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MC. Role of caveolin-1 in thyroid phenotype, cell homeostasis, and
hormone synthesis: in vivo study of caveolin-1 knockout mice. Am J
Physiol Endocrinol Metab 297: E438—-E451, 2009. First published
May 12, 2009; doi:10.1152/ajpendo.90784.2008.—In human thyroid,
caveolin-1 is localized at the apex of thyrocytes, but its role there remains
unknown. Using immunohistochemistry, '2’I imaging, transmission elec-
tron microscopy, immunogold electron microscopy, and quantification of
H,0,, we found that in caveolin-1 knockout mice thyroid cell homeosta-
sis was disrupted, with evidence of oxidative stress, cell damage, and
apoptosis. An even more striking phenotype was the absence of thyro-
globulin and iodine in one-half of the follicular lumina and their presence
in the cytosol, suggesting that the iodide organification and binding to
thyroglobulin were intracellular rather than at the apical membrane/
extracellular colloid interface. The latter abnormality may be secondary
to the observed mislocalization of the thyroid hormone synthesis
machinery (dual oxidases, thyroperoxidase) in the cytosol. Neverthe-
less, the overall uptake of radioiodide, its organification, and secretion
as thyroid hormones were comparable to those of wild-type mice,
suggesting adequate compensation by the normal TSH retrocontrol.
Accordingly, the levels of free thyroxine and TSH were normal. Only
the levels of free tritodothyronine showed a slight decrease in caveo-
lin-1 knockout mice. However, when TSH levels were increased
through low-iodine chow and sodium perchlorate, the induced goiter
was more prominent in caveolin-1 knockout mice. We conclude that
caveolin-1 plays a role in proper thyroid hormone synthesis as well as
in cell number homeostasis. Our study demonstrates for the first time
a physiological function of caveolin-1 in the thyroid gland. Because
the expression and subcellular localization of caveolin-1 were similar
between normal human and murine thyroids, our findings in caveo-
lin-1 knockout mice may have direct relevance to the human coun-
terpart.

dual oxidase; thyroperoxidase; iodination; thyrocytes; hydrogen per-
oxide; oxidative stress; thyroid hormone synthesis; iodide

CAVEOLAE WERE FIRST DESCRIBED in the early 1950s by Palade
(38) and Yamada (61) at the surface of endothelial and epithe-
lial cells, respectively. They are invaginated microdomains of
the plasma membrane found in diverse cell types: adipocytes,
endothelial and epithelial cells, myocytes, and fibroblasts (31).
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The formation of caveolae is the result of a local accumulation
of glycosphingolipids, cholesterol, and caveolins in the mem-
brane of the vesicles budding from the trans-Golgi network
(40). The discovery of caveolins is much more recent (33, 51).
Caveolins are the protein markers of caveolae, and they are
intricately involved in caveolar functioning. There are three
different caveolin proteins: caveolin-1 (Cav-1) and caveolin-2
are coexpressed and colocalized in numerous cell types,
whereas the expression of caveolin-3 is specific to cardiac,
skeletal, and smooth muscle cells (47). Both caveolins and
caveolae appear to be multifunctional, and their specific role in
a given cell type is often related to the particular function of
that cell. The generation and analysis of Cav-1 knockout
(Cav-17'7) mice undoubtedly demonstrated that Cav-1 is
necessary for the biogenesis of caveolae and for the stabi-
lization of the caveolin-2 protein (19, 45). Although viable,
fertile, and apparently healthy, Cav-1~/" mice display sev-
eral aberrant phenotypes that result in physical limitations.
The most prominent phenotypes described so far are cardio-
vascular and pulmonary abnormalities due to impaired reg-
ulation of nitric oxide and calcium signaling and to the
thickening of alveolar septa caused by hyperproliferation of
endothelial cells and fibroblasts. As Cav-1"/" mice age,
other phenotypes become apparent. They are leaner than
wild-type littermates, due to deficient insulin receptor-
mediated signaling in adipocytes (46), and have reduced life
span as a consequence of the above-referred cardiovascular
defects and heart hypertrophy (39).

Thyrocytes are polarized cells in which the synthesis of
thyroid hormones takes place at the apical membrane-colloid
interface and involves two enzymatic systems: dual oxidase
(Duox) and thyroperoxidase (TPO). Duox generates the H>O»
(2, 3) needed to oxidize and activate the heme catalytic site of
TPO. Once activated, TPO oxidizes iodide and iodinates ty-
rosine residues of Tg to form monoiodotyrosyls and diiodoty-
rosyls. TPO further couples the iodotyrosyls residues in thy-
roglobulin (Tg), resulting in the formation of triiodothyronine
(T3) and thyroxine (T4).

Because Cav-1 is a putative tumor suppressor in human
thyroid cells (2, 3), the analysis of the thyroid of Cav-1—'"
mice is of particular interest. Indeed, we have previously
demonstrated that Cav-1 acts as a negative regulator of prolif-
eration in vivo (14). However, we also found that apoptosis is
increased in the thyroid of Cav-1"/" mice, although the ex-
planation for this remains unknown. We have observed that
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normal human thyrocytes express high levels of Cav-1 and that
this protein is localized mainly in the apical region of these
cells (13). Altogether, these findings led us to the hypothesis
that Cav-1 and, possibly, caveolac might play a role in the
synthesis of thyroid hormones and in the homeostasis/survival
of thyroid cells. Here, we investigated the specific role played
by Cav-1 in the functioning of thyrocytes through a compara-
tive analysis of the thyroids of control and Cav-1~'" mice. We
show evidence that Cav-1 in thyroid is required for proper cell
functioning and homeostasis.

MATERIALS AND METHODS

Animals and treatments. All procedures respected regulations and
guidelines of the Belgian state and European Union and were ap-
proved by the local ethics committee. Cav-1"/" mice [strain no.
004585 (45)] were purchased from Jackson Laboratories.

In all experiments, the control mice used were the wild-type (WT)
littermates of Cav-1"/" mice. The mice were kept in the animal
facility under the 12:12-h dark-light cycle and were given water and
AO3 mouse breeding diet (Safe UAR) with normal iodine content (0.4
mg/kg). For goiter induction, mice were fed a low-iodine diet (20
ng/kg; Animalabo, Brussels, Belgium) and received water containing
NaClOy4 (1%) for 12 days.

Thyroid histology and staining of glycoproteins. Mice were eutha-
nized, and the thyroids were removed, weighed, fixed in buffered-
formalin, and embedded in paraffin. Thyroid sections (5 wm) were
mounted on glass slides, deparaffinated, and hydrated. For histological
analysis, sections were stained with hematoxylin and eosin (H&E),
following a standard protocol. Glycoproteins were detected using
Periodic Acid-Schiff staining (PAS). Sections were stained with 0.5%
periodic acid for 30 min and with Schiff’s reagent for 20 min and then
rinsed in running tap water for 5 min. Nuclei were counterstained with
hematoxylin for 3 min. Sections were rinsed in running tap water,
dehydrated, cleared, and mounted.

Immunohistochemistry. Duox was detected on frozen sections. All
the other proteins and 4-hydroxynonenal (HNE) were detected on
paraffin sections. The sections for detection of Cav-1, Cav-2, HNE,
and catalase were subjected to microwave pretreatment. The condi-
tions of the staining are summarized in table 1. Negative controls
included the replacement of primary antibody by the preimmune
serum or absence of the primary antibody.

Transmission electron microscopy. Thyroid lobes were fixed in
2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1.5 h, post-fixed

Table 1. Experimental conditions for immunohistochemistry

Incubation
Protein Primary Antibody Conditions
Cav-1 Rabbit polyclonal antibody (BD 625 ng/ml, 3 h
Transduction Laboratories)
Cav-2 Mouse monoclonal antibody (BD 62ng/ml, 3 h
Transduction Laboratories)
Tg Rabbit polyclonal antibody (Dako) diluted 1/1,500,
overnight
Tg-1 Mouse monoclonal antibody (B1) (17) diluted 1/3,000,
overnight
Duox Rabbit polyclonal antibody (16) diluted 1/3,000,
overnight
TPO Rabbit antibody Load TPO 821 (52) 4 pg/ml, 3 h
HNE Rabbit polyclonal antibody (Calbiochem) 5 pg/ml, 1h
PRDX5 Rabbit polyclonal antibody (57) 2.5 ng/ml, 3 h
Catalase Mouse monoclonal antibody (Sigma) 11 pg/ml, 3 h

Cav, caveolin; Tg,; Tg-I, Thyroxine-rich Tg; Duox, dual oxidase; TPO,
thyroperoxidase; HNE, 4-hydroxynonenal; PRDXS, peroxiredoxin 5. Nos. in
parentheses are of references.
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in 1% osmium tetroxide for 1 h, and embedded in LX112 resin (Ladd
Research Industries, Burlington, VT). Thin sections (0.5 pwm) were
stained with toluidine blue and analyzed for morphology by light
microscopy. Ultrathin sections were prepared and stained with uranyl
acetate and lead citrate and examined with an electron microscope
Zeiss EM169 (Carl Zeiss, Oberkochem, Germany).

Ultrastructural distribution of iodide. Thyroid lobes were fixed in
2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1.5 h and
embedded in LX112 resin. Semi-thin sections were prepared, and the
ultrastructural distribution of the iodide natural isotope ('27I) was
obtained through imaging by SIMS (secondary ion mass spectrome-
try), using the NanoSIMS 50 system (5, 10, 27, 28, 42). Maps were
acquired under standard analytic conditions: a Cs™ primary beam with
impact energy of 16 keV and a probe with current intensity of 1 pA.
The analyzed surface was 30 X 30 pwm. Under these conditions, a
lateral resolution of 100 nm is expected. The detection of this element
was done in the multicollection mode with parallel detection of *'P,
12C, 14N, and *S. All images were acquired in 256 X 256 pixels with
a counting time of 20 ms per pixel.

Immunogold electron microscopy. After rinses in PBS-BSA (1%),
ultrathin sections (0.1 wm) were incubated overnight with a rabbit
polyclonal anti-thyroglobulin antibody (1/300, DAKO). Then, they
were rinsed and incubated for 30 min with a 12-nm colloidal gold
affinity pure goat anti-rabbit IgG (Jackson, 111-205-144, lot no.
71647). Sections were postfixed with 2.5% glutaraldehyde for 5 min
and counterstained. They were examined with a Zeiss 109 transmis-
sion electron microscope. Negative control is obtained by omission of
primary antibody, and the colloid of Cav-1"/* follicles served as
positive control.

Serum free T3 and free T4 assay. The free thyroid hormone levels
in sera were measured by a competitive assay using chemilumines-
cence (module E170, Roche Diagnostics, Mannheim, Germany).

Bioassay of TSH. TSH was evaluated by bioassay using a line of
Chinese hamster ovary cells (CHO-K1) stably transfected with a
human TSH receptor cDNA, as previously described (41). Briefly,
50,000 cells were seeded in individual test tubes and incubated for
24 hin 100 pl of Ham’s F-12 cell culture medium supplemented with
10% fetal calf serum, 100 IU/ml penicillin, 100 pg/ml streptomycin,
1 mM sodium pyruvate, and 2.5 pg/ml Fungizone. Cells were washed
with 500 pl of Krebs-Ringer-HEPES buffer (pH 7.4) supplemented
with 8 mM glucose and 0.5 g/l BSA and then preincubated for 30 min
in 200 wl of the same medium. The medium was removed, and 200 1
of fresh medium containing 20 1 of serum for TSH measurement and
25 pM Rolipram, a cAMP phosphodiesterase inhibitor, was added.
After a 1-h incubation, the medium was discarded and replaced with
1 ml of 0.1 M HCIL. cAMP was measured in the dried cell extract by
RIA according to the method of Brooker (9). Values obtained with
CHO-K1 cells devoid of TSH receptor were considered as blanks.
Results are expressed as means * SD. Bioassays of TSH were
validated by RIA (44).

In vivo iodide uptake and in vitro secretion. The mice received an
intraperitoneal injection of 30 wCi '>’I~ the day before the
experiment. The trachea and thyroids removed en bloc were
preincubated for 1 h and incubated for 3 h in 2 ml of Krebs-Ringer-
bicarbonate medium supplemented with 8§ mM glucose, 0.5 g/l
BSA, and 10~* M NaClOy4 plus 10~* M methimazole to avoid
iodide recirculation. TSH (5 mU/ml) was added at the start of the
incubation. The butanol extraction, which contains the thyroid
hormones, was performed as previously described (56). The iodide
uptake in vivo is expressed as counts per minute per trachea. The
secretion is expressed as a percentage of the total radioactivity in
the tissue at the beginning of the incubation (BE'?°I, the residual
pellet and the tissue).

In vitro PB'?’[ (iodide organification). Thyroid lobes were dis-
sected and preincubated for 1 h in 2 ml of Krebs-Ringer-bicarbonate
buffer supplemented with 8 mM glucose and 0.5 g/l BSA. Then, the
tissue was transferred to fresh medium containing 7.10~¢ M KI and 2
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wCi/ml 2517, TSH (10 mU/ml) was added at the beginning of the H>0; determination. Carefully dissected thyroid lobes cut in two
incubation (2 h). Protein iodination was measured as described pre- were preincubated for 30 min in 1 ml of Krebs-Ringer-HEPES
viously (50). Results are expressed as the percentage of the total ~medium supplemented with 8 mM glucose and 0.5 g/l BSA and then
radioactivity incorporated in the tissue. transferred to 600 wl of fresh medium containing 0.1 mg/ml horse-

Fig. 1. A-C: transmission electron microscopy (TEM) micrographs of caveolin-1 wild-type (WT, Cav-1*/*) thyroids. A: typical caveolae are observed in
endothelial cells. B and C: similar caveolae are located at the apical pole of thyroid cells between the microvilli. D-G: thyroid sections (5 wm thick) from
Cav-1"/* (D-F) and Cav-1"/~ (E-G) mice. D and E: immunodetection of Cav-1. In WT mice (D), Cav-1 is detected at the apical pole of some thyrocytes (short
arrow), on endothelial cells (long arrow), and on adipocytes (*), and it is not expressed in Cav-1~/" mice (E). Inset: Cav-1 localization at the apical pole facing
the colloid (c) (bar, 10 pm). F and G: immunodetection of Cav-2. In WT mice (D), Cav-2 is also detected at the apical pole of thyrocytes (arrows; inset: bar,
10 pm). Its expression is lost in Cav-1"/" mice (G).
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radish peroxidase type II, 440 wM homovanillic acid, with or without
10 mU/ml TSH. The fluorescence of the medium was measured 3 h
later (315 and 425 nm excitation and emission wavelengths, respec-
tively) (7).

Reproducibility. In qualitative experiments, one representative re-
sult is shown. In quantitative experiments, differences between WT
and Cav-1~/" mice were analyzed using the Student’s t-test. P < 0.05
was considered significant.

RESULTS

Validation of the Cav-1""" mouse as a relevant animal
model to study the role of Cav-1 in human thyroid. In previous
studies, we (13) showed that Cav-1 expression pattern in
thyroid follicular cells is heterogeneous and that the protein is
localized mainly at the apical pole of follicular cells. To assess
whether the study of Cav-1"/~ mice would be relevant to
understanding the role of Cav-1 in the human thyroid, we
analyzed the existence of caveolae in the thyroid cells of mice,
and we perfomed immunohistochemistry on the thyroids of
control mice (WT littermates of Cav-1"'" mice) using the
same antibody that we had used to detect Cav-1 in human
samples. Caveolae have been extensively described in endo-
thelial cells in different organs. They were also observed in the
thyroid (Fig. 1A). Similar caveolae were detected in thyrocytes
at the apical pole between microvilli (Fig. 1, B and C). By
immunohistochemistry, we found that the Cav-1 staining pat-
tern in the murine thyroid was similar to that found in the
human thyroid (Fig. 1D). It was expressed at the apical pole of
the thyrocytes (Fig. 1D, inset) as well as in endothelial cells
and adipocytes. This similarity suggests that the murine thyroid
may be a valid model of the human thyroid to study the role of
Cav-1 in this organ. As expected, Cav-1 expression was not
detected in the thyroid of Cav-1~"" mice (Fig. 1E).

Cav-2, like Cav-1, was located at the apical pole of thyro-
cytes in normal thyroids and was absent in the thyrocytes of
Cav-1""" mice (Fig. 1, F and G). As shown previously in vitro
(14), Cav-1 expression was decreased in our perchlorate-
stimulated glands (see Fig. 9, A and B).

The thyroid of Cav-1—"" mice displays histological abnor-
malities and deficient luminal storage of glycoproteins. We
first looked roughly at dissection for obvious thyroid dysfunc-
tion in Cav-1~'" mice, but no visible goiter was observed. The
mean thyroid weight was 3.7 = 0.35 mg in Cav-1"/" mice and
not significantly modified compared with Cav-1"/" mice. Af-
ter the thyroids were removed, no differences were found in the
thyroidal radioiodide uptake between WT and Cav-1~'" mice
24 h after an intraperitoneal injection of Na'?’I (table 2).

We next searched for histological phenotypes in the thyroids
of 2.5-mo-old Cav-1~/" mice. Thyroid sections from the same
WT and Cav-1~/~ samples used in Fig. 1, D-G were subjected
to H&E staining. The absence of Cav-1 did not cause visible
hyperplasia, and no signs of tumor induction were seen. In-

Table 2. 24-h thyroidal '*°I~ uptake in vivo

X10¢ cpm per Thyroid n
WT 2.6*0.5 12
Cav-1""~ 1.9x0.3 12
P NS

WT, wild type; NS, no statistically significant difference.
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stead, compared with WT (Fig. 2A), we detected an absence of
eosin staining in the lumina of many Cav-1~"" follicles (Fig.
2B). These follicles had a fragile appearance with rupture of
the epithelial layer, and the follicular cells were square shaped,
suggesting high secretory activity.

To determine whether the abnormal follicular lumina in
Cav-1"/" thyroids lack glycoproteins, we performed PAS
staining on sections of Cav-1~'" (Fig. 2D) and WT (Fig. 2C)
thyroids. Again, many follicles showed no staining. The pro-
portion of follicular lumina that were not PAS stained and
therefore lacked glycosylated proteins was 45.8 * 2.8% in
Cav-1"'" mice vs. 3.8 £ 0.7% in WT (mean *+ SE; n = 7 mice
per group).

Absence of Cav-1 leads to defects in transport of the thyroid
hormone synthesis machinery to the apical membrane. Since
45.8% of Cav-1~'" follicular lumina were not PAS stained and
the colloid is >95% composed of the glycoprotein Tg, we
speculated that Tg would be absent from those Cav-1"/~
lumina. We analyzed Tg distribution by immunohistochemis-
try using two different antibodies: one that detects total Tg and
another that recognizes only the T4-rich Tg (Tg-I). In accord
with the results obtained by H&E and PAS staining, we
observed a similar proportion of Cav-1~'" follicles showing a
lack of Tg in their lumina (Fig. 2F vs. control in 2FE). These
lumina of course failed to be stained by the antibody that
specifically recognizes Tg-I (Fig. 2H vs. control in 2G). Fur-
thermore, we noticed an accumulation of Tg and Tg-I in the
apical region of the follicular cells in the abnormal Cav-1—"~
follicles (Fig. 2, F-H).

The immunohistochemistry results suggest that Cav-1"/~
thyrocytes have problems of Tg transport and luminal storage.
This was also analyzed on semi-thin sections (Fig. 3 A and B)
and transmission electron microscopy (TEM) (Fig. 3, C and D)
on WT and Cav-1~/" thyroids. Contrary to WT (Fig. 3, A and
(), we observed an accumulation of intracellular vesicles (Fig.
3B) and a remarkable distension of the rough endoplasmic
reticulum (Fig. 3D), suggesting that Cav-1~'" thyrocytes have
defects in the transport of newly synthesized proteins. The
converse hypothesis, that this accumulation is due to defects in
the postendocytotic processes, is very unlikely, as this would
also lead to colloid accumulation in the lumen as it occurs in
the quiescent thyroid follicles. Moreover, the dilatation of the
ergastoplasm and the absence of real colloid droplets also
suggest otherwise.

Absence of Cav-1 causes intracellular iodination. Does
iodine also accumulate in the cells instead of being stored in
the colloid of Cav-1""" follicles? To address this question, we
performed imaging by SIMS, a highly sensitive isotopic im-
aging technique uniquely suited for the study of trace ions
distribution at the ultrastructural level. We therefore examined
the distribution of the natural isotope '?’I in the thyroids of WT
and Cav-1~'" mice using this method. As expected, '?’I was
found in the follicular lumina of WT thyroids (Fig. 3E). In
contrast, in Cav-1~'" mice, some lumina were devoided of '?’I
(Fig. 3F). '?I was detected in the cytoplasm of thyrocytes and
on the apical membrane (Fig. 3F). This result confirmed the
above-referred localization of Tg-I in the cytoplasm of thyro-
cytes. In fact, 12T was detected in the cytoplasm of nearly all
thyroid cells of Cav-1~/" mice. There were large and numer-
ous intracytoplasmic vesicles filled with 271, these areas
corresponding to dilated cisternae of endoplasmic reticulum
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Fig. 2. Thyroid sections (5 pm thick) from Cav-1""*
(A, C, E, G) and Cav-1~'~ (B, D, F, H) mice. A and
B: H&E staining. B: in Cav-1"/" mice, some
follicles (*) have an irregular outline, with an
empty lumen surrounded by cylindrical cells. C
and D: PAS staining. D: in Cav-1"/" mice,
lumina of empty follicles (*) do not contain
glycoproteins. E and F: immunodection of Tg. G
and H: immunodetection of Ty4-rich Tg (Tg-I). In
Cav-1"/" mice, lumina of some follicles (*) do
not contain Tg or Tg-I, which are instead de-
tected in the cytoplasm and at the apical pole.
Note the epithelial rupture of these altered folli-
cles (arrows).

(Fig. 3, G and H). This was evidenced by immunogold
labeling of Tg in electron microscopy. In Cav-1*'7 follicles,
Tg was detected in the colloid (Fig. 4B) compared with a
specificity control of the immunolabeling obtained in the
absence of the first antibody (Fig. 44). In Cav-1~'" mice,
Tg was absent in some lumina and detected in large dilata-
tions of the rough endoplasmic reticulum (Fig. 4, C and D).

These observations suggested that in thyroids of Cav-1~"/~
mice the iodination of Tg could take place inside the cells and
not at the apical membrane-colloid interface. If this is the case,
one would expect to find Duox and TPO in the cytoplasm and
that they would be absent in the apical membrane. To test this
hypothesis, we performed immunohistochemistry for these two
enzymes in the thyroids of WT and Cav-1~"" mice. We found
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Cav-1 "/t Cav-1 /-

Fig. 3. A and B: semi-thin sections (0.5 pm thick) stained
with toluidine blue. In Cav-1—"/" mice (B), thyroid cells are
taller than in WT, and they contain numerous large intra-
cellular vesicles (arrows). C and D: TEM micrographs of
WT (C) and Cav-1=/~ (D) thyroids. Cav-1~/~ thyrocytes
show distension of the rough endoplasmic reticulum (*). E
and F: ultrastructural distribution of 2] by SIMS imaging.
White areas correspond to iodine detection. E: in WT mice,
1271 is homogeneously distributed in the follicular lumina
and in a few intracytoplasmic vesicles. F: in Cav-1~"/~
mice, some follicles (*) do not contain '?7I, which is instead
detected in the cytoplasm and at the apical border. Accu-
mulation of numerous cytoplasmic vesicles containig 27T
(arrow) is a hallmark of thyrocytes from Cav-1~/" mice. G
and H: thyroid from Cav-1~/" mice. Ultrastructural distri-
bution of 3'P (G) in the nuclei (N) and of '*’I (H).
Intracytoplasmic 271 localization (arrows) corresponds to
dilated cisternae of endoplasmic reticulum (in black on G).
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Fig. 4. Detection of Tg by immunogold elec-
tron microscopy. A: specificity control of im-
munolabeling by omission of the first anti-
body. B: in Cav-1*/" mice, Tg was detected
as small gold particles in the colloid limited
by flat epithelial cells. C and D: in Cav-1"/"
mice, Tg was absent in some lumina (*) and
detected in large dilatations of the rough en-
doplasmic reticulum.

that Duox is localized mainly in the cytoplasm of Cav-1~"~
thyrocytes (Fig. 5B) and not at the apical membrane, as
observed in the WT thyroids (Fig. 5A). Surprisingly, we also
detected upregulation of Duox expression in Cav-1"/" thy-
roids. TPO could also be found in the cytoplasm of Cav-1~""
thyrocytes. Its expression was also increased in the abnormal
follicles of Cav-1~'/" thyroids (Fig. 5, C and D).

All together, these results indicate that the thyroids of
Cav-1"'~ mice present several functional abnormalities,
namely, intracellular iodination and defective apical protein
transport and luminal storage of Tg and iodide. To determine
whether these phenotypes affect the overall efficiency of the
iodination process, we measured the proportion of protein-
bound '?>I” (PBI) in the basal condition and upon stimulation
by 10 mU/ml TSH. Although on average PBI in the basal
condition was ~2.5-fold lower in Cav-1~/" thyroids than in
the WT, the difference between the two groups was not
statistically significant (Table 3). We also did not find any
differences in the secretion of thyroid hormones in vitro be-
tween the Cav-1~'" and WT thyroids (Table 3). As a control,
we verified that the in vitro 2’1~ uptake was also comparable
between the two groups (Table 3). It must be emphasized that
these studies investigate the follicles that have taken up and
metabolized '?I~. Open follicles (due to tissue section or to

THE THYROID OF THE Cav-1 KO MOUSE

Cav-1*/*

phenotype-related abnormalities) with no luminal '*°I" accu-
mulation do not contribute to these measurements.

In summary, we found that a proportion of Cav-1~"/" thy-
rocytes display intracellular iodination and deficient transport
of the thyroid hormone synthesis machinery to the apical
membrane. However, these defects in altered follicles do not
impair the overall iodide organification and the hormonal
secretion that mainly reflect the intact follicles.

Lack of Cav-1 induces increased H>O> generation, oxidative
stress, cell damage, and apoptosis in thyrocytes. Normal thy-
roid cells generally exhibit very low cell turnover and apopto-
sis (20), but we had previously found (14) that Cav-1~'~
thyrocytes have higher apoptotic rates than WT. In accord with
this, TEM revealed the presence of several apoptotic nuclei and
an accumulation of cell debris in the lumina of the most
affected Cav-1"/" follicles (Fig. 6, A and B). Even more
striking was the aberrant morphology of the apical membranes
in the cells that constitute the most abnormal follicles (Fig. 6A).
Taken together, these findings suggest that lack of Cav-1
causes cell damage in thyrocytes which ultimately leads to
apoptosis.

The production of H,O, by Duox is a key step in the
hormonogenesis process, but it also represents a source of
oxidative stress, even in a normal thyroid cell. The whole
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Fig. 5. Thyroid sections (5 wm thick) from Cav-1"/"
(A, C) and Cav-1~"~ (B, D) mice. A and B: immu-
nodetection of dual oxidase (Duox) on frozen sec-
tions. In WT mice (A), Duox is detected at the apical
pole (arrows, inser), whereas in Cav-1~"" mice (B),
it is often localized in the cytoplasm (arrow, inset),

and its expression is upregulated. C and D: immu-
nodetection of thyroperoxidase (TPO) on paraffin
sections. In Cav-1~/" mice (D), expression of TPO
is also higher than in WT (C) and localized in the
cytoplasm (arrow).

system in thyrocytes must be fine-tuned to produce strictly
adequate and localized levels of H,O,, favoring hormone
synthesis while avoiding damage due to excessive H»O»
amounts (54). In the thyroid of Cav-1"/" mice, Duox is
mislocalized in the cytoplasm, and its expression level is
increased. Therefore, it is possible that the cell damage and
apoptosis detected in Cav-1"/" thyroids are caused by an
excess of HyO,, i.e., H>O; that is produced but not used to
activate TPO, thus becoming available for (harmful) reaction
with other cellular components. To test whether Cav-1"/"
thyroids produce more H,O,, we measured the amount of
H,0, generated in vitro by Cav-1"'" and WT thyroids in basal
condition and upon stimulation by 10 mU/ml TSH. We de-
tected a highly significant increase in the H>O, released by
Cav-1"'" thyroids relative to their WT counterparts. However,
the increase was statistically significant only in stimulated
conditions. Considering that only about one-half of the follicles

were affected, this increase is important. The increment in
H>0, production due to TSH stimulation was of the same order
in the two groups (table 4). We must emphasize that the
detected H>O» only originates from the follicles opened by
tissue section (54) and therefore merely reflects the activity of
these follicles.

To assess whether the increase in the levels of H,O, was
translated into cellular oxidative stress and a potential cause of
cell death, we performed immunohistochemistry to compare
the relative amounts of three oxidative stress markers, HNE,
peroxiredoxin 5 (PRDXS), and catalase, between the thy-
roids of WT and Cav-1~'" mice. HNE is a toxic aldehydic
product resulting from the peroxidation of w-6 unsaturated
fatty acids present in cellular lipids (1). As such, its levels
constitute a good indicator of the cellular damage due to
oxidative stress. HNE was increased in Cav-1"'" thyrocytes
compared with WT and even more in the cells of the “empty”
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Table 3. In vitro measurements of '2°’I" thyroidal uptake,
PBI, and '*I secretion as thyroid hormones

THE THYROID OF THE Cav-1 KO MOUSE

Table 4. H>0: levels (ng /ml) generated in vitro during
3-h incubation

Basal +TSH P Basal TSH, 10 mU/ml P
1251~ uptake during 2-h WT 10.6%0.7 154*+1.7 NS
incubation (X10° cpm per Cav-1""~ 15.7%2.1 23.5%1.6 <0.02
thyroid) P NS < 0.02
WT 80+13 93+14 NS : : —
Cav-1—"~ 112+23 11127 NS Values represent mean = SE of 4 mice per group (paired comparisons in 4
P NS NS series). When all WT samples (basal or with TSH) are compared to Cav-1~""
PBI (% of total thyroidal '25T) 2 h in a series of 8, the difference is significant with P < 0.005. n.s.: no statistically
incubation significant difference.
WT 13.1+4.4 20.5*t3.4 < 0.05
Cav-1-'~ 5.0%1.1 23.2%59 < 0.01
P NS NS ) o )

125] secretion as thyroid hormones increases the oxidative stress and could be, at least in part,
during 3-h incubation responsible for the observed cell damage and apoptosis (14).
gb}“angl'?x‘ra“zl?le *Lin Of course, other mechanisms could also contribute to these

WTe incubation medium) 15403 129415 <oo0 cffects. All the described abnormalities were detected within
Cav-1-"— 13+0.1 10.9+1.4 <0001 the same follicles, as shown on serial sections: absence of PAS
P NS NS staining and of Tg-I in the lumen, mislocalization and overex-

Values represent means = SE of 6 mice per group. TSH concentrations used
were 10 mU/ml for 21~ thyroidal uptake, 10 mU/ml for protein-bound '2°1
(PBI), and 5 mU/ml for '?°I secretion. Analysis per paired sample of each
series.

follicles (Fig. 7, A and B). PRDXS5 is a detoxifying thioredoxin-
dependent enzyme used by mammalian cells to reduce perox-
ides and peroxinitrites. It is localized in the cytosol, mitochon-
dria, and peroxisomes (33). PRDXS is expressed in the normal
human thyroid, and its levels directly correlate with the func-
tional status of thyrocytes (26). We observed that PRDXS5
expression was upregulated in the abnormal follicles of
Cav-1""" mice, which suggested an increased oxidative stress
in the absence of Cav-1 and a higher cell protection (Fig. 7, C
and D). Finally, catalase, detected in the cytoplasm of thyroid
cells from WT mice (Fig. 7E), was upregulated in follicles
from Cav-1~'" mice (Fig. 7F).

We therefore conclude that Cav-1 deficiency in thyroid
follicular cells leads to an excess of intracellular H,O,, which

pression of Duox and TPO, and increased levels of PRDXS and
HNE (Fig. 8).

Cav-1~"" mice have normal levels of free T4 and TSH.
Given the detected cellular defects, we wanted to investigate the
possibility of a mild hypothyroidal phenotype. We measured the
levels of free (active) T3 and T4 in the serum of 10-mo-old WT
and Cav-1"" mice. In Cav-1~'" mice, we found a mild, yet
statistically significant, decrease in the levels of free T3, but the
levels of free T4 were comparable to those found in the sera of
WT mice (Table 5). Serum TSH levels are the most sensitive
indicator of thyroid function (22). We measured the serum TSH
activity in WT and Cav-1"/" mice by use of a bioassay but did
not find differences between the two groups (Table 5). However,
the variation between the individual values is large, and this could
mask differences. Serum TSH level determined by the TSH
bioassay were validated by direct measurement of TSH by RIA
(data not shown). Therefore, there is no evidence of hypothyroid-
ism, and the malfunctioning of the empty follicles is compensated
by the activity of the less affected follicles.

Fig. 6. TEM micrographs of Cav-1~/" thyroids.
A: follicular lumen contains cell debris and shed
membranes (short arrow). Apoptotic cells (long
arrows) are recognized by their pycnotic nuclei
(A and B) and large dilatations of the endoplas-
mic reticulum.

AJP-Endocrinol Metab « VOL 297 « AUGUST 2009 « www.ajpendo.org



THE THYROID OF THE Cav-1 KO MOUSE

Cav-1-/

E447

Fig. 7. Thyroid sections (5 pm thick) from Cav-1+/*
(A, C, E) and Cav-1"/~ (B, D, F) mice. A and
B: immunodetection of HNE. 4-Hydroxynon-
enal (HNE) production is increased in thyroid
of Cav-1~/" mice (B), particularly in the more ab-
normal follicles (arrows). C and D: immunodetection
of peroxiredoxin 5 (PRDXS). PRDXS is highly ex-
pressed in “empty” follicles (arrows) observed in
Cav-17~ mice (D). E and F: immunodetection of
catalase. In Cav-1*"* mice (E), catalase is detected in
the cytoplasm. Its cytoplasmic expression is strongly
increased in thyroids from Cav-1"/" mice (F).

DISCUSSION

In the present work, we performed a comprehensive analysis
of the thyroidal phenotype of Cav-1"/" mice to determine the
role that Cav-1 plays at the apical region of thyrocytes (13) and
how lack of this protein in thyrocytes might lead to apoptosis
(14). Our investigation leads to the main conclusion that,
primarily, Cav-1 in thyroid follicular cells is involved in the
proper apical sorting/transport of at least some components
(Tg, Duox, TPO) of the hormone synthesis machinery.

The requirement of Cav-1 in the sorting of membrane-
resident proteins was also reported in the case of the angioten-
sin II receptor (60), the insulin receptor (11), the stretch-
activated channel short transient receptor potential channel-1
(TRPC1) (8), and the fatty acid translocase FAT/CD36 (49).

There are several reasons to think that the other phenotypes,
i.e., characteristics found in the deficient thyroid are, at least to
some extent, secondary effects of the mislocalization of the
involved proteins and/or the “end state” resulting from com-
pensatory mechanisms that were developed. First, we have
found absence of luminal PAS staining, mislocalization, and
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overexpression of Duox and TPO and increased amounts of
PRDXS5 and HNE within the same Cav-1~/" thyroid follicles.
Second, the accumulation of large vesicles and the intracellular
iodination may be direct consequences of the retention and
activity in the cytosol of the unsorted Tg, TPO, and Duox.
Third, the square shape of thyrocytes and the distension of the
rough endoplasmic reticulum could result from a cell response
to the deficient thyroid hormone synthesis (e.g., increased
expression of Duox, TPO, and PRDXS). Fourth, because Duox
is mislocalized in the cytoplasm and its expression levels are
increased, one might expect that the high concentration of
H>0, may be a consequence of both the high Duox expression
and the lack of tonic inhibition of Duox activity by Cav-1. The
high production of H,O, detected in Cav-1"'" thyroids is in
agreement with a report that intracellular Duox could in some
circumstances have the ability to generate H,O, (4). In favor of
the hypothesis of direct inhibition of Duox by Cav-1, there are
three amino acid sequences (1203Y VFASHHFRRRFRGF1217,
1295FEYKSGQW 1302, and 1490FGRPPFEPF1498), conserved
between Duox1 and Duox2, that might constitute consensus
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Fig. 8. Serial sections (5 pm thick) from thyroid of a Cav-1~/" mouse.
Follicles 1 and 2 lack PAS staining (A) and Tg-I staining (B), Tg-I being
accumulated in the cytoplasm and at the apical border. The same follicles
display high expression of Duox (C) and TPO (D) in the cytoplasm. They also
show increased expression of PRDXS5 (E) and HNE production (F).

binding sites to the so-called Cav-1 scaffolding domain (15).
All these sequences are in the cytoplasmic region, two local-
ized near the binding sites of FAD and of NADPH and a third
one corresponding to the entire intracellular loop between
domains V and VI (for a representation of the amino acid
sequence and the presumed membrane topology of Duox, see
Refs. 16). As these sites are in the cytoplasmic region of Duox,
they are good candidates for an interaction with the scaffolding
domain of Cav-1, which is also localized in the cytoplasmic
region of the protein. A homolog of Duox expressed in vas-
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cular smooth muscle cells, Nox1, is localized in Cav-1-en-
riched membranes (30). In these cells, knockdown of Cav-1
results in an inhibition of H,O; release as a consequence of the
failure of Racl (a positive regulator of Nox1) to translocate to
the membrane and to activate in the absence of Cav-1 (62).
However, in thyroid, the regulation of Duox activity does not
involve Racl activation (21). This diversity in the regulation of
the various NADPH oxidases may help to explain the opposite
effects of Cav-1 depletion on H,O, levels between these two
cell types. Fifth, the simplest explanation for the detected
increase of oxidative stress in Cav-17/" thyrocytes is the
availability of H,O,. Sixth, the observed cell and tissue dam-
age (present work) and apoptosis [present and previous work
(14)] are very likely a direct consequence of the oxidative
stress to which Cav-1"/" thyroid cells are exposed. This is
demonstrated by the increase of H>O, and HNE levels. HNE,
by modiying proteins involved in cell homeostasis and biolog-
ical signaling, is known to play a role in the pathogenesis of
several diseases (43). However, the thyroid cells develop
protective systems against the increased H,O» production, as
shown by the upregulation of PRDXS5 and catalase. It is
interesting in this regard that Cav-1 depletion is not compen-
sated for by upregulation of Cav-2 expression, as the latter was
absent in Cav-1 mice, in agreement with the fact that Cav-1 /=
drives the expression of Cav-2 (37). Finally, the increase in the
apoptotic rate in Cav-1"'" thyrocytes is proportionally com-
pensated for by the cell proliferation index (14), thus prevent-
ing a decrease in the overall thyroid gland size and function.
Because Cav-1 is a multifunctional protein, this balance be-
tween proliferation and apoptosis in Cav-1~'" thyroid cells
raises the question: is the increased proliferation rate of
Cav-1"'" thyroid cells merely a compensatory response to the
cell death or is it a direct consequence of the absence of Cav-1?
We favor the latter hypothesis, because when we blocked the
production of thyroid hormones through a low-iodine chow
and NaClOy in the drinking water, the induced goiter was more
developed in Cav-1"'~ mice (Fig. 9). Moreover, our previous
work (14) demonstrated the reciprocal negative regulation
between TSH/cAMP-mediated proliferation and Cav-1 expres-
sion. Such compensations and the fact that one-half of the
thyroid follicles do not show an overt phenotype could explain
the normal overall iodide organification, secretion of thyroid
hormones, and free T4 and TSH levels. However, the wide
variation in TSH bioactivity could mask a small but significant
TSH increase in Cav-1"'" mice. Of course, an indirect effect
on thyrocytes of Cav-1 lack in other cell types might contribute
to the thyroid phenotype and would only be excluded by
thyrocyte-specific knockouts.

Table 5. Serum levels of free thyroid hormones
and TSH bioassay

WT Cav-1-"—
Thyroid hormones (n=15) (n = 6)
T3, pg/ml 3.2+0.2 2.3%+0.1 P <0.05
T4, ng/dl 2.47+0.1 2.0x0 NS
TSH bioactivity (n = 13) (n = 13)
cAMP, pmol/tube 1.5+0.3 1.5£0.3

Results are expressed as means = SD. fTs, free triiodothyronine; T4, free
thyroxine.
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Fig. 9. Thyroid sections (5 m thick) from
goitrous Cav-1*"* (A, C, E, G) and Cav-1""" (B,
D, F, H) mice. A and B: immunodetection of
Cav-1. In Cav-1""* mice (A), some follicles are
hyperplastic (arrows), while others keep a resting
aspect with a flat epithelial layer (*). In these
resting follicles (*), Cav-1 was detected at the
apical pole (inset; bar, 5 wm), whereas in hyper-
plastic follicles, Cav-1 was not detected (inset; bar,
5 pm). In Cav-1""" mice (B), the response to the
goiterogenic stimulus is well marked in all follicles
having a hyperplastic aspect. Cav-1 is not detected.

Our results are consistent with the mild phenotype of Cav-1"""~
mice and with the concept that some of the observed features
of these mice result from the balance between the defects and
compensatory mechanisms (32). Such mechanisms have been
described in several cell types, even in those in which the
expression of Cav-1 is the most abundant. For instance, in
white adipose tissue, lack of Cav-1 leads to tissue abnor-
malities and downregulation of insulin receptor protein

C and D: immunodetection of HNE. HNE expres-
sion is more intense in Cav-1"/" mice (D) than in
WT mice (C). E and F: immunodetection of
PRDXS5. PRDXS expression is increased by goi-
terogenic stimulus but is higher in Cav-1""" mice
(F) than in WT (E). G and H: immunodetection of
catalase. In goitrous WT mice (G), catalase expres-
sion is very high in hyperplastic follicles compared
with resting follicles (*). It is intense in all follic-
ular cells of goitrous Cav-1"/" mice (H).

expression, but the serum levels of glucose and insulin
remain entirely normal (46, 11). Some authors have sug-
gested that it is the existence of such compensatory pro-
cesses that explains the viability of Cav-1"/" mice (19, 34).
As reported for other tissue types (46, 12, 35), a more
prominent thyroid phenotype was observed when the thyro-
cytes were challenged by the artificially increased TSH
levels referred to above.
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The observed decrease of free Ts levels in Cav-1"/" mice
may be related to phenotypes described (and/or still unknown)
in other cell types. Neurological abnormalities were described
in Cav-1~'" mice: reduced brain size and associated motor and
behavioral problems. These features could be appreciated only
in aged (>1-yr-old) animals (55) and are thus unlikely related
to the thyroid gland phenotype but might reflect, at least in part,
a lower T4-to-T5 deiodination. Some of the reported pheno-
types of Cav-1"/" mice resemble the phenotype of mice
lacking the thyroid hormone receptor al, body temperature
~().5°C lower than normal and mild hypothyroidism, whereas
their overall behavior and reproduction are normal (19, 12, 59).

Several studies have suggested the existence of sphingolipid-
cholesterol-enriched domains in the apical membrane of follicular
cells. These studies preceded the discovery of Cav-1 (51, 33) and
the lipid “rafts” hypothesis (53). They reported the accumulation
of cholesterol at the apical membrane of the cell in mouse (23) and
in rat and porcine (6) thyroids. It was also demonstrated that
fractions of bovine thyroid enriched in apical membranes have
low fluidity (18), which is a hallmark of sphingolipid-cholesterol-
enriched membrane domains. Together with our findings that
Cav-1 is localized in the apical region of thyrocytes, this literature
supports the existence of caveolae in the apical membrane of
thyrocytes. Moreover, in the Fisher rat thyroid cell line, the
formation of caveolae is obtained after Cav-1 transfection (36),
and we have shown the existence of caveolae in thyroid cells
from control mice. However, it is now recognized that Cav-1
can also regulate cell mechanisms outside of caveolae and that
the study of Cav-1"'" mice does not distinguish between the
actions of caveolins within or outside of caveolae in cells
containing caveolae (29). Therefore, even if such organelles
exist in the apical membrane of thyroid cells, it is still possible
that the role played by Cav-1 in that membrane is unrelated to
the caveolar pool of Cav-1.

As discussed, Cav-1""" thyroids do not show evidence of
tumor initiation, but Cav-1 expression is downregulated in
~80% of human thyroid follicular carcinomas (2, 3) and in
thyroid autonomous adenomas (58). Given the oxidative stress
present in Cav-1~'" thyroid cells, we predict that the down-
regulation of Cav-1 expression would further disrupt the tissue
homeostasis in these differentiated tumor types. PRDXS ex-
pression is indeed upregulated in various thyroid pathologies
(26). It would be interesting to compare the oxidative stress
between differentiated thyroid tumor samples that display, or
not, Cav-1 downregulation in order to assess whether Cav-1
expression indeed negatively correlates with increased oxida-
tive stress. It would also be interesting to analyze the micro-
vascular bed surrounding follicles with a high or low expres-
sion of Cav-1. Indeed, it determines, by the production of
VEGF and NO, the functional status of the follicles, known to
be greatly heterogenous in animal and human thyroids (24, 25).
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