in asthma. Epithelial caveolae and caveolin-1
have been identified (1); however, the role of caveolin-1 in this
cell type, especially in the setting of altered eNOS and arginine
balance, is not clear and may contribute to the overall effect of
caveolin-1 on airway contractility. Accordingly, the present
study tested the importance of epithelium in our hypothesis that
reduced caveolin-1 results in airway hyporesponsiveness.
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METHODS

Mice. All animal procedures were approved by the Mayo Clinic
Institutional Animal Care and Use Committee and were in strict
accordance to the guidelines of the American Physiological Society.
Homozygous caveolin-1 null mice (Cav/—/—) and appropriate wild-
type (WT, B6129SF2/J) mice were obtained from Jackson Laborato-
ries (Bar Harbor, ME). As described previously (43), Cavl KO mice
lack exons 1 and 2 of the caveolin-1 gene and thus do not produce
caveolin-1 protein.

OVA mouse model. The OVA-sensitized mouse model has been
previously published (25). Briefly, Cavl KO or WT mice at 6—8 wk
were sensitized with 20 wg OV A adsorbed to 1.0 mg alum or vehicle
alone delivered intraperitoneally on days 0 and /4. Experimental mice
were intranasally challenged with 50 wg of OVA in 50 pl of PBS
under light isoflurane anesthesia on days 14, 25, 26, and 27. Control
mice received intranasal PBS only. All animals were analyzed 24 h
after the last challenge.

Assessment of airway function. Under pentobarbital anesthesia and
cannulation of the trachea via a tracheostomy (19Fr blunt Luer
cannula), airway resistance (RL) and compliance (CL) were assessed at
baseline and in response to increasing concentrations of methacholine
(0 to 50 mg/ml in PBS) delivered via nebulization (AeroNeb). Ani-
mals were maintained at 37°C and, under muscle paralysis (pancuro-
nium), airway function was measured by using the SciReq FlexiVent
ventilator and lung mechanics system (Montreal, Quebec, Canada)
(12, 34).

LCM. Following Flexivent experiments, animals were overdosed
with pentobarbital, lungs were inflated with air (25 cmH,O), the
trachea was ligated, and the lungs were rapidly frozen under RNase-
free conditions. Samples were then cryosectioned at 10 wm under
RNase-free conditions and placed on prechilled clean slides, dehy-
drated with ethanol and placed on a Veritas microdissection system
(Arcturus, Molecular Devices, Sunnyvale, CA). Under light micros-
copy (X200 magnification), small airways (300-350 pm diameter)
were identified, and the ASM and epithelial layers were delineated by
using software regions of interest. An infrared laser capture micro-
dissection (LCM) laser was then used to dissect out defined areas,
which were placed onto separate CapSure Macro LCM caps (Arc-
turus; Molecular Devices, Sunnyvale, CA) for further analyses of
epithelial vs. ASM layers.

RT-PCR. Total RNA was isolated from the CapSure LCM caps
after LCM using the RNeasy micro kit (Qiagen, Valencia, CA).
Complementary DNA (cDNA) was synthesized using Transcriptor
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reverse transcription kit (Roche, Indianapolis, IN). Total RNA from
four caps per animal was isolated, and each of these RNAs served as
template for two separate reverse transcription reactions. Homogene-
ity and relative purity of tissue source for RNA (i.e., epithelium vs.
ASM) were assessed by quantifying messages for smooth muscle
markers such as smooth muscle actin (sm-actin) and epithelial mark-
ers such as E-cadherin (E-cad), epithelial membrane protein 1
(EMP1), and microtubule associated protein 7 (MAP7). Following
quality control analysis, samples were further analyzed for mRNA
encoding specific proteins of interest (see RESULTS). In preliminary
standardization experiments, neither glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) message nor ribosomal protein S16 varied
between genotypes or by sensitization protocols (data not shown);
therefore, S16 was used as the internal control for all subsequent
analyses. cDNA was amplified by using an LC480 LightCycler (ABI;
Carlsbad, CA) and primers listed in Table 1. Real-time PCR was
performed in duplicates per cDNA template, and data for all cDNAs
in a category (WT or Cavl KO; CTL or OVA) were pooled for
statistical analysis. All PCR reactions went through 60 amplification
cycles. The ratio of fold change in expression of the mRNA of interest
for each sample was calculated by normalization of cycle threshold
(Cr) values of the target gene (e.g., PTRF, Argl, etc.) to the reference
gene (S16) using the comparative Cr (AACt) method. Data are
reported as the AACt and the average ratio of fold change in mRNA
of interest corrected for reference gene. Unsensitized (CTL) WT was
used as the calibrator for quantification.

Immunoblotting. Mouse lung tissue homogenates were prepared by
standard techniques. Briefly, lung tissue was rinsed twice with ice-
cold PBS, homogenized with a Potter-Elvehjem tissue grinder in
sucrose buffer (250 mM sucrose; 40 mM Tris-HCI, pH 7.2), in the
presence of protease inhibitors, and the resultant supernatants assayed
for total protein content using the DC protein assay kit (Bio-Rad,
Hercules, CA). Approximately 30 pg total protein was loaded onto a
denaturing SDS-PAGE and electrophoresed according to standard
protocols. Proteins were transferred onto a polyvinylidene difluoride
membrane, blocked with Li-Cor blocking buffer (Li-Cor, Lincoln,
NE), and probed with antibodies of interest and IR-800 secondary
antibodies (Li-Cor). Protein detection and densitometric analyses
were performed on an Odyssey Infrared Imager (Li-Cor). GAPDH
was used as internal control for normalizing densitometric data.
Homogenates from four lung tissues per category (WT or Cavl KO;
nonsensitized or sensitized) were analyzed.

Table 1. Primers used in PCR analysis of laser capture microdissected airway samples

Gene Forward Primer Reverse Primer
AChR M3 5'-TTGCACAGTAACAGTACAACCTCG-3’ 5'-TGTTGCCGATGATGGTCACCAATG-3’
Argl 5'-GGCAGTTGGAAGCATC-3' 5'-GGTCTACGTCTCGCAAG3-'
Cav-1 5'-GGGCAAATACGTAGACTCCGAGG-3’ 5'-CTTGACCACGTCGTCGTTGAGA-3’
Cav-2 5'-GATGGGGCTGGAGACC-3' 5'-ACAGGATACCCGCAAT-3’
E-Cad 5'-AACAGGCCAGAGTTTACCCAGGAGG-3’ 5'-GGTGTAGGCGATGGCAGCGTT-3’
EMPI 5'-CACATTGCCACTGCCATTATGCTG-3' 5'-GGGAGATGATGGAGAAGATGATGG-3'
eNOS 5'-TCGGACTCACATTGCG-3’ 5'-TGGTCAACCGAACGAAG-3’
IL-4Ra 5'-AGCTGTTGGTGCTGCTACTGTGGA-3’ 5'-CTGAGAGTGCAATTTGGACTGGCTC-3’
iNOS 5'-AGCGAAATGCAATCCC-3’ 5'-AGTATTAGAGCGGTGGC-3’
MAP7 5'-AAACAGCTAGCTGCACGAGAAACC-3’ 5'-TTGGCTTCTGGCTCCTTTCCATCGT-3’
Orail 5'-CTGGGTCAAGTTCTTACCT-3' 5'-GAGCGGTAGAAGTGAACA-3’
PCNA 5'-GGCTCTCAAAGACCTCATCAATGAGG-3" 5'-CCCGACTTCTATTACGTCTGTGGA-3'
PTRF 5'-ATGGAGGATGTCACGCTCCATATCGT-3' 5'-GCGCCGATGATTTTATCCAGAAGGCT-3'
RhoA 5'-CTGCCATCAGGAAGAAACTGGTGA-3’ 5'-TAATCTTCCTGTCCAGCTGTGTCC-3'
Si6 5'-TGCAGGTCTTCGGACGCAAGAAAA-3’ 5'-CGAATATCCACACCAGCAAATCGC-3’
SDPR 5'-AGAAGTCTCGCAAGGT-3' 5'-CTCATCACGGGGCAAT-3’
smActin 5'-TCCGATAGAACACGGCA-3’ 5'-CCACATACATGGCGGG-3’
SRBC 5'-ACGACTGGAAAGAGCCCTTTTCAGGC-3" 5'-ACGTCCTGCTCTTCAAGGAGGAGACT-3’
TNFRI 5'-ACAAGACCTCGGACAC-3' 5'-CATTTCCGGGAATAGCC-3’
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Arginase activity assay. Arginase activity was assayed as described
by Sopi et al. (53). Briefly, lung tissues snap-frozen in liquid nitrogen
were thawed in storage buffer (10 mM Tris, pH 7.5, 10 mM glycine,
10 mM MnClL, 10 mM 2-mercaptoethanol), homogenized, and cen-
trifuged, and supernatants were collected. Supernatants were preacti-
vated by adding 10 mM MnCl, and heating for 5 min at 55°C. L-arg
(250 mM, pH 9.7) was added to the preactivated samples, and the
mixture was incubated at 37°C for 60 min. Arginase reaction was
stopped by adding 1 ml of freshly prepared diacetyl monoxime/acid
solution, heating in boiling water. Urea concentration was measured
by using a spectrophotometer at 490 nm. Baseline urea concentration
was measured without incubation with L-arg. A standard curve was
obtained by including urea samples containing 10, 50, and 90 pl of 10
mM urea (0.1, 0.5, and 0.9 uM). Arginase activity was calculated by
the formula [Sample (urea) — Baseline (urea)]/10 and expressed as
nanomoles of urea per minute per milligram protein. One unit arginase
activity is equivalent to the conversion of 1 wmol urea/min at 37°C.

RhoA activation assay. Cytoplasmic and plasma membrane frac-
tions were obtained from lung tissues of three animals per category by
use of the FractionPREP cell fractionation kit (BioVision, Milpitas,
CA), following the manufacturer’s suggested protocol. Amount of
RhoA present in each fraction was analyzed by immunoblotting and
densitometry. RhoA activation was calculated as the ratio of RhoA
expression in cytoplasmic fraction to that in membrane fraction.

BAL cell count. Immediately after euthanasia, the lungs were
lavaged three times with phosphate-buffered saline (0.5 ml per lavage)
and the samples were combined. Fluid recovery was ~95%. The
bronchoalveolar lavage (BAL) samples were centrifuged at 2,000
revolution/min for 10 min at 4°C. Total leukocyte counts in BAL
fluids were determined with a hemocytometer after Randolph’s stain.
For cell differentiation, cytospin preparations from BAL fluids were
stained with Wright-Giemsa stain. The individual cell populations
were counted on the basis of morphology and expressed as percent
cells in BAL. BAL from at least four animals per category were
collected and subjected to analysis.

Histological analyses. Standard protocols were used for hematox-
ylin and eosin (H&E) and Masson trichrome (no. 250088-1, Poly-
sciences) staining of 5-pwm lung sections. Following staining proce-
dures, slides were visualized under and images were acquired by using
an Olympus Axioplan2 microscope at a magnification of X200.

Isolated murine tracheal ring experiments. Mice were overdosed
with intraperitoneal pentobarbital, and the trachea, heart, and lungs
were removed en bloc and placed in 4°C physiological saline solution
(PSS). Tracheae were dissected, cleaned thoroughly of adventitia, and
cut into individual rings. When necessary, epithelium denudation was
performed by gentle abrasion of the lumen by using the roughened
edges of a 19-gauge needle. Rings were mounted in 5-ml organ bath
chambers containing PSS, under minimal tension between stainless
hooks and Grass FT03 force transducers (Astromed, West Warwick,
RI). Force signals were amplified (World Precision Instruments,
Sarasota, FL) and collected by use of custom-built Labview-based
software (National Instruments). Samples were allowed to equilibrate
for 15 min and then stretched every 15 min to achieve a stable
baseline tension of 0.8 g. Following the final adjustment, samples
were exposed to 50 mM KCI twice and washed thrice to determine
maximum force. Samples were then exposed to increasing concentra-
tions of acetylcholine (ACh) in successive half-log increments
(10~1°-10~* M), allowing 5 min for force to stabilize after each dose.
All rings were then washed and allowed to return to resting tension
before further experimentation (see RESULTS). Inhibitors (see RESULTS)
were introduced at least 20 min prior to ACh exposure.

Statistical analysis. Twelve animals per category (WT or Cavl KO;
nonsensitized or sensitized) were used in these analyses, with multiple
protocols utilizing tissues from the same animal. Whole animal
protocols were performed on at least five animals per group. All in
vitro experiments were repeated at least three times with samples
taken from at least five animals. For LCM, four caps containing
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epithelial or ASM tissue from at least four animals were collected.
RNA from each cap served as a template for two RT reactions, and the
resultant cDNA was used for duplicate PCR reactions. Quantification
and analysis were done, based on the methods described in Ref. 33.
Tissue lysates from four animals per group were used for immuno-
blotting and densitometric analyses, and subcellular fractions from
three animals per group were used for RhoA activation assay. Com-
parisons were performed by two-way ANOVA with Bonferroni cor-
rection for repeated comparisons. Statistical significance was estab-
lished at P < 0.05. All values are expressed as means = SE.

Materials. Nor-NOHA (N-omega-nor-L-arginine), a specific argi-
nase 1 inhibitor, was purchased from Cayman Chemicals (Ann Arbor,
MI). Methacholine, ACh, and OVA were obtained from Sigma Al-
drich (St. Louis, MO). Antibodies against TNFR1 and IL4R and
RhoA were purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA). Primers used for LCM-PCR were obtained from Integrated DNA
Technologies (Coralville, IA).

RESULTS

Effect of Cavl KO on airway mechanics. In CTL (i.e., not
sensitized) WT mice that were anesthetized, paralyzed and
mechanically ventilated, nebulization of methacholine resulted
in a fairly linear but small increase in RL as methacholine
concentration was increased (Fig. 1A). In CTL Cavl KO mice,
baseline RL was slightly higher but increased substantially with
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Fig. 1. Changes in airway resistance (RL) and compliance (CL) in a caveolin-1
knockout (Cavl KO) mouse model of allergic airway hyperresponsiveness
induced by ovalbumin (OVA) sensitization and challenge. Wild-type (WT) and
Cavl KO animals either were unsensitized (control; CTL) or were OVA
sensitized/challenged. RL and CL were measured under anesthesia, paralysis,
and mechanical ventilation via tracheostomy (see METHODS for details) to
increasing doses of methacholine (0—50 mg/ml). Baseline RL was higher in
both CTL and OVA Cavl KO mice compared with WT and increased substan-
tially with methacholine (A). In the Cavl KO groups these values were signifi-
cantly greater than in any of the other 3 groups. CL values were significantly
smaller in Cavl KO mice (B). In the OVA Cavl KO group, CL dropped rapidly
and significantly with increasing methacholine. Values are means = SE (n =
5 per group). *Significant difference between WT and Cavl KO; #significant
difference between CTL and OVA (P < 0.05).
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methacholine, such that for all drug concentrations RL was
significantly higher than for CTL WT mice (Fig. 1A; P <
0.05).

In OVA WT mice, baseline RL was comparable to that of
CTL WT, but increased to a greater extent with methacholine
(Fig. 1A; P < 0.05). Importantly, baseline RL was actually
higher in OVA Cavl KO mice, and with methacholine there
was a tremendous increase in RL such that at all concentrations
these values were significantly greater than in any of the other
three groups (Fig. 14; P < 0.05 with repeated comparisons).

CL in CTL WT mice decreased with increasing methacho-
line concentrations (Fig. 1B). CL values were significantly
smaller in CTL Cav1 KO mice compared with WT (P > 0.05).
With OVA sensitization/challenge, compliance of OVA WT
mice decreased during the methacholine challenge, but these
changes were not to the same extent as the changes in RL in the
same group. Interestingly, in the OVA Cavl KO group, CL
dropped rapidly and significantly with increasing methacholine
concentrations such that the changes in this group were signif-
icantly greater than for any of the other three groups (Fig. 1B;
P < 0.05 with repeated comparisons).

LCM analyses. Given the surprising finding of enhanced
airway responsiveness in the Cavl KO mice, which disproved
our initial hypothesis, we explored alternative reasons for these
findings, focusing on changes in ASM vs. epithelium in terms
of factors that may regulate contractility and relaxation. We
used LCM-based analysis of samples from either layer. In
ASM, we focused on [Ca®*]; and force-regulatory proteins that
are present in caveolae, as well as proteins involved in caveolar
formation and function. We examined the M3 muscarinic ACh
receptor, caveolins 1 and 2, Orail (key component of store-
operated Ca?™" entry), and RhoA (involved in Ca’" sensitiza-
tion). Recent evidence in other cell types indicates an impor-
tant role for adaptor proteins called cavins, which are essential
in the formation and maintenance of functional caveolar struc-
tures, in trafficking of caveolins to plasma membrane, and in
membrane remodeling (5). To date, four cavins have been
identified: PTRF/cavinl (21, 58), SDPR/cavin2 (19), SRBC/
cavin3 (36), and MURC/cavind (2, 37). There is currently
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limited information on cavins in ASM or airway in general
(49). Furthermore, species and cell type differences may be
relevant but have not been studied. In pilot studies, we found
that cavins 1-3 can be detected in human ASM (not shown),
and therefore, we examined these three isoforms. For epithelial
samples, in addition to quality control proteins such as E-Cad
(Epithelial Cadherin), EMP1 (Epithelial Membrane Protein 1),
and MAP7 (Microtubule Associated Protein 7), we focused on
eNOS and Argl with the intent of determining the potential
role of airway remodeling in altered airway reactivity with
Cavl KO.

An important step in our analysis was verification of relative
purity of ASM vs. epithelial layers. Although complete sepa-
ration of the two layers is unlikely, we verified that the extracts
were largely representative of either ASM or epithelium using
the assumption that cross-contamination would result in rela-
tively high abundance of markers of the other layer. However,
our quantitative PCR analysis showed highly enriched ASM
captures evidenced by high sm-actin to epithelial marker (E-
Cad, MAP7, or EMPI1) expression (Fig. 2A; P < 0.05),
whereas epithelial captures showed high ratios of epithelial
marker to sm-actin (Fig. 2B; P < 0.05).

Effect of caveolin-1 KO on ASM. Absence of caveolin-1
resulted in increased sm-actin expression within the ASM of
Cavl KO mice, compared with CTL WT animals (Fig. 24; P <
0.05). There were no significant differences between the two
Cavl KO groups. There were some inconsistent differences in
expression of epithelial markers. These were not analyzed
further since the relative expression of these markers was
small. In the epithelial layer, absence of caveolin-1 resulted in
reduced E-Cad expression, but MAP7 expression was in-
creased. EMP1 expression was increased by OVA, regardless
of the presence of caveolin-1 (Fig. 2B; P < 0.05).

In ASM of WT animals, OVA resulted in a substantial
increase in the expression of caveolin-1, whereas caveolin-2
expression was largely unchanged (Fig. 3A; P < 0.05 for
caveolin-1). In Cavl KO mice, caveolin-1 was undetectable
(validating our PCR analysis), whereas caveolin-2 expression
was significantly decreased (P < 0.05). Previous studies have
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Fig. 2. Laser capture microdissection (LCM) and quantitative real-time PCR (RT-PCR) analyses of epithelium and airway smooth muscle (ASM) layers in mouse
lung. Airways were identified under light microscopy and an infrared laser was used to dissect the layers onto LCM caps for further analysis (see METHODS for
details). Relative purity of either the epithelial or ASM layers was verified by lack of abundance of markers of the other layer, as assayed quantitatively by
RT-PCR. In the ASM layer (A), smooth muscle actin (sm-actin) expression was high whereas epithelial markers such as E-Cad, MAP7, or EMP1 were low.
Conversely, in the epithelial layer (B), sm-actin expression was low whereas epithelial marker expression was high. Absence of caveolin-1 resulted in increased
sm-actin expression within the ASM of Cavl KO mice, compared with CTL WT animals. Values are means from 16 PCR reactions for each set = SE (n =
4 animals per group). *Significant difference between the reference (WT-CTL sm-actin in ASM tissue and WT-CTL E-Cad in epithelial tissue) and the other

markers (P < 0.05).
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Fig. 3. Expression of caveolar regulatory proteins in ASM. mRNA expression of caveolin-1 was substantially increased in the ASM of OVA WT mice, whereas
caveolin-2 was only slightly elevated (A). In Cavl KO mice, no caveolin-1 mRNA was detected (validating our PCR analysis), whereas caveolin-2 expression
was significantly decreased (A). Expression of all the 3 cavins tested (PTRF/cavinl, SDPR/cavin2, and SRBC/cavin3) was substantially increased in the WT OVA
animals (B). However, in the absence of caveolin-1, their expression was highly reduced, even with OVA. All messages were measured by quantitative RT-PCR.
Values are means from 16 PCR reactions for each set = SE (n = 4 animals). *Significant difference between WT and Cavl KO; #significant difference between

CTL and OVA (P < 0.05).

already shown that caveolin-2 is usually associated with caveo-
lin-1 (43), and we have shown that caveolin-3 is absent in
ASM (41). However, we explored expression of caveolin-2 to
determine whether a compensatory increase in this isoform
could explain the enhanced contractility observed. The lack of
significant difference between WT and OVA groups in the
Cavl KO animals in this regard would suggest otherwise.

In WT animals, ASM levels of cavins 1-3 (PTRF, SDPR,
and SRBC) were all significantly enhanced (albeit to different
extents) by OVA sensitization/challenge (Fig. 3B; P < 0.05).
Absence of caveolin-1 resulted in significant decrease in the
expression of all three cavins in the CTL group, which was
maintained in the OVA Cavl KO group (albeit to a lesser
extent for SDPR/cavin2; P < 0.05 across groups compared
with CTL or OVA WT).

On the basis of our previous studies showing an important
role for caveolin-1 in [Ca?*]; responses to agonist in ASM (41,
46), we examined changes in some [Ca”™ |; and force regulatory
proteins that are present in caveolae. Compared with WT CTL,
expression of Orail and M3 ACh receptor were all substantially
elevated by OVA exposure in the WT group (Fig. 4; P < 0.05).
Absence of caveolin-1 resulted in expression of these proteins
that was not substantially different from WT CTL (Fig. 4),
potentially reflecting noncaveolar expression. There was no
significant difference between CTL and OVA Cav1 KO groups
in this regard. Investigation of the Ca®" sensitization protein
RhoA found increased mRNA expression in the WT OVA
group, but no increase in mRNA expression in either of the
Cavl KO groups (Fig. 5A; P < 0.05). Furthermore, the ratio of
plasma membrane to cytosolic expression of RhoA protein was
significantly higher in WT OV A, indicating activation of RhoA
in that group (Fig. 5B; P < 0.05). However, RhoA transloca-
tion was unchanged in Cavl KO groups.

Effect of caveolin-1 KO on epithelium. On the basis of the
above data showing that, if anything, absence of caveolin-1
results in reduced expression or activity of Ca?* or force
regulatory proteins, which would not explain the observed

increase in contractility, we examined changes in the epithe-
lium. Arginase 1 (Argl) is the enzyme that hydrolyzes L-arg to
ornithine and urea via the urea cycle and is a first step along the
proline-collagen pathway (10, 30). L-arg is also a substrate for
eNOS, a binding partner of caveolin-1. Although exogenous
NO is a known bronchodilator, whether epithelially derived
NO is involved in bronchodilation in vivo is still under inves-
tigation, although there is evidence to this point (55). Regard-
less, altered eNOS-arginine balance could additionally contrib-
ute to airway remodeling. Thus there was sufficient justifica-
tion to determine whether altered arginase expression or
activity contributed to the observed changes in the Cavl KO
mice.

Compared with epithelium of CTL WT animals, expression of
Argl was significantly higher in the other three groups (Fig. 6;

10 1 - WT-CTL *
- [ WT-OVA _'l'_
O =W CaviKO-CTL
S 81 c=caviko-ova
s
r °]
£ *
S 4
c
©
L
o ,.
T
o
¢ |l (BN B O(E[
Orai1 AChM3R

Fig. 4. Effect of absent caveolin-1 on intracellular Ca®>* ([Ca®"];) and force
regulatory proteins in ASM. Compared with CTL WT, expression of the Ca?*
influx channel Orail and the M3 muscarinic receptor (AChM3R) messages
were both substantially elevated by OVA (measured by quantitative RT-PCR).
Absence of caveolin-1 resulted in expression of these proteins that was not
substantially different from WT CTL, potentially reflecting noncaveolar ex-
pression. There was no significant difference between CTL and OVA Cavl KO
groups in this regard. Values are means *= SE (n = 4 animals). *Significant
difference between CTL and OVA (P < 0.05).
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Fig. 5. Effect of Cavl KO on the Ca>" sensitization protein RhoA in ASM. Compared with WT CTL, RhoA mRNA expression was significantly increased in
WT OVA ASM (measured by quantitative RT-PCR). However, Cavl KO CTL and OVA mice showed no significant increase in RhoA expression (A). The ratio
of plasma membrane to cytoplasmic expression of RhoA was used as an index of RhoA activation (C and M in B). RhoA expression was significantly increased
in the membrane fraction of WT OVA airways but was not affected in Cavl KO CTL or OVA groups. AACr, comparative cycle threshold method. Values are
means = SE (n = 4 animals). *Significant difference between CTL and OVA (P < 0.05).

P < 0.05). Both Cavl KO groups showed even higher Argl
compared with WT animals, with the Cavl KO OVA group
being the highest (Fig. 6). In addition, arginase activity was
significantly increased in WT OVA and Cavl KO CTL and
OVA, with the most profound effect seen in Cavl KO OVA
mice (Fig. 6B; P < 0.05).

In contrast to Argl, the pattern of eNOS expression was the
converse, with absence of caveolin-1 resulting in substantially
reduced eNOS (Fig. 6; P < 0.05). Given previous evidence
that increased consumption of rL-arg by Argl can result in
decreased activity of inducible nitric oxide synthase (iNOS)
(44), which can have potential downstream effects on airway
structure and function via NO, superoxide, and peroxynitrite
(23, 31), we examined epithelial iNOS in the four groups
and found that its expression is indeed potentiated in epi-
thelium of WT OVA and in both CTL and OVA Cavl KO
airways (Fig. 6).

Histological analysis on lung sections from WT vs. Cavl
KO mice showed thickening of the epithelial layer in the
airways of Cavl KO mice compared with WT airways (Fig.
7A, asterisks). Sensitization and challenge with OVA further
increased this thickening. Furthermore, the ASM layer of Cavl
KO airways also showed increased thickness (albeit not to the
same extent as epithelium). In addition, the number of cells in
both the epithelial and the ASM layers was increased in both
Cavl KO and OVA sensitized airways (Fig. 7, arrows), sug-
gesting airway remodeling. Masson trichrome staining showed
increased collagen deposition in the airways of Cavl KO mice,
especially in those sensitized and challenged with OVA (Fig.
7B, arrowheads).

Consistent with these changes in the airway, LCM analysis
for expression of proliferating cell nuclear antigen (PCNA), a
specific marker for cellular proliferation in both ASM and

epithelial layers showed substantial increase in the airways of
OVA WT and both Cavl KO groups (Fig. 8, P < 0.05).
Effect of caveolin-1 absence on inflammatory response. A
potential confounder in the surprising hyperresponsiveness of
Cavl KO airways was the influence of altered caveolin-1
expression on the immune and inflammatory response to OVA.
Although it was beyond the scope of this study to examine all
aspects, we explored mRNA and protein expression of cyto-
kine receptors in ASM vs. airway epithelium, and cell counts in
the BAL fluid. Expression of both TNF-a receptor 1 (TNFR1)
and IL4a receptor (IL4Ra; representing the IL-13 pathway) was
significantly increased in WT OVA and Cavl KO OVA in both
the ASM layer and airway epithelium (Fig. 9, A and B; P < 0.05).
In fact, increase in cytokine receptor expression was more
pronounced in the Cavl KO OVA group compared with WT
OVA. These changes in mRNA were matched by correspond-
ing changes in TNFR1 and IL4Ra protein expression (Fig. 9C;
P < 0.05). BAL fluid analysis in these groups demonstrated a
significant increase in total cell count in WT OVA, Cavl KO
CTL, and OVA groups, with the largest increases in the Cavl
KO OVA group (Fig. 9D; P < 0.05). Eosinophil counts were
significantly increased in both of the Cavl KO groups. Overall,
these data suggested enhanced inflammation as a potential
contributor to the observed increase in airway responsiveness.
In vitro airway contractility in the absence of caveolin-1. On
the basis of the above data, we examined isolated tracheal rings
to determine whether the epithelium plays a role in Cavl KO
airways. In epithelium-intact samples, ACh dose response
curves were first performed. Following a thorough wash, sam-
ples were incubated with nor-NOHA (10 uM) for 1 h to inhibit
Argl activity or to 100 wM NS-nitro-L-arginine methyl ester
(L-NAME) to inhibit NO synthase (NOS). Samples were again
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Fig. 6. Effect of absence of caveolin-1 on airway epithelial expression of
arginase and nitric oxide synthase. LCM-based mRNA analysis of epithelial
layers showed that absence of caveolin-1, especially with OVA, resulted in the
highest level of arginase 1 (Argl) expression, as measured by quantitative
RT-PCR (A, n = 4 animals for each set). The pattern of altered Argl
expression was matched by enhanced arginase activity, especially in both Cav1
KO groups (B). Separately, in both WT and Cavl KO airways, OVA sensiti-
zation/challenge significantly increased inducible NO synthase (iNOS) but
decreased epithelial NO synthase (eNOS) expression, as measured by quanti-
tative RT-PCR (C, n = 4 animals for each set). Values are means from 16 PCR
reactions for each set = SE. *Significant difference between WT and Cavl
KO; #significant difference between CTL and OVA (P < 0.05).

subjected to ACh challenge at the same concentrations in the
continued presence of nor-NOHA or L-NAME.

As shown in Fig. 10, epithelium-intact trachea from Cavl
KO mice showed significantly higher sensitivity to ACh com-
pared with WT animals, reflected by a lower ECsg (P < 0.05).
Furthermore, airways of Cavl KO OV A mice were substantial
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more sensitive to ACh. Epithelial denudation enhanced airway
sensitivity to methacholine but only in the WT CTL mice, with
small to negligible effects in the other groups.

To determine the role of epithelial factors, in separate
experiments using epithelium-intact rings, preexposure to L-
NAME significantly increased baseline and peak force in WT
CTL airways but was substantially less effective in WT OVA
and without effect in both Cav1 KO groups (Fig. 10 shows data
at 1 uM ACh). Conversely, L-arg inhibition by nor-NOHA
resulted in reduced baseline and peak forces in WT OVA and
both Cavl KO groups, with the greatest effects in Cavl KO
OVA (P < 0.05; Fig. 10). In both of these protocols, time-
control experiments with no intervening L-NAME or nor-
NOHA showed stable second responses to ACh that were
<10% different from the first set of force responses to ACh
(not shown).

DISCUSSION

Whereas in vitro studies on the role of caveolin-1 in ASM
[Ca”"];, contractility, and proliferation suggest a direct corre-
lation between caveolin-1 and ASM contractility, the novel but
surprising results of the present study in an in vivo caveolin-1
null mouse model suggest that the effect of caveolin-1 in
regulation of airway contractility is much more complex and
likely involves both epithelium and ASM, but in different
aspects of airway hyperresponsiveness. The overall effects of
caveolin-1 in the airway may be a result of several changes,
importantly an increase in ASM cell proliferation (with in-
creased expression of smooth muscle contractile protein) that
contributes to increased contractility, a potential impairment of
bronchodilation due an imbalance between eNOS and arginase,
and the increased production of collagen that increases airway
stiffness. Although the present study did not examine the role
of caveolin-1 in the molecular mechanisms involved in each of
these aspects, the results of the LCM analyses as well as the
functional studies nonetheless suggest that caveolin-1 can reg-
ulate expression of a number of proteins involved in airway
structure and function. Thus other factors, such as inflamma-
tion, may mediate airway hyperresponsiveness via caveolin-1,
as shown in this study by differences in BAL cell count and
LCM analyses of WT vs. Cavl KO mice.

The flask-shaped plasma membrane invaginations called
caveolae are enriched in cholesterol, sphingolipids, and inte-
gral membrane proteins including caveolins, which can regu-
late other caveolar proteins as well as modulate intracellular
signal transduction (6, 63). In smooth muscle, including ASM,
caveolae contain proteins that regulate [Ca®>*]; signaling, con-
traction, and cellular proliferation (7, 16, 39, 40). For example,
caveolae in canine ASM express binding proteins for L-type
Ca’?" channels and plasma membrane Ca’" ATPase (8),
whereas human ASM caveolae express receptors for agonists
such as ACh and histamine, Ca?>" influx mechanisms such as
the TRPC channels and Orail (41), and force regulatory
proteins such as RhoA (22, 41). Thus caveolae are highly
important in regulating ASM structure and function.

Of the three mammalian caveolin isoforms (62), caveolin-1
and -2 are widely expressed, whereas caveolin-3 appears to be
expressed mostly in striated muscle (63). In smooth muscle,
caveolin isoform expression appears to be heterogeneous with
some reports of all three isoforms in vascular smooth muscle
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Fig. 7. Effect of absence of caveolin-1 on airway epithelium vs. ASM. In hematoxylin and eosin-stained lung sections (A), sensitization and challenge with OVA
increased epithelial layer thickening (black asterisks). Interestingly, the epithelial layer was thickened in lung slices of Cavl KO mice even without sensitization.
The ASM layer (open circles) of Cavl KO airways also showed increased thickness (albeit not to the same extent as epithelium). In addition, the number of cells
was increased in the airways of Cavl KO mice (arrows). Masson trichrome staining of lung sections (B) showed increased collagen deposition (block arrowheads)
in the airways of Cavl KO mice, especially in those sensitized and challenged with OVA. Yellow asterisks mark epithelial layer thickening in these sections.

Scale bar is ~50 pm.

(20) contrasting with other studies, including our own, showing
that human ASM expresses only caveolin-1 and -2 (41, 46)
(with the understanding that caveolin-2 is usually coexpressed
with caveolin-1). In airway epithelium, there is currently very
little data on the role of caveolins, although both caveolin-1
and -2 have been detected by immunocytochemical and imag-
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Fig. 8. Proliferative markers in the absence of caveolin-1. LCM analysis for
mRNA expression of proliferating cell nuclear antigen (PCNA), a specific
marker for cellular proliferation in both ASM and epithelial layers, showed
substantial increase in the airways of OVA WT and both Cavl KO groups
(measured by quantitative RT-PCR). Values are means = SE (n = 4 animals).
*Significant difference between WT and Cavl KO; #significant difference
between CTL and OVA (P < 0.05).

ing techniques (4, 51). These previous data formed the justifi-
cation for examination of caveolin-1 in this study.

Airway inflammation and increased airway narrowing are
hallmarks of diseases such as asthma (27). Here, the enhancing
effect of cytokines such as TNF-a and IL-13 on ASM contrac-
tility is recognized (50). Accordingly, factors that modulate
ASM structure and function in the presence of inflammation
are key to understanding airway diseases. In this regard, there
is limited but emerging information on the role of caveolin-1,
largely derived from in vitro studies. In the lung overall,
caveolin-1 has been shown to regulate NF-kB and inflamma-
tory responses to sepsis (13). We previously showed that
caveolae express the TNF-a receptor, that TNF-a increases
caveolin-1 expression, and that in turn increased caveolin-1
contributes to enhancement of [Ca>"]; by cytokines (46). The
role of caveolae in TNF-o enhancement of [Ca®"]; has been
recently shown to involve augmented Ca*>* influx via store-
operated mechanisms mediated by Orail (47) as well as Ca**
sensitization via RhoA (48). Hunter and Nixon (22) demon-
strated that TNFR1-mediated enhancement of RhoA involves
lipid rafts. Separately, caveolin-1 regulation of p42/44 MAP
kinases (16) has been demonstrated in terms of altered cellular
proliferation, also a major aspect of diseases such as asthma.
Thus caveolae and caveolin-1 appear to be central to regulation
of airway hyperresponsiveness. In this regard, the premise of
our study was based on the idea that if increased caveolin-1
contributes to enhanced [Ca?*]; and force (thus a procontractile
ASM phenotype), then reduction of caveolin-1 in vivo would
overall blunt ASM contractility in the presence of inflammation.
Although decreased caveolin-1 would conversely allow for en-
hanced cellular proliferation (thus a proproliferative phenotype),
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Fig. 9. Expression of inflammatory markers. mRNA levels for TNFR1 and IL4Ra were significantly increased in WT OVA, Cavl KO CTL and OVA ASM (A)
and airway epithelium (B) compared with WT CTL (measured by quantitative RT-PCR). This effect was most pronounced in Cavl KO OVA group. The same
pattern of effect was seen in the protein expression of these receptors (C). Separately, bronchoalveolar lavage (BAL) analysis showed significant increase in total
cell count for WT OVA, Cavl KO CTL, and OVA mice (D), with Cavl KO OVA mice showing the maximal effect. Eosinophil count was also significantly
increased in these 3 groups (n = 4 animals). Values are means = SE (n = 4 animals). *Significant difference between WT and Cavl KO; #significant difference

between CTL and OVA (P < 0.05).

the relative contribution of opposing effects of caveolin-1 is
not known, and therefore we theorized that the in vivo model
would provide an indication of where caveolin-1 has greater
effect.

Considering the ubiquitous expression of caveolae and
caveolins in different cell types, the Cavl KO mouse, devel-
oped by Lisanti and colleagues (43) has been studied for
pathology and pathophysiology of diseases other than in the
airway (5). Most relevant here has been the observation that
these mice develop severe pulmonary hypertension (9, 43).
Defects in arterial filling and increased pulmonary vascular
resistance have been observed in Cavl KO animals (32).
Considering the overall idea that pulmonary hypertension also
involves enhanced vascular contractility, impaired vasodila-
tion, and increased smooth muscle proliferation (66), the pres-
ent results showing that absence of caveolin-1 leads to en-
hanced airway contractility is highly interesting and correlates
well with previous findings in the pulmonary vasculature.
Although we recognize that cell type specificity in caveolin-1

effects may limit generalization [e.g., recent studies have
shown that caveolin-1 enhances pulmonary artery smooth mus-
cle proliferation (35), in contrast to findings in ASM (16)], our
findings nonetheless point to altered caveolin-1 expression
being a potentially common pathological mechanism in differ-
ent types of lung diseases.

Clearly, the enhanced RL observed in both CTL and OVA
Cavl KO mice can only partially be explained by ASM
contractility, and not by expression of proteins that can be
expressed within caveolae. Previous in vitro data in human
ASM point to enhanced caveolar expression of [Ca’"]; regu-
latory mechanisms (e.g., muscarinic receptors, Orail) in in-
flammation (17, 18, 41). The large increases in mRNA expres-
sion of proteins such as muscarinic receptors, Orail, sm-actin,
and RhoA in OVA WT ASM, but an absence of such changes
with OVA in Cavl KO mice, are consistent with caveolin-1
regulation of these proteins that are involved in ASM and force
regulation. However, the reduction of [Ca®"]; regulatory pro-
teins and RhoA, and the diminution of RhoA activity (at least
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Fig. 10. Physiological role of epithelium. In epithelium-intact tracheal rings, exposure to increased levels of ACh resulted in greater force production in both WT
and Cavl KO OVA mice, with much greater contractility in the absence of caveolin-1 (A). This was reflected by a significantly smaller effective concentration
(ECso) of ACh in Cavl KO mice, especially with OVA (B). Removal of eplthehum reduced the ECso, but only in the WT CTL airways, suggesting dysfunctional
epithelium or a lack of its role with inflammation and Cavl KO. Accordingly, in epithelium intact rings, inhibition of NO synthase with NS-nitro-L-arginine
methyl ester (L-NAME) enhanced baseline and peak force production by 1 wM ACh, but largely in WT CTL airways, and not in either Cavl KO group (C).
However, inhibition of arginase with N-omega-nor-L-arginine (nor-NOHA) substantially reduced the force responses to ACh in the Cavl KO groups, especially
with OVA (D). Values are means = SE (n = 4 animals). *Significant difference between WT and Cavl KO (P < 0.05). #Significant difference between CTL
and OVA (P < 0.05). &Significant difference between epithelium intact and epithelium denuded rings (P < 0.05). $Significant difference between before and

after inhibitor (L-NAME or nor-NOHA) treatment (P < 0.05).

as reflected by lack of membrane translocation) in the OVA
Cavl KO mice, cannot explain the much higher RL. Although
the likely lower level of such a protein could still be all present
in noncaveolar plasma membrane and thus contribute to in-
creased ASM contractility, the lack of difference between
Cavl KO CTL vs. OVA groups would suggest otherwise in
terms of airway hyperresponsiveness during inflammation.
Expression of sm-actin was observed to be sustained in OVA
Cavl KO airways and may be partially responsible for the
higher RL. However, it is also clear that all of the substantial
increase in force cannot be explained simply by changes at the
ASM, leading us to examine other mechanisms in this model.

A single previous study that examined airway function in
Cavl KO mice (28) reported that, by 3 mo of age, lung
compliance is significantly reduced whereas RL is increased.
The reduced compliance was associated with increased depo-
sition of collagen fibrils in the airways: a finding observed in
the present study as well. These authors interpreted increased
RL as being due to changes in the extracellular matrix. Thick-
ened alveolar septa, constricted alveolar lumens, and hypercel-
lularity have also been reported in Cavl KO lungs (65). The
findings of the present study showing increased collagen de-
position in the airways of OVA-sensitized/challenged mice,

and more importantly in both CTL and OVA Cavl KO mice,
are highly significant and consistent in this regard and point to
the importance of caveolin-1 in airway remodeling. Further-
more, enhanced PCNA expression and a somewhat thicker
smooth muscle layer in the airways of Cavl KO mice also
support the idea that enhanced cell proliferation and increased
smooth muscle mass in the absence of caveolin-1 contributes,
at least partly, to the observed airway hyperresponsiveness. In
this regard, changes in epithelial PCNA and in the epithelial
layer may also be significant, and formed a basis for further
exploration of this cell type in this study.

Airway tone represents a balance between constriction and
dilation. NO is recognized as an endogenous and exogenous
bronchodilator (11, 14, 38). In airways, NO may be derived
from epithelium (3) as well as nonadrenergic/noncholinergic
innervation (26, 61). Although the epithelium is a major site for
eNOS and iNOS, especially for iNOS in the asthmatic airway
(24), the role of epithelially derived NO in bronchodilation
(especially that mediated by eNOS) is not as clear as for
endothelially derived NO in the vasculature. Regardless, a
potential explanation for the higher RL at baseline as well as
with methacholine challenge in Cavl KO mice is impaired NO
production in airway epithelium, resulting in greater broncho-
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constriction. This is suggested by reduced eNOS levels in
epithelium (especially) of OVA Cavl KO airways, with a
concomitant increase in Argl expression and activity, which
would only reduce substrate availability for eNOS. Although
we did not specifically examine reduced NO production in this
setting, our data using tracheal rings where inhibition of NOS
by L-NAME showed increased baseline force and contractility
in WT CTL mice, but not in either of Cavl KO groups,
highlighting lesser contribution of NO in the latter. Overall,
these data suggest that caveolin-1 modulates epithelial NO
levels with downstream consequences on airway tone.

Caveolin-1 is a known negative regulator of eNOS in endo-
thelium (9, 67). Accordingly, if the same were to hold true in
epithelium, eNOS expression should have been elevated in
Cavl KO animals. However, we observed downregulation of
eNOS expression, highlighting the complexity of caveolin-1-
eNOS interactions. Additional experiments showed a concom-
itant upregulation of iNOS in the Cavl KO airway, which
would then likely be a major source of NO in the knockout
model. Such NO can be scavenged by superoxide free radical
(O27) to give rise to peroxynitrite (ONOO™), a reactive
nitrogen species molecule that has been shown to be proin-
flammatory and to induce airway hyperreactivity (56). In
support, Cavl KO animals have recently been shown to have
increased levels of both peroxynitrite (64) and superoxide (42)
and thus may induce a hypercontractile phenotype. However, it
also important to recognize that the increase in iNOS (also
observed in airway epithelium in this study) may not neces-
sarily correlate with altered airway hyperresponsiveness, con-
sidering a recent report of lack of difference between iNOS KO
and WT mice (52). Thus the specific interactions between
caveolin-1 and different NOS isoforms in the inflamed airway
remain to be established.

In epithelium, as with other cells, L-arg is a common sub-
strate for both NOS and arginase. There has been much interest
in arginases and in the deficiency and supplementation of L-arg
in adult asthma (57, 59). Chronically elevated Arg 1 is asso-
ciated with airway remodeling and hyperresponsiveness (30).
Whether caveolin-1 is involved in modulation of the arginase
pathway or its downstream effects is not known. However, the
single previous report of increased collagen in the airways of
Cavl KO mice is highly suggestive and is supported by our
findings from the LCM analysis. In this regard, our findings of
increased Argl expression and arginase activity especially in
Cavl KO OVA mice suggest a role for caveolin-1 in the
arginase regulation. This interaction may be important in
regulation of airway tone, as evidenced by our novel data
showing reduced baseline force and contractility when arginase
is inhibited by nor-NOHA, especially in Cavl KO OVA mice.
Overall, these data highlight the importance of caveolin-1 in
airway epithelium, especially in the presence of inflammation.

In addition to caveolin-1 per se, there is very recent evidence
in other cell types that adaptor proteins called cavins are
essential for caveolar formation and maintenance, caveolin
trafficking in membrane remodeling, and caveolar interactions
with intracellular structures such as endoplasmic reticulum (5).
Of the four cavins identified, PTRF/cavinl (21, 58), SDPR/
cavin2 (19), and SRBC/cavin3 (36), each appear to be impor-
tant in caveolar formation and shape, whereas MURC/cavin4
(2, 37) helps enhance interactions with intracellular structures.
Considering the novelty of these findings, there is currently
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very limited information on cavins in ASM or airways (49).
Nonetheless, in pilot studies, we found that cavins 1-3 are
detectable in human ASM, findings confirmed in our mouse
studies here. However, their role or their interactions with
caveolin-1 in modulating airway contractility is not known.
Furthermore, there is no information on expression of cavins in
airway epithelium. The upregulation of cavins 1-3 in OVA
WT airways is consistent with the known function of these
proteins in enhancing caveolar structure and function (5, 19,
21, 36). The dramatic decrease in expression of cavins in Cavl
KO airways suggests not only that these proteins are transcrip-
tionally modulated by caveolin-1 but also that cytoplasmic
levels of these proteins may be crucial determinants of con-
tractile responses in the airway. However, these issues remain
to be examined.

Although our data have clearly shown the complex role of
caveolin-1 in mediating airway hyperresponsiveness, a poten-
tial confounding factor is the effect of absent caveolin-1 on the
inflammatory milieu. Here, if anything, our original hypothesis
would have led us to the idea that Cavl KO mice would have
a less inflammatory environment. However, our data on cyto-
kine receptor expression and the BAL analysis both suggest
that in the absence of caveolin-1 the inflammatory response
may be enhanced. Whether such changes contribute to the
enhanced airway contractility remains to be determined.

Overall, the results of the present study highlight an impor-
tant but complex role for caveolin-1 in modulating expression
of a number of proteins involved in airway contractility and
relaxation, with a net result of enhanced airway contractility in the
setting of absent caveolin-1 (schematically shown in Fig. 11). The
mechanisms by which reduced caveolin-1 enhances contractil-
ity may involve the function of both epithelium and ASM.
Further study is required to dissect out the relative contribu-
tions of caveolin-1 in these cell types in modulating airway
structure and function. Here, reconciliation between the in vitro
findings in human airways and the in vivo work of this study
is necessary. A potential factor that may explain the discrep-
ancies is that caveolin-1 effects are time and context depen-
dent, in that short-term alterations in caveolin-1 expression, as
done in many studies, including our own, may have a different

Epithelium ¥cCaveolin-1

VYeNOs  MArginase AProliferation

\ /O

WNO ACollagen

AMAirway Tone
AAirway Remodeling

YCa2* AProliferation
VRhoA Asm-Actin
ASM YCaveolin-1

Fig. 11. Schematic of proposed mechanisms by which caveolin-1 influences
airway tone. At the level of ASM, the overall effect of caveolin-1 represents a
balance between influences on [Ca?*];, Ca®" sensitivity mediated by RhoA,
and cell proliferation and airway remodeling. A parallel effect of caveolin-1 on
the balance between NO synthase and arginases further influences both NO
and potentially bronchodilation, as well as airway remodeling.

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00018.2012 - www.ajplung.org



L680

effect compared with permanent absence of this protein
throughout life. Addressing this issue will require a conditional
and inducible caveolin-1 KO, preferably in the airway, which
is currently unavailable. Furthermore, species differences in
the role of caveolin-1 may also be important to consider. These
issues will drive future work into this interesting but clearly
complex area.
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