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Abstract

To elucidate the pathogenesis of thyroid gland hypervascu-
larity in patients with Graves' disease, we studied the ex-
pression of mRNAsfor vascular endothelial growth factor
(VEGF) and its receptor, Flt family, using human thyroid
follicles in vitro and thiouracil-fed rats in vivo. Human thy-
roid follicles, cultured in the absence of endothelial cells,
secreted de novo-synthesized thyroid hormone in response
to thyroid-stimulating hormone (TSH) and Graves' IgG.
The thyroid follicles produced VEGFmRNAbut notflt-i
mRNA. The expression of VEGFmRNAwas enhanced by
insulin, tumor-promoting phorbol ester, calcium ionophore,
dibutyryl cAMP, TSH, and Graves' IgG. When rats were
fed thiouracil for 4 wk, their serum levels of TSH were
increased at day 3. VEGFmRNAwas also increased on day
3, accompanied by an increase in ft family (f*-I and KDR/

flk-1) mRNAexpression. These in vitro and in vivo findings
suggest that VEGF is produced by thyroid follicles in re-
sponse to stimulators of TSH receptors, via the protein ki-
nase A and C pathways. VEGF, a secretable angiogenesis
factor, subsequently stimulates Flt receptors on endothelial
cells in a paracrine manner, leading to their proliferation
and producing hypervascularity of the thyroid gland, as
seen in patients with Graves' disease. (J. Clin. Invest. 1995.
96:1295-1302.) Key words: hypervascularity * angiogenesis
* angiogenesis factors * Graves' disease * endothelial cells

Introduction

In patients with Graves' disease, the thyroid gland is hypervas-
cular, and a venous hum is usually heard (1). Although these
phenomena are pathognomonic clinical features of Graves' dis-
ease, their pathogenesis remains to be elucidated.
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Recently, a number of in vivo angiogenesis factors have
been reported (2, 3). However, TGF-a, TGF-3, TNF-a, angio-
genin, and PGEhave little or no mitogenic effect on cultured
endothelial cells in vitro. Although acidic fibroblast growth fac-
tor, basic fibroblast growth factor (bFGF), and platelet-derived
endothelial growth factor can stimulate both vascular endothe-
lial growth in vitro and angiogenesis in vivo, they lack a signal
peptide, implying that these factors may become available to
their target cells only after cell death (2, 3).

In contrast, vascular endothelial growth factor (VEGF),' a
secretable factor that preferentially stimulates the proliferation
of endothelial cells, does have a signal peptide, implying that
it is a physiological angiogenesis factor (4, 5). Recently, a
receptor flt, fins-like tyrosine kinase (now designated as fit-i)
and an flt-related kinase KDR/fik-1 (6, 7), have been identified
as the receptors for VEGF(7, 8). The binding sites for VEGF
are localized exclusively on endothelial cells (9), and binding
to the receptor is followed by proliferation of the cells (3 -11).
On the assumption that VEGFfrom thyroid parenchymal cells
and Flt family on endothelial cells might be involved in the
thyroid gland hypervascularity seen in patients with Graves'
disease, we studied whether the gene for VEGFis expressed in
human thyroid cells, and whether the levels of VEGFmRNA
are regulated by thyrotropic factors, using human thyroid folli-
cles in suspension culture, in which thyroid follicles incorporate
125I and secrete de novo-synthesized thyroid hormones into
the culture medium in response to thyroid-stimulating hormone
(TSH) and human chorionic gonadotropin (12-14). Further-
more, we studied the in vivo expression of VEGFandflt family
mRNAsin thiouracil-fed rats, in which thyroid epithelial and
endothelial cell proliferation has been examined in detail histo-
logically (15).

Methods

Sources of materials and Graves' IgG. Culture media (F-12, RPMI
1640) were obtained from Gibco Laboratories, Grand Island, NY. FCS
was obtained from Filtron Ltd., Brooklyn, Australia. Collagenase (type
IV), bovine TSH, thiouracil, A23187, dibutyryl cAMP, H7, and tumor-
promoting phorbol ester (12-O-tetradecanoyl-phorbol-13-acetate, TPA)
were obtained from Sigma Chemical Co., St. Louis, MO. IgG from
patients with untreated Graves' disease (Graves' IgG) was obtained, as
described previously ( 14). Usually, 6 ml serum was dialyzed against

1. Abbreviations used in this paper: flt, fins-like tyrosine kinase or
VEGFreceptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
TPA, 12-O-tetradecanoylphorbol-13-acetate; TSH, thyroid-stimulating
hormone; TSI, thyroid-stimulating Ig; VEGF, vascular endothelial
growth factor.
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10 mMTris-HCl buffer (pH 7.4) and applied to a protein A-Sepharose
column. After eluting with 0.1 M glycine-HCl buffer (pH 3.0), the
eluate was immediately neutralized with 1 NNaOHand then extensively
dialyzed against 0.9% NaCl solution. Finally, the eluates were dialyzed
against culture medium and sterilized by filtering through a 0.45-eum
filter (Millipore, Corp., Bedford, MA). The samples were stored at 40C.

Preparation of thyroidfollicles. Patients with Graves' disease sched-
uled for surgery were given iodine supplements for 8-14 d before
surgery. Informed consent was obtained from all subjects. The thyroid
tissue ( 15-30 g) obtained by subtotal thyroidectomy from these patients
was minced with scissors into small pieces (3 X 3 X 3 mm) in 10 ml ice-
cold Ca2", Mg2"-free HBSS. The dissected thyroid tissue was filtered
through nylon mesh (80 mesh) and washed with 10 ml HBSS. The
dissected thyroid tissues were digested with 0.3 mg/ml collagenase
(type IV) and 5 mg/ml dispase (Godo Shusei Co., Tokyo, Japan) in
HBSS at 320C for 30 min, and thyroid follicles were obtained as de-
scribed previously (12, 13).

The thyroid follicles were cultured in 1 ml F-12/RPMI 1640 (1:1)
medium supplemented with various concentrations of FCS (0-10%) in
24-multiwell dishes (- 300 follicles/2-cm2 well). In several experi-
ments, the follicles were cultured in serum-free F-12/RPMI 1640 (1:1)
medium supplemented with BSA (2 mg/ml), bovine insulin (5 /Lg/ml),
hydrocortisone (10-8 M), bovine transferrin (5 pg/ml), and NaI (10-8
M), as described previously (13, 14). The dishes were pretreated with
agarose to prevent attachment of thyroid follicles (16).

When thyroid hormonogenesis was studied, 125I ( 15,000 cpm)
was added after culturing for 5 d, and after an additional 3 d of culture,

'25I incorporated into the thyroid follicles and organic 1251 released into
the culture medium were counted as described previously. Thin-layer
analysis revealed that organic 1251 released into the medium was mainly
["25I]thyroxine (T4) and [1251]triiodothyronine (T3) (17).

In vitro studies of VEGFmRNAexpression in human thyroid folli-
cles. To study the regulation of VEGFmRNAexpression in thyroid
follicles, - 30,000 follicles were cultured in 10 ml F-12/RPMI 1640
medium supplemented with 1%FCS for 3 d. Then, the thyroid follicles
were treated with insulin, TPA, TSH, or IgG from patients with active
Graves' disease for 0-3 d, as described in each experiment. In some
experiments, thyroid follicles were cultured in medium containing vari-
ous concentrations of FCS (0-10%) or serum-free F-12/RPMI 1640
medium supplemented with insulin and TSH (10 pU/ml). Usually, 10-
cm dishes were pretreated with agarose to culture thyroid follicles in
suspension. After appropriate culture periods, the thyroid follicles were
centrifuged and total RNAwas extracted as reported previously (18).

In several experiments, thyroid follicles were cultured in agarose-
untreated dishes. The thyroid follicles became attached to the dishes on
the following day and became flattened on days 5-7 when RNAwas
prepared.

VEGFconcentration in conditioned medium. Human thyroid folli-
cles were cultured in F-12/RPMI 1640 medium supplemented with 1%
FCS for 3 d and subsequently treated with bovine insulin for 6 h. After
centrifugation at 3,000 rpm for 10 min, the conditioned medium was
stored at -200C.

Polyclonal anti-human VEGFantiserum was obtained by immuniz-
ing rabbits with a subcutaneous injection of human ['4Cys] ['5Tyr] -

VEGF( 1- 13 residues) conjugated with bovine thyroglobulin. The anti-
body cross-reacted with recombinant human VEGFequipotently with
[ 4Cys ] [' 5Tyr] VEGF( 1-13 residues). Using ['25I] VEGF(sp act, 55
TBq/mmol; Amersham International, Little Chalfont, UK) as a tracer
and recombinant human VEGFotbained from PeproTech, Inc. (Rocky
Hill, NJ) as standard, radioimmunoassay was conducted in 0.3 ml phos-
phate buffer (50 mM, pH 7.4) containing 0.1% BSA, 0.1% Tween 20,
and 0.02% NaN3. The sensitivity of the assay was 0.3 ng/ml.

In vivo expression of VEGFand flt family mRNAsin thiouracil-fed
rats. 8-wk-old male Wistar-Imamichi rats were purchased from Shizu-
oka Laboratories Animal Center, Shizuoka, Japan. The rats were fed rat
chow with a low iodine content and containing 0.25% thiouracil. Control
rats were fed normal rat chow. After 1, 3, 7, 14, 21, and 28 d, the rats

were anesthetized with ether. After blood had been taken from the
abdominal vein, the thyroid gland was removed from the trachea and
dissected with scissors in an ice-cold denaturing solution (4 Mguanidi-
nium thiocyanate) (19). Then thyroid pieces were homogenized using
a homogenizer with a Teflon pestle. RNA from four to six rats was
combined and used for Northern blot analysis.

Serum T3 and T4 were measured using immunoradiometric assay
kits (Eiken Immunochemical Co., Tokyo, Japan). Rat TSH was mea-
sured using a rat TSH l25I assay kit (PRA.548; Amersham Life Science,
Tokyo, Japan). To avoid interassay variance, all samples were deter-
mined simultaneously.

Northern blot analysis of mRNAsfor VEGF, flt-i, and KDR/flk-J.
Total cellular RNAwas isolated by guanidinium thiocyanate and phenol
extraction according to the method of Chomczynski and Sacchi (19).
10 pg of total RNAwas electrophoresed on 1% agarose-formaldehyde
gels containing ethidium bromide. RNAsamples were transferred onto
nylon membranes and then hybridized with human VEGFcDNA span-
ning nucleotide 0.6 kb (6, 20, 21), rat VEGF0.5-kb cDNA, rat flt-i
1.2-kb cDNA, or rat KDR/flk-J 1.2-kb cDNA (21) labeled with [a-
32P]deoxy-CTP by the random primer method. The filters were washed
three times (30 min each) to a stringency of 0.1 x sodium citrate, 0.1%
SDS at 550C and exposed to X-omat film (Eastman Kodak, Rochester,
NY) with an intensifying screen at -700C. For comparison of RNA
loading, the filters were rehybridized with 32P-labeled human /3-actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA (supplied
by Y. Murata, Research Institute for Environmental Medicine, Nagoya
University, Nagoya, Japan) (22), as described previously (18).

Statistical analysis. Statistical analysis was performed by Student's
t test when two comparisons were made. Differences were considered
significant at P < 0.05.

Results

Effects of TSH, Graves' IgG, and FCS on thyroid function in
cultured human thyroid follicles. As reported previously (12,
13), bTSH stimulated human thyroid follicles to incorporate
1251I and release organic 1251 into the culture medium in a concen-
tration-dependent manner (Fig. 1, left). The minimal and maxi-
mal stimulatory effects of bTSH were obtained at 0.1 and 10
MU/ml, respectively.

Graves' IgG also stimulated thyroid function in a dose-
dependent manner (Fig. 1, right). The IgG was purified from
6 ml serum and reconstituted in 6 ml culture medium. It stimu-
lated thyroid function at 20 pl/ml and produced a strong stimu-
lation at 300 pl/ml, whereas IgG obtained from normal subjects
had no effect (Fig. 1, middle).

When thyroid follicles were cultured in medium containing
various concentrations of FCS, TSH-induced thyroid function
was impaired in a concentration-dependent manner (Fig. 2).
TSH stimulated thyroid function maximally in serum-free me-
dium supplemented with 0.2% BSA. Thyroid follicles cultured
with FCS at low concentration (1%) responded to bTSH but
lost their responsiveness to TSH at higher concentrations (2.0-
10%). Therefore, subsequent experiments were usually per-
formed in medium containing 1% FCS or serum-free medium
supplemented with 0.2% BSA.

VEGFmRNAexpression in monolayer thyrocytes and thy-
roid follicles in suspension culture. Thyroid follicles were cul-
tured in serum-free medium supplemented with insulin and
bTSH for 5 d with or without agarose coating. Thyroid follicles
cultured in flasks without agarose coating became attached to
the bottom and grew in a monolayer within 5 d, whereas those
in agarose-coated flasks grew in suspension. VEGFmRNAwas
expressed to a greater extent in thyroid follicles than in mono-
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layer cells (Fig. 3). Therefore, the following studies were per-
formed using thyroid follicles in suspension culture.

Effect of insulin on VEGFmRNAexpression and VEGF
concentration in the conditioned medium. Insulin stimulated
VEGFmRNAexpression in thyroid follicles in a time- and
dose-dependent manner. The minimal stimulatory effect of insu-
lin was observed at 0.04 ,g/ml, and it maximally increased the
mRNAat 0.2 tig/ml (Fig. 4, upper panel). However, at a higher
concentration (25 ,tg/ml), VEGFmRNAexpression was rather
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depressed. VEGFmRNAinduced by insulin (0.2 ig/ml) was
increased maximally at 2-3 h (Fig. 4, lower panel).

Basal VEGFconcentration in the medium conditioned by
thyroid follicles for 3 d was 4.4±1.2 ng/ml (n = 3, mean±SD).
Consistent with the mRNAlevel, treatment of thyroid follicles
with insulin for 3 d increased the level of immunoreactive
VEGFin the conditioned medium in a biphasic manner (insulin
0.2 pg/ml, VEGF7.8 ng/ml; 1 ug/ml, 14.8 ng/ml; 5 jug/ml,
8.0 ng/ml; 25 /Lg/ml, 6.4 ng/ml; mean of duplicates), sug-

0

011

(0

- 6 :_
N

.4 XD

- L human thyroid follicles. Humanthyroid folli-
- cles were cultured in I ml F-12/RPMI 1640

( 1:1I ) medium containing 0-1I0% FCS, in the
3~ Figpresence or absence of bTSH (10cU/ml),

oas described in Methods. After 5 d of culture,
"'5I was added, and after an additional 3 d of

- 2 hculture, thI in the thyroid follicles (columns)
and organicc I released into the culture me-
dium(1 ) were counted. Data are meanstSD

(n = 4). * P < 0.01, ** P < 0.001.

Vascular Endothelial Growth Factor and flt mRNAExpression in Thyroid Gland 1297

1

E
0.
b

U-
x

U0

0

la
'a

c

=3

5

8

6-

4

2-

0.11E

b

x

u)

'0
10.-*j

4-
C

BSA(%) 0.2

TSH(+)



Figure 3. VEGFmRNA

+28S expression in monolayer
4- 28S thyrocytes and thyroid

VEGFmRNA-0' follicles in suspensionculture. Thyroid follicles
were cultured in serum-

18S free F-12/RPMI 1640
medium supplemented
with 0.2% BSA, insulin,

p-actin _ and bTSH (10 ttU/ml)
for 5 d in 10-cm dishes

Monolayer Follicle with or without an agar-
I I ose coating. Total RNA

TSH1 0 gU/m I (10 Ag/lane), extracted
from monolayer thyro-
cytes (without coating)

or thyroid follicles cultured in suspension (with coating), was subjected
to RNAblot analysis with a human VEGFcDNAprobe. The locations
of 28S and 18S rRNAs are indicated by arrowheads. For comparison
of RNAloading, a P-actin probe was hybridized to the same filter.

gesting that VEGFwas secreted into the culture medium. A
slight discrepancy between the levels of VEGFmRNAand of
VEGFprotein after stimulation with insulin might be due to a
difference of degradation or of secretion rate of VEGFproteins
in different concentrations of insulin.

Effect of protein kinase C stimulators on VEGFmRNAex-
pression. TPA, a potent protein kinase C activator, stimulated
VEGFmRNAexpression in a time- and dose-dependent man-
ner. TPA maximally stimulated VEGFmRNAat -0-- 10-6
M(Fig. 5, upper panel), and the TPA-induced VEGFmRNA
expression was increased maximally at 2-4 h incubation (Fig.
5, lower panel).

The calcium ionophore, A23187, also stimulated VEGF

VEGFmRNA-*

VEGFmRNA*00l_

GAPDH _-w

TPA 0 10i 10- 0le le M

VEGFmRNA-

"ctin _0 16

TPA 0 1 2 4 6 24 h

Figure 5. Effect of TPAon VEGFmRNAexpression in thyroid follicles.
Human thyroid follicles were cultured for 3 d in medium containing
1%FCS and subsequently treated with TPA (0-106 M) for 3 h (upper
panel). In the other experiment, thyroid follicles were cultured for 3 d
and treated with TPA (10-8 M) for the indicated times, from 0 to 24
h (lower panel). Total RNA(10 jig/lane) was subjected to RNAblot
analysis with a human VEGFcDNA probe. For comparison of RNA
loading, GAPDH(upper panel) or fl-actin (lower panel) probe was
hybridized to the same filter.

mRNA expression in a concentration-dependent manner
(Fig. 6).

Effect of protein kinase A stimulators on VEGFmRNAex-
pression. When thyroid follicles were cultured in medium sup-
plemented with bTSH (10 1LU/ml) and various concentrations
of FCS for the first 3 d, bTSH markedly stimulated VEGF
mRNAexpression at lower FCS concentrations (0.5-2%), but
the stimulatory effect of bTSH was abolished at higher FCS
concentrations (5%) (Fig. 7, upper panel). Therefore, subse-
quent experiments were performed using thyroid follicles cul-
tured with 1% FCS or serum-free medium supplemented with
0.2% BSA and insulin and/or TSH.GAPDH 0 02

Insualn 0 0.04 0.2 1 5 25 lglml

VEGFmRNA_

GAPDH-_*

Insulin 0 1 2 3 6 24 h

Figure 4. Effect of insulin on VEGFmRNAexpression in thyroid
follicles. Human thyroid follicles were cultured in medium containing
1% FCS for 3 d and subsequently treated with various concentrations
of bovine insulin (0.04-25 1g/ml) for 6 h (upper panel). In the other
experiment, after addition of bovine insulin (0.2 ,ug/ml), thyroid folli-
cles were cultured for the indicated times, from 0-24 h (lower panel).
Total RNA(10 Mg/lane) was subjected to RNAblot analysis with a
human VEGFcDNAprobe. For comparison of RNAloading, GAPDH
probe was hybridized to the same filter.

VEGFmRNA

3-actin _ i

A23187 0 0.1

44 28S

4lBS

1 10 PM
Figure 6. Effect of a calcium ionophore, A23187, on VEGFmRNA
expression. Humanthyroid follicles were cultured in medium containing
1%FCS for 3 d and subsequently treated with A23187 (0-10IOJM) for
3 h. Total RNA(10 tig/lane) was subjected to RNAblot analysis with
a human VEGFcDNA probe. For comparison of RNAloading, a [-
actin probe was hybridized to the same filter.

1298 Sato, Yamazaki, Shizume, Kanaji, Obara, Ohsumi, Demura, Yamaguchi, and Shibuya



VEGFmRN-*

GAPONH-

TSH 0 10 0 10 0 10 0 10 AUImI
I I a* I A. z .J

FCS 0.5% 1% 2% 5%

VEGFmRNA -

GAPDH-*
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Figure 7. Effect of TSHon VEGFmRNAexpression in thyroid follicles.
Human thyroid follicles were cultured in medium containing bTSH (10
MU/ml) and various concentrations of FCS (0.5-5%) for the first 3 d.
Total RNA(10 ,g/lane) was subjected to RNAblot analysis with a
human VEGFcDNA probe (upper panel). In the other experiments,
human thyroid follicles were cultured in serum-free medium supple-
mented with 0.2% BSAfor 3 d. Then, the thyroid follicles were cultured
in serum-free medium supplemented with 0.2% BSA, insulin (0.04 pgI
ml), and various concentrations of bTSH (1-100 pU/ml) for an addi-
tional 3 d. Total RNA(20 pg/lane) was subjected to RNAblot analysis
with a human VEGFcDNA probe (lower panel). For comparison of
RNAloading, a GAPDHprobe was hybridized to the same filter. When
hybridization signals on the blots were analyzed quantitatively by densi-
tometric scanning of autoradiograms, VEGFmRNAexpression shown
in the lower panel (control:l) increased 1.5-(insulin/-), 1.6- (insulin/
TSH 1 MU/ml), 2.2- (insulin/TSH 10 MU/ml), and 2.0-fold (insulin/
TSH 100 MU/ml).

After preculture of thyroid follicles in serum-free medium
without TSH for 3 d, time-course studies revealed that the stim-
ulatory effect of bTSH on VEGFmRNAexpression was not
distinctly evident within 1-6 h at physiological concentrations
(1-100 /U/ml), although in two of six experiments, bTSH
stimulated VEGFmRNAexpression slightly at 2 h of incuba-
tion. However, when thyroid follicles were cultured with bTSH
in the presence of insulin for 1-3 d, TSH stimulated VEGF
mRNAexpression in a concentration-dependent manner (Fig.
7, lower panel).

This was also the case with IgG obtained from serum of
patients with Graves' disease. Graves' IgG stimulated VEGF
mRNAin human thyroid follicles cultured for 2 d (Fig. 8).

Dibutyryl cAMP also mimicked the effect of TSH and
Graves' IgG, increasing VEGFmRNAexpression at 0.05-1
mM(Fig. 9), at which concentration thyroid hormonogenesis
was substantially stimulated, as described previously (14).

When thyroid follicles were cultured in medium supple-
mented with 1% FCS, bTSH (100 ,U/ml), and H7 (20 MM)
for 3 d, the TSH-induced expression of VEGFmRNAwas
substantially inhibited by H7 (Fig. 10), suggesting that-TSH
stimulates VEGFmRNAexpression at least partly through pro-
tein kinase C pathway.

Expression of flt-i in cultured thyroid follicles. Thyroid

Figure 8. Effect of

28S Graves' IgG on VEGF
mRNAexpression in

VEGFmRNA_ thyroid follicles. Human
thyroid follicles were

-*Vt <-1as cultured in medium con-
taining 1% FCS for 3 d

GAPDH _ and subsequently treated
with Graves' IgG (thy-
roid-stimulating Ig

T1- + [TSI])(100 l/ml)for2
d. Total RNA(10 Mg/

lane) was subjected to RNAblot analysis with a human VEGFcDNA
probe. For comparison of RNAloading, a GAPDHprobe was hybridized
to the same filter. Whenhybridization signals on the blots were analyzed
quantitatively by densitometric scanning of autoradiograms, VEGF
mRNAexpresion (control: l) increased 3.0-fold in the thyroid-stimulat-
ing Ig-treated thyroid follicles.

follicles cultured in serum-free medium supplemented with
0.2% BSA, insulin (1 Aig/ml), and bTSH (10 MU/ml) for 3 d,
expressed VEGFmRNAbut not flt-i mRNA(Fig. 11). In
contrast, human placental tissue obtained at a normal delivery
showed high expression of flt-i mRNA, as reported previ-
ously (6).

Expression of VEGFand flt family mRNAsin rat thyroid
glands in vivo. In thiouracil-fed rats, serum T3 and T4 levels
were decreased rapidly: serum T3 level (day 0; 72.0±13.0 ng/
dl, n = 5, means±SD) was lowered to 42.9±11.1 ng/dl (P
< 0.05) by day 3, accompanied by a significant increase in the
serum TSHlevel (day 3, 1.42+0.24 ng/ml, means+SD, n = 5;
day 0, 0.66+0.15 ng/ml, P < 0.05). After 7 d, serum T4 (day
0, 3.9±0.6 jig/dl) was undetectable (<1 jg/dl), and serum
TSH increased steadily (day 7, 2.1±0.54; day 14, 4.3±0.90;
day 21, 4.5±1.0; day 28, 6.6±2.7 ng/ml, n = 5, means+SD),
accompanied by enlargement of the thyroid glands. However,
the thyroid glands were not weighed to facilitate rapid prepara-
tion of the RNA. Consistent with the in vitro findings, VEGF
mRNAwas expressed in the thyroid gland of control rats. VEGF
mRNAexpression increased to a greater extent on days 3-7,
then decreased to the control level by day 14 (Fig. 12 A).

As expected, thyroid glands of control rats expressed mRNA
of VEGFreceptors, flt-I and its related gene KDR/flk-i. Inter-
estingly, both flt-i and KDR/flk-I mRNAswere also increased
on days 3-7, and decreased gradually to the control level on
days 14-28 (Fig. 12, B and C). The response of KDR/flk-i
was slightly slower than that of flt-i and highest at day 7.

Figure 9. Effect of dibu-

mRNA-.
2"s tyryl cAMPon VEGF

VEGFmRNA_* mRNAexpression. Hu-
man thyroid follicles
were cultured in medium

GAPDH-40- containing 1%FCS for 3
W W W d and subsequently

dboAP o o.05 0.5 1 mA treated with dibutyryl
cAMP(0-1 mM) for 3

h. Total RNA(10 jig/lane) was subjected to RNAblot analysis with
a human VEGFcDNA probe. For comparison of RNAloading, a
GAPDHprobe was hybridized to the same filter.
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Figure 10. Effect of H7

VEGFmRNAAO- on TSH-induced VEGF
VEGFmRNA * mRNAexpression. Hu-

man thyroid follicles
were cultured in medium

_ 2 containing 1% FCS,
GAPDHmRNA 0-i bTSH (100 MU/ml), and

K H7(20MM)for2d.To-
tal RNA(10 jig/lane)

1 2 3 was subjected to RNA
blot analysis with a hu-

man VEGFcDNA probe. For comparison of RNAloading, a GAPDH
probe was hybridized to the same filter. When hybridization signals on
the blots were analyzed quantitatively by densitometric scanning of
autoradiograms, VEGFmRNAexpression (control:1) increased 3.3-
and 1.1-fold in the TSH- and TSH/H-7-treated thyroid follicles, respec-
tively. Lane 1, control; lane 2, TSH; lane 3, TSH + H7.

Discussion

It has been proposed from in vivo studies that thyroid angiogen-
esis during thyroid enlargement may be due to paracrine mito-
genic factors released by epithelial thyroid cells: angiogenesis
factor(s) may be produced within the thyroid gland and diffuse
into the blood vessels, causing mitosis of capillary endothelial
cells (15, 23-25). Using human thyroid follicles in suspension
culture, which incorporate 1251 and secrete 125I-T4 and 1251-T3
into the medium in response to TSH and Graves' IgG, we
demonstrated that both thyrotropic factors increased the level
of VEGFmRNAin a time- and dose-dependent manner. Since
VEGFis a secretable angiogenesis factor capable of specifically
stimulating the proliferation of endothelial cells (2-11), it is
reasonable to speculate that VEGF, produced in response to

1 2 3 1 2 3
I I

28S

18S

RNAstaining

Figure 11. Expression of flt-i mRNAin human placenta and cultured
human thyroid follicles. Humanthyroid follicles were cultured in serum-
free medium supplemented with 0.2% BSA, bTSH (10 /U/ml), and
insulin (1 jig/ml) for 3 d. Then, total RNAwas prepared as described
in Methods. mRNAwas prepared from human placenta (6). The mRNA
(1 jsg, lane 1) and total RNAfrom human thyroid follicles (10 ,tg;
lanes 2 and 3) were subjected to RNAblot analysis with human flt-i
cDNA as a probe (left). Ethidium bromide staining of RNAsamples
are shown (right). At about the 8-kb band located above the 28S rRNA
is the full-length flt-i mRNAand the two strong bands of 2.2 and 3.0
kb are the flt-i short transcripts which encode only the extracellular
domain of the Flt-1 receptor (right, lane 1) (6). These short transcripts
are highly expressed in placenta but low in most of other tissues (6).

A O 1w 2w 3w 4w Figure 12. Expression of
VEGFand fit family
mRNAsin thiouracil-fed

VEGF ~ _ _ E -28S rats. Rats were fed a low
iodine rat chow con-

-18S taining 0.25% thiouracil
* 7 for 28 d. Ondays 3, 7,

14, 21, and 28, blood was
B taken. Then, the thyroid

Flt-1- _. _ _ a i gland was immediately
-28_removed and RNAwasw ~~~~~28S

prepared. About 10 ,Ag of

-1 8
_total RNAwas analyzed

-las -18byNorthern blotting with

C rat VEGF, fit-i, KDR/flk-
KDR _ E1, and /3-actin cDNAs as

lk-1l) g l*-28S probes. The same RNA

D^ t _ 1 w filter was sequentially
P-Actin ~ l hybridized with these

probes after removal of
the previous probe. After

hybridization with each probe at 1 X 106 cpm/ml, the filter was washed
and exposed to x-ray film (Fuji Photo Film Co., Tokyo, Japan) for 4 d
(VEGF probe), 7 d (flt-I or KDR/flk-1 probe), and 1 d (/3-actin probe).
The ratios of VEGF, flt-i, and KDR/flk-J mRNAsto the control fl-actin
mRNAs(1.0 at 0-d) increased 3.8-, 1.1-, 0.8-, and 1.0-fold; 4.6-, 1.5-,
1.2-, 1.0-, and 1.0-fold; and 2.0-, 2.3-, 1.0-, 1.0-, and 1.0-fold; respec-
tively, on 3-d, 1-, 2-, 3-, and 4-wk.

TSH receptor stimulators, is responsible for proliferation of
endothelial cells that surround thyroid follicles, leading to en-
largement of blood vessels.

Indeed, Greil et al. (26) have reported that porcine thyroid
follicles produce an endothelial cell growth factor with a mol
wt of - 15,000, which binds to heparin-Sepharose. Although
the thyroid gland contains bFGF (27), the protein lacks a signal
peptide, suggesting that FGF or FGF-related angiogenesis fac-
tors become active only when cells are damaged or destroyed.
In contrast, our in vitro findings suggest that human thyroid
follicles produce VEGFmRNAin response to various factors
(insulin, protein kinase A and C activators) and secrete immu-
noreactive VEGF into the culture medium, suggesting that
VEGFis the most likely candidate for the angiogenesis factor
produced in the thyroid gland. At this moment, however, we
cannot completely rule out a minor possibility that the antibod-
ies other than anti-TSH-receptor antibody in Graves' IgG also
contribute in a part to this process.

Previously, light- and electron-microscopic studies by Woll-
man et al. (15, 23-25) demonstrated that thyroid enlargement
in thiouracil-fed rats started with endothelial cell proliferation
on days 3-5. Furthermore, it was shown that [3H]thymidine
incorporation into endothelial cells of capillaries, veins, and
arteries was initiated within 48 h of thiouracil feeding (28).
The labeling index (percentage of labeled nuclei in endothelial
cells) peaked at days 2-5 (15-17%) and decreased gradually
thereafter but was still greater than in the control on day 20.
During this time, capillaries seemed to fuse with each other,
causing further enlargement of blood vessels. In keeping with
these histomorphological findings, our in vivo data indicated
that the levels of both VEGFand VEGFreceptor (f It family)
mRNAsincreased on days 3-7 in the thyroid gland of thioura-
cil-fed rats, suggesting that VEGFstimulates endothelial prolif-
eration. A decrease in VEGFmRNAexpression by day 14 was
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almost consistent with, but slightly earlier than, the decreased
labeling index observed in the thiouracil-fed rats (28). A slower
decrease in the mitotic index might be due to a release of
residual VEGFstored within the tissues or a minor difference
in experimental conditions.

Under the experimental conditions we used, human thyroid
follicles in suspension culture are devoid of endothelial cells
( 12). Therefore, it is reasonable for thyroid follicles to express
VEGFmRNAbut not flt mRNA. As expected, however, rat
thyroid glands, composed of endothelial cells and epithelial
cells, expressed flt family mRNAs, which also increased on
day 3, when VEGFmRNAwas maximally increased. VEGF
receptors (Flt family) are expressed both in endothelial cells
participating in neovascularization as well as in quiescent endo-
thelium (29). Since VEGFspecifically stimulates endothelial
cell proliferation via activation of its receptors (FMt family: Flt-
1 and KDR/flk-I tyrosine kinases) (8, 21, 30, 31 ), the increase
in flt family mRNAexpression probably reflects proliferation
of endothelial cells in the thyroid. Interestingly, the levels of
VEGFand flt family mRNAswere decreased by days 14-28,
when endothelial cells ceased to proliferate and capillaries be-
gan to fuse with each other (15).

At the present time, the regulatory mechanism of VEGF
expression in endocrine tissues is poorly understood. Wehave
demonstrated that treatment of human thyroid follicles with
TPA and a calcium ionophore (A23187) readily (within 2-4
h) induces a significant increase in VEGFmRNA, suggesting
that VEGFmRNAexpression is regulated by a protein kinase
C-mediated signal transduction pathway, as reported in preadi-
pocytes and vascular smooth muscle cells (32, 33). Further-
more, we have demonstrated that dibutyryl cAMP, TSH, and
Graves' IgG also induced VEGFmRNAexpression, suggesting
that both thyrotropic factors stimulate the expression of VEGF
mRNAat least in part by the cAMP-dependent protein kinase
A pathway. Analogous findings have also been reported for
PTH in osteoblast-like cells (34). Since TSHand Graves' IgG
stimulate both the protein kinase A and protein kinase C path-
ways (35-39), it is reasonable to speculate that TSH as well
as Graves' IgG stimulates VEGFmRNAexpression by acting
on TSHreceptors through both pathways. It is likely that VEGF,
synthesized in thyrocytes in response to TSH or Graves' IgG,
is secreted and binds to FMt receptors on endothelial cells, thus
stimulating endothelial cell proliferation and leading to hyper-
vascularity of thyroid glands in patients with Graves' disease.
Other physiological stimuli that increase VEGFmRNAare es-
trogen in the uterus (39), hypoxia in cultured cells (40), PGE,
and 1,25 (OH)2D3 in osteoblast-like cells (34, 41).

Recently, Yamane et al. (21) demonstrated in rat liver that
parenchymal cells produce VEGF, which, once secreted, binds
to Flt receptors on sinusoidal endothelial cells, leading to their
proliferation. Reciprocally, nonparenchymal cells produce he-
patocyte growth factor, which binds to the Met receptor on
hepatocytes, causing hepatocyte proliferation. Thus, there is a
communication system between hepatocytes and sinusoidal en-
dothelial cells in the liver through VEGFand the FMt family.
By analogy with the liver, the thyroid gland also may possess
a communication system between parenchymal thyrocytes and
endothelial cells, via production of VEGFby thyrocytes and
subsequent stimulation of FMt receptors on endothelial cells,
leading to proliferation of endothelial cells. Whether or not
endothelial cells in the thyroid produce thyroid growth factors
remains to be studied.

Interestingly, the stimulatory effect of TSH on VEGF
mRNAexpression was abolished when thyroid follicles were
cultured in medium supplemented with a high FCS concentra-
tion (5-10%), in which thyroid follicles were not capable of
synthesizing thyroid hormone in response to TSH. These find-
ings are consistent with those in the ovary, testis, and adrenal
glands, in which all cell types expressing VEGFmRNAare
steroidogenic and/or steroid responsive (42), suggesting that
hormonogenesis and angiogenesis in endocrine tissues are
closely regulated.

Finally, it should be pointed out that in the thyroid gland
of patients with Graves' disease, lymphatic fluid is produced
profusely and flows into the retroorbital region (43). This phe-
nomenon may be due partly to overproduction of VEGFin the
thyroid, since the angiogenesis factor is also a strong vascular
permeability factor (44-46).

In summary, we have demonstrated for the first time that
thyroid parenchymal cells of the thyroid gland express VEGF
mRNAbut not fit mRNA, and that VEGFmRNAexpression
is stimulated by TSH and Graves' IgG, via the protein kinase
A and C pathways. Wehave also shown that VEGFand flt
mRNAexpression is increased in the enlarged thyroid gland of
thiouracil-fed rats. These in vitro and in vivo findings may
account at least in part for the hypervascularity of the thyroid
glands seen in patients with Graves' disease.
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