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It has been proposed from in vivo studies that thyroid

angiogenesis during thyroid enlargement may be

due to paracrine mitogenic factors released by epi-

thelial thyroid cells. To study this paracrine growth

regulating communication between thyroid cells and

endothelial cells in vitro, culture medium from iso-

lated porcine thyroid follicles was investigated for a

growth promoting effect on porcine aortal endo-

thelial cells. Serum-free conditioned medium (CM)

from thyroid follicles in suspension culture contains

a dose-related mitogenic activity which stimulates

endothelial cell growth up to 197%. Stimulation of

the thyroid follicles with TSH (1 mil/ml) significantly

reduced the mitogenic activity for endothelial cells

in CM to 131%. Thyroid hormones had no influence

on mitogenic activity in CM. When follicles were

treated with iodide (20 HM) during CM production, no

proliferation of endothelial cells was observed by

this CM. In contrast, CM from epidermal growth

factor-treated thyroid follicles significantly en-

hanced the mitogenic activity for endothelial cells

up to 235%. The mitogenic activity was precipitable

by saturated ammonium sulfate, showed high affin-

ity to heparin by chromatography on heparin-seph-

arose, and was abolished after treatment of CM with

trypsin. On gel electrophoresis the heparin-binding

fraction showed a double band with a mol wt of 15

and 15.5 k. These data show a paracrine mitogenic

activity on endothelial cells released by thyroid fol-

licles which is regulated by TSH, epidermal growth

factor, and iodide in parallel with the direct effect of

these substances on thyroid cell growth. The data

suggest that the mitogenic factor is a polypeptide,

which belongs to the heparin-binding growth factors.

(Molecular Endocrinology 3: 858-867, 1989)

INTRODUCTION

Mesenchymal cells adapt to the changing requirements

in growing tissues. It has become a general accepted

principle that this concomitant growth of the different
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cells is mediated by paracrine growth factors. These

growth factors are responsible for the simultaneous

stimulation of growth of organ specific cells, connective

tissue, and blood vessels (1).

A paracrine communication has been shown to be

involved not only in the regulation of cellular growth,

but also of the specific functions in a wide variety of

organs and tissues, e.g. in the pituitary gland, in islet

cells of the pancreas, in the mammary gland, the ovary,

and in the testes (2). In particular, the paracrine regu-

lation involving growth of blood vessels plays an impor-

tant role in follicle maturation in the ovary (3, 4) and in

the formation of the corpus luteum (5). In growing tumor

tissue it has been shown, that a paracrine factor (tumor

angiogenesis factor) is released from the tumor cells

which induced growth of capillary vessels (6).

During goiter genesis in rats an enlargement of vessel

diameters and a peak of 3H-thymidine labeling in capil-

laries, veins, arteries, and lymphatic vessels within and

next to the thyroid gland 2 days after induction of goiter

genesis could be demonstrated (7, 8). Also in mice

under low iodine diet and propylthiouracil treatment it

could be shown that endothelial cell proliferation pre-

ceded thyroid cell proliferation: whereas endothelial

cells started to grow 4 days after the beginning of goiter

induction, thyrocytes proliferated with a delay of 8 days

(9). Therefore a paracrine factor that is produced by

thyrocytes and stimulates growth of endothelial cells

was postulated (7-9).

Recently we have demonstrated a mitogenic activity

in conditioned medium (CM) from isolated porcine thy-

roid follicles stimulating cell growth of cultured human

fibroblasts (10-12). Here we report that this CM also

contains mitogenic activity for endothelial cells. This

mitogenic activity is due to a mitogenic factor, which

binds to heparin-sepharose, is labile to protease treat-

ment and appears on sodium dodecyl sulfate (SDS)-

gelelectrophoresis as a double band with an apparent

mol wt of about 15 k. Incubation of thyroid follicles with

TSH reduced the mitogenic activity in CM, whereas

epidermal growth factor (EGF) increased it. After sup-

plementation of the follicles with iodide no mitogenic

activity in CM was found. These results are in parallel

with the direct effects of these substances on cell

growth of isolated porcine thyroid follicles and may in
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part contribute to the better understanding of thyroid

angiogenesis and growth regulation of endemic goiter.

RESULTS

Growth Experiments with Isolated Porcine Thyroid

Follicles

Isolated thyroid follicles in suspension are shown in Fig.

1. The follicles are free of contaminating single cells and

have a preserved polarity for more than 6 days in culture

as shown previously (13).

When the follicles were seeded on hydrophilic culture

dishes coated with gelatine, a dose-dependent and

significant increase of cell numbers was found after

stimulation with EGF (1-5 ng/ml) up to 278 ± 85.8%,

with insulin-like growth factor-l (IGF-I, 100 ng/ml) up to

132 ± 7% and with fetal calf serum (FCS) (1-5%) (vol/

vol) up to 272 ± 97.1% compared to controls. No

change of cell numbers was found with TSH up to 0.1

mU/ml, but with 1 mU/ml TSH a significant inhibition of

cell growth was found (83.7 ± 11.8% of control). Basic

fibroblast growth factor [(bFGF) 25-100 ng/ml] did not

stimulate cell growth (Fig. 2). When the follicles were

kept in suspension on hydrophobic culture dishes, no

change of cell numbers occurred within 3 days when

incubated either with TSH or EGF compared to control.

Response of Endothelial Cell Growth to Specific

Growth Factors

Under basal conditions with 2% FCS endothelial cell

number was increased within 5 days by about 5-fold.

All growth factors were tested in the presence of 2%

FCS. Endothelial cell growth supplement [(ECGS] 10-

200 Mg/ml] stimulated cell growth up to 310 ± 35.3%.

Basic FGF (0.1-100 ng/ml) dose dependently stimu-

lated cell growth up to 160 ± 19.3% at 100 ng/ml,

higher concentrations did not increase the effect. EGF

(1-25 ng/ml) did not affect endothelial cell growth (Fig.

3). Increasing amounts of FCS (5-10%) (vol/vol) stim-

Fig. 1. Light Microscopy of Isolated Porcine Thyroid Follicles

after 2 days in Suspension Culture (x40)

ulated cell growth dose dependently up to 267 ± 79.7%

(n = 9, P < 0.01). Like EGF, IGF-I (1-100 ng/ml) did

not stimulate endothelial cell growth (data not shown).

Stimulation of Endothelial Cell Growth with CM

from Thyroid Follicles

Endothelial cell growth was stimulated dose depend-

ently (10%, 20%, 50%) (vol/vol) by CM from isolated

porcine thyroid follicles up to 197 ± 42.9% with 50%

(vol/vol) CM compared to control (100 ± 7.54%) (Fig.

4). A 5-fold concentrated CM stimulated cell growth up

to 260 ± 8.6% (see Fig. 7). Fresh medium which had

gone through all the steps of concentrating, had no

stimulatory effect (data not shown).

When endothelial cells were incubated with TSH-CM,

obtained from TSH-treated follicles, the cell number of

endothelial cells was only increased up to 131 ± 21.3%

at a concentration of 50% (vol/vol) CM. The difference

between the growth-promoting effects of CM from un-

treated follicles to TSH-CM is significant (Fig. 5). To see

whether the observed reduction of mitogenic activity in

TSH-CM is due to increased thyroid hormone levels

during TSH stimulation, we tested the influence of T3

and T4 on basal mitogenic activity in CM after incubation

of thyroid follicles with T3 or T4 to produce T3-CM or

T4-CM. As shown in Table 1 neither T3-CM nor T4-CM

had any significant effect on the mitogenic activity in

the basal CM.

EGF-CM (50%) (vol/vol) obtained from EGF-treated

follicles stimulated endothelial cell growth up to 235 ±

22.9%. This increase of growth stimulation by EGF-CM

was significant compared to CM without additions and

to TSH-CM (Fig. 5).

After incubation of the thyroid follicles with potassium

iodide (20 HM), the resulting iodide-CM had a slight

inhibitory effect on endothelial cell growth to 80 ±

5.47%, which was not significant compared to controls

(Fig. 5). Potassium iodide had no direct influence on

endothelial cell growth.

To exclude that the known thyroid secretory prod-

ucts T3> T4, thyroglobulin (Tg), and cAMP, which are

secreted by thyroid follicles especially after stimulation

with TSH (13), are responsible for the growth-promoting

activity in CM, we measured the concentrations of

these products both in CM and TSH-CM and tested

their effects on cell growth of endothelial cells. CM or

TSH-CM contained 1.2-1.9 ng/ml T3, 8-16 ng/ml T4,

2-500 nM cAMP, and 100-800 ng/ml Tg. Neither T3

(0.1-5 ng/ml), nor T4 (1-50 ng/ml), nor cAMP (100-

10,000 nM), nor porcine Tg (10-500 ng/ml), or TSH

(100-500 MU/ml) stimulated growth of endothelial cells

(Fig. 6).

Neither EGF nor IGF-I could be detected in untreated

or 5-fold concentrated CM by RRA or RIA, respectively.

Physicochemical Characterization of the Mitogenic

Activity in CM

The growth-stimulating effect of CM (50%) (vol/vol) on

endothelial cells was preserved after freezing (220 ±
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Fig. 2. Growth Experiments with Isolated Porcine Thyroid Follicles

Follicles were stimulated with TSH (n = 9), bFGF (n = 4), EGF (n = 38), IGF-I (n = 8), or FCS (n = 27) as indicated.

10 100
[^g/ml]

ECGS

200 0 0.1 10

[ng/ml]

FGF

100 0 1 5
[ng/ml]

EGF

25

Fig. 3. Growth Stimulation of Endothelial Cells with Growth

Factors

Endothelial cells were stimulated with ECGS (n = 6), bFGF

(n = 10), and EGF (n = 10) with the respective concentrations.

5.29%) or alkaline treatment (231 ± 15.5%) but it was

abolished after boiling for 10 min or by acid treatment

(Fig. 7). Also treatment of unconcentrated CM with

trypsin (10 Mg/ml) abolished the mitogenic activity; fresh

medium which was used for control and treated in the

same manner, had no effect on endothelial cell growth

(Table 2).

After precipitation of a 5-fold concentrated CM with

1.9 M ammonium sulfate no mitogenic activity for endo-

thelial cells was found in the pellet. However, the frac-

tion obtained after precipitation with 3.8 M ammonium

sulfate stimulated cell growth up to 161 ± 16.0%. In

comparison with the 5-fold concentrated CM (50%) (vol/

vol) which stimulates cell growth up to 262 ± 8.62%,

40% of the stimulatory activity were recovered in the

3.8 M ammonium sulfate fraction (Fig. 8). After chro-

300n

<=> 2 5 0

o 200

150-

<n 100

pS0.01

pSO.01

2X FCS (v/v) 10X 20X 50X CM (v/v)

Fig. 4. Growth Stimulation of Endothelial Cells with CM from

Isolated Thyroid Follicles

Endothelial cells were incubated with increasing concentra-

tions of CM (10%-50%) (vol/vol) (n = 20-30). *, P 0.01,

compared to control.

matography on heparin-sepharose, the heparin-binding

fraction stimulated endothelial cell growth up to 243 ±

45.0% (P < 0.01 vs. control), when tested at a concen-

tration equal to a 5-fold concentrated, unfractionated

CM. The nonheparin-binding fraction did not influence

cell growth (Fig. 8).

Analysis of the different fractions from heparin-seph-

arose by SDS polyacrylamide gel electrophoresis is

shown in Fig. 9. Most of the proteins were eluted with

the 0.6 M NaCI-fraction (lane A) which had no mitogenic

activity. However, in the heparin-binding fraction eluted

with 2 M NaCI, two bands were observed: one band

which appeared as a doublet with an apparent mol wt

of 15 and 15.5 k, and another band with an apparent

mol wt of about 60 k (lane C). In the 1 M NaCI fraction
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pso.cn
300i

2 250-

200-

150

100

50

pSO.01

pSO.01

2% FCS (v/v) CM TSH-CM EGF-CM iodide-CM

Fig. 5. Influence of TSH, EGF, and Iodide on Mitogenic Activity

in CM

Thyroid follicles were incubated either without additions or

with TSH (1 mU/ml), EGF (5 ng/ml); or iodide (20 MM). The CM

(n = 20; TSH-CM, n = 8; EGF-CM, n = 10; iodide-CM, n = 4)

were tested for mitogenic activity on endothelial cells (50%)

(v/v). *,P< 0.01, **, P < 0.05 compared to control.

Table 1. Influence of Thyroid Hormones on Mitogenic Activity

in CM

Cells/Well
(% of Control)

CM

T3-CM

T4-CM

134.2 ± 1.5
130.7 ±7.5
130.9 ±6.5

NS

NS

Endothelial cell growth was stimulated with CM, with CM from

thyroid follicles incubated either with T3 (1.5 ng/ml, T3-CM), or

with T4 (50 ng/ml, T4-CM), (n=6, mean ± SD, 50%) (vol/vol);

NS, not significant from CM.

obviously no proteins could be detected on gel electro-

phoresis (lane B).

DISCUSSION

Cell Culture Systems

We describe here that intact thyroid follicles release a

paracrine factor which stimulates the growth of endo-

thelial cells. The isolated porcine thyroid follicles are

well defined concerning their intact morphology, specific

function (13), and growth characteristics (14). Endothe-

lial cells from porcine aorta were characterized by their

ability to produce angiotensin converting enzyme and

prostaglandins. A ratio of 6:1 comparing angiotensin

converting enzyme activities of cell medium with cell

lysates was found, which is in good agreement with the

findings in hog endothelial cell cultures (15). Prostaglan-

din (PG) production by endothelial cells revealed a

characteristical pattern including PGE2, PGF2«, and 6-

keto-PGF1m as described by Ody et al. (16).

For investigation of normal growth potency of endo-

thelial cell cultures, different growth factors were

tested. Whereas ECGS, a crude preparation of endo-

thelial cell growth factor which is considered as aFGF

(17), and bFGF stimulated endothelial cell proliferation,

no mitogenic effect was seen with EGF or IGF-I which

is in agreement with others (18-21).

Mitogenic Activity for Endothelial Cells in CM from

Thyroid Follicles

Serum-free CM obtained from thyroid follicles in sus-

pension culture dose dependently and significantly in-

creased endothelial cell proliferation. This mitogenic

effect was further increased when CM was concen-

trated by desalting and lyophilization. It has been ex-

cluded in control experiments that the proliferation of

endothelial cells is due to thyroid hormones, Tg, or

cAMP in concentrations comparable to those found in

different CMs. It has been suggested that cell growth

of cultured GC cells, a T3-responsive GH-secreting cell

line, may be due to secretion of an autocrine growth

factor which is induced by T3 (22). However, in our

endothelial cell culture T3 had no effect on cell prolifer-

ation.

Since the mitogenic activity is stable to freezing and

alkaline treatment, labile to heat and acid treatment,

precipitable by saturated ammonium sulfate, and sen-

sitive to protease treatment, we assume that this

growth-promoting activity is related to one or more

polypeptide(s). Furthermore, the mitogenic activity

shows high affinity for heparin indicating that it belongs

to the heparin-binding growth factors (23). On SDS-gel

electrophoresis the heparin-binding fraction revealed

two bands, one doublet with a mol wt of 15 and 15.5 k

and another protein with a mol wt of about 60 k. This

double band is very similar to aFGF, which has mol wts

of 15.2 and 15.9 k, as deduced from amino acid analysis

(17). Although the mitogenic factor found in CM has not

yet been identified, these data suggest that the factor

may be related to FGF or a FGF-like protein. In other

endocrine organs like the adrenal gland, the testes or

the ovary, the organ-specific cells also produce FGF or

FGF-like activity both in vitro and in vivo (24-26).

Whereas this is the first demonstration of a paracrine

factor with growth-promoting activity on endothelial

cells in CM of thyroid follicles, an endotheliotropic

chemoattractant activity in conditioned medium from

rat thyroid cells has recently been described (27). Also

growth-promoting activity for fibroblasts in CM from

ovine thyroid cells (28) and from porcine thyroid follicles

(10-12) has been previously described. This growth-

promoting activity was not related to plasminogen ac-

tivator, which was found in the CM, since trypsin-

inhibitor did not block the growth promoting activity

(28). The presence of high levels of IGF-I and II in CM

of ovine thyroid cells has also been reported (29). We

were not able to detect IGF-I immunoreactivity in CM

from porcine thyroid follicles using a sensitive RIA for

human IGF-I which has more than 90% cross-reactivity

to porcine IGF-I (personal communication from Nichols

Institute of Diagnostics).

The activity of the paracrine factor in CM from thyroid
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120

2X FCS 0.1 1.0 3.0

[ng/ml]

T.

10 100 300 100 1000 10000 100 200 500

[ng/ml] [nM] [jtU/mi]

Tg CAMP TSH

Fig. 6. Influence of T3 (n = 4), T4 (n = 6), Tg (n = 6), cAMP (n = 6), and TSH (n = 10) on endothelial cell growth at the indicated

concentrations.

1 10 30

[ng/ml]

T

•5-

2% FCS (v/v) pH 3 pH 10

CM (SOX v/v)

- 20 »C 100 *C

CM (50X v/v) CM (SOX v/v)

Fig. 7. Physicochemical Characterization of the Mitogenic Activity in CM

Endothelial cells were stimulated with CM (50%) (vol/vol) after freezing, boiling, alkaline, or acid treatment (n = 3).

follicles was significantly modified by treatment of the

follicles with TSH, EGF, or by the addition of iodide,

according to the direct effects of these substances on

thyroid follicle cell proliferation (14). The mitogenic ac-

tivity in CM from TSH-treated follicles on endothelial

cells was significantly lower compared to CM from

untreated or from EGF-treated thyroid follicles. These

differences in mitogenic activity in CMs are not due to

changes of cell numbers of thyroid follicles during the

incubation time for conditioning the medium, since thy-

roid follicles were kept in suspension culture by the use

of hydrophobic dishes. Under these conditions cell num-

bers were not influenced by EGF or TSH. These results

indicate that addition of TSH and the resulting stimula-

tion of specific functions in thyroid follicles either lowers

the production or the release of the growth-stimulating

activity or induces the production of an inhibitory activ-

ity. Since cultured thyroid follicles secrete thyroid hor-

mones in response to TSH stimulation (13), it may be

argued that these thyroid hormones are responsible for

the observed decrease in the mitogenic activity in TSH-

CM. This is unlikely since 1) T3-CM or T4-CM have no

significant different mitogenic activity compared to

basal CM, and 2) thyroid hormones have no effect on

endothelial cell growth. Incubation of thyroid follicles

with EGF significantly increased the growth-promoting
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effect of CM on endothelial cells compared to both CM

from unstimulated and TSH-treated follicles. As EGF

does not influence endothelial cell growth and as EGF

could not be detected in CM by RRA, it can be assumed

that stimulation of thyroid follicles with EGF specifically

enhances the mitogenic activity of CM on endothelial

cells.

Addition of iodide during the incubation of thyroid

follicles resulted in a suppression of the mitogenic ac-

tivity in CM. Until now it is not clear, whether this

suppression is due to the absence of the mitogenic

factor(s) in CM or due to the presence of (an) additional

factor(s), which may inhibit endothelial cell growth. Sim-

ilar results with iodide-conditioned medium were ob-

tained with fibroblasts (10, 11). The concentration of

iodide, which was used, is completely organified by the

follicles (13) and was found to inhibit the growth of

thyroid follicles (14).

The modulation of the paracrine mitogenic activity in

CM from isolated thyroid follicles on endothelial cells is

comparable to the growth regulation of porcine thyroid

follicles in vitro. TSH is not a growth factor for thyroid

Table 2. Effect of Trypsin Treatment on Mitogenic Activity in

CM

Cells/Well (% of Control)

CM

medium (MEM)

No trypsin

131.9 ± 16.4

101.7 ± 1.3

Trypsin

104.1 ±9.0
100.2 ±4.8

Endothelial cell growth was stimulated with CM or medium

(30%) (vol/vol) after treatment with or without trypsin (n=3,

mean ± SD).

follicles, but even inhibits proliferation of thyroid cells

(14). Similar results were found by others using isolated

porcine thyroid follicles (30) or human thyroid cells (31,

32). EGF, IGF-I, or FCS-induced growth of thyroid

follicles is inhibited by TSH and also by iodide (14, 33).

This is in agreement with in vivo data which demon-

strated that thyroid hyperplasia is not correlated with

TSH serum levels during goiter induction, but inversely

related to the iodine content of the thyroid gland (34).

In vitro growth of thyrocytes stimulated by TSH has

been demonstrated by several groups using primary

monolayer cultures of thyrocytes (35-37) or thyroid

follicles in suspension (38, 39). However, this was only

found in the presence of insulin or FCS. Why insulin at

low concentrations may act as a permissive factor as

proposed by Smith et al. (38) for growth-stimulatory

activity of TSH is yet not fully understood, perhaps by

cross-reactivity with the IGF-I receptor; clearly in the

absence of insulin no growth stimulatory effect of TSH

was found (39). The FRTL 5 cell line can not be used

for answering the question whether TSH is a growth

factor for thyroid cells, since this cell line has been

selected for the criterion to grow only in the presence

of TSH (40). The different results obtained with thyroid

monolayer cultures are most probably not due to differ-

ent species used as donors of the thyroid cells, but

more likely due to different culture conditions and to

the loss of many specific cellular functions, which are

preserved in cultures of thyroid follicles (13).

In summary, our results confirm the hypothesis that

thyroid angiogenesis is due to, at least in part, one or

more polypeptide factor(s) which are released by the

epithelial thyroid cells and which may act in a paracrine

manner on blood vessel cells. Further investigations will

350-,

2% FCS (v/v)

CM (50% v/v)

AS I AS

CM (50% v/v)

HS I MS II

CM (50% v/v)

Fig. 8. Fractionation of the Mitogenic Activity in CM by Ammonium Sulfate Precipitation and Affinity Chromatography on Heparin-

Sepharose

AS I: 1.9 M ammonium sulfate, AS II: 3.8 M ammonium sulfate, HS I: nonheparin-binding fraction, HS II: heparin-binding fraction

(n = 3).
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MW (KD) B

94 —

Fig. 9. SDS-Polyacrylamide Electrophoresis of CM Fraction-

ated on Heparin Sepharose as described in Materials and

Methods

Lane A: 0.6 M NaCI fraction; lane B: 1 M NaCI fraction; lane

C: 2 M NaCI fraction. Twenty microliters of each sample were

applied (=100-fold concentration vs. native CM). Arrow; Dou-

ble band with a mol wt of 15 and 15.5 k. Mol wt standards

were rabbit phosphorylase b (94 k), bovine carbonic anhydrase

(30 k), soybean trypsin inhibitor (20.1 k), and bovine lactalbu-

min (14.4 k).

be necessary for more detailed information about the

molecular structure of the paracrine factor(s).

MATERIALS AND METHODS

Materials

Collagenase (clostridium histolyticum), penicillin-streptomycin,
transferrin, and trypsin (1:250) were obtained from Boehringer
(Mannheim, FRG). FCS, heat-inactivated FCS, amphotericin
B, and trypsin-EDTA (0.5%/0.2%) were from Gibco Europe
(Karlsruhe, FRG). Minimal Essential Medium (MEM), Medium
199, soybean trypsin inhibitor, hydrocortisone, porcine skin
gelatine, bovine TSH, mouse EGF, ECGS, and cAMP were
obtained from Sigma Chemie (Deisenhofen, FRG). IGF-I and
bovine bFGF was purchased from Amersham (Braunschweig,
FRG). T3 and T4 were a gift from Henning (Berlin, FRG). Tg
from porcine thyroid glands was prepared as described (41).
All other reagents were from Merck (Darmstadt, FRG).

Hydrophobic Petriperm culture dishes (28 cm2) were ob-
tained from Heraeus (Hanau, FRG). Twenty four-mutiwell cul-
ture plates were from Costar/Tecnomara (Fernwald, FRG);
plastic culture dishes (28 cm2) and culture flasks (75 cm2) were
from Nunc (Wiesbaden, FRG).

RRA for EGF was obtained from Paesel (Frankfurt/M, FRG),
and RIA for human IGF-I from Nichols Institute Diagnostics
(San Juan Capistrano, CA). Cyclic AMP antibody was a gift

from R. Gerzer, cAMP standards and tracer were from NEN
(Dreieich, FRG). Heparin-sepharose CL-6B and trisacryl GF 05
were from LKB-Pharmacia (Freiburg, FRG).

Preparation of isolated Thyroid Follicles

Thyroid follicles were isolated as recently described (13). In
brief, thyroid glands were obtained from freshly slaughtered
hogs. The surrounding tissue was removed and after infusion
of collagenase solution (1.0 mg/ml in MEM) into the blood
vessels at the caudal pole the thyroid glands were incubated
for 45 min in MEM at 37 C. The fibrous capsule was removed
and isolated follicles could be released into MEM by gently
shaking the digested tissues. After several washings in MEM
closed or nearly intact thyroid follicles were obtained without
contaminating single cells. The follicles were cultured in MEM
supplemented with FCS (1 %) (vol/vol), sodium hydrogen car-
bonate (2.2 g/liter), glucose (2 g/liter), penicillin (100 U/ml),
streptomycin (100 Mg/ml). and amphotericin B (1 Mg/ml) in
Petriperm dishes supplied with a hydrophobic membrane (107

cells in 4 ml) for 24 h in a humidified atmosphere with 5% CO2

at 37 C before further investigations.

Growth of Thyroid Follicles

After a resting phase of 24 h, thyroid follicles were washed
twice in MEM and 105 cells per well were distributed into 24-
well-culture-plates in 1 ml MEM containing transferrin (5 ng/
ml), hydrocortisone (10 nM), and gelatine from porcine skin (10
mg/ml). The test substances were added in triplicate and the
follicles were incubated for 6 days. For determination of cell
numbers a cell suspension was obtained after incubation with
PBS containing 25 ITIM EDTA, 40 mM Tris, pH 8.3 (750 MI per
well) and trypsin (5 mg/ml)-EDTA (2 mg/ml) (250 Ml/well) for 1
h and mechanical disruption of the follicles by vigorous pipet-
ting. Cell numbers were determined with an adapted Coulter
Counter.

Preparation of CM from Isolated Thyroid Follicles

Thyroid follicles corresponding to about 107 cells were kept in
suspension in hydrophobic Petriperm dishes (28 cm2) in 4 ml
serum-free MEM containing trypsin-inhibitor {0.1 mg/ml), trans-
ferrin (5 Mg/ml), and hydrocortisone (10 nM). Follicles were
incubated either without any further additions for basal CM,
with TSH (1 mil/ml) to produce TSH-CM, with EGF (5 ng/ml)
for EGF-CM, with iodide (20 MM) for iodide-CM, with T3 (1.5
ng/ml) for T3-CM or with T4 (50 ng/ml) for T4-CM. After incu-
bation for 72 h, the CM was obtained by centrifugation of the
follicle suspension at 100 x g for 2 min and stored at 4 C.
Determination of the cell numbers and viability of thyroid
follicles after this 72-h incubation showed no significant differ-
ence between cells from basal-CM, TSH-CM, or EGF-CM; e.g.
initial cell number before CM production was 1.53 x 107 cells
per dish and after 72 h cell number from basal-CM was 1.49
x 107, from TSH-CM 1.46 x 107, and from EGF-CM 1.43 x
107 cells per dish. Viability was in the range of 90-95%.

Physicochemical Characterization of the Mitogenic
Activity in CM

CM from thyroid follicles was desalted on a Tris-Acryl GF-05
column (2 x 20 cm) using ammonium acetate (50 mM) as
elution buffer and concentrated by lyophilization. Samples
were resolved in MEM, dialyzed against MEM for 24 h, steri-
lized by filtration, and substituted with antibiotics. For control,
fresh medium was treated in the same manner.

Chemical stability of the mitogenic activity in CM was tested
by freezing (-20 C for at least 24 h) and thawing, by boiling
at 100 C for 10 min, by acid treatment with 1 M HCI to pH 3
or alkaline treatment with 1 M NaOH to pH 10 for 1 h followed
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by dialysis against MEM for 24 h, centrifugation (10,000 x g,
2 min), sterile filtration and addition of antibiotics.

Treatment of CM (derived from incubations without trypsin
inhibitor) with trypsin was performed with 10 tig/m\ trypsin
(170 benzylargininethylester units) for 60 min at 37 C; trypsin
activity was stopped by the addition of trypsin inhibitor (150
ng/rr\\, ~ 10-fold excess). Controls were performed either with
fresh medium by the same treatment or with CM without
addition of trypsin.

Fractionated precipitation with ammonium sulfate was per-
formed according to the method described by Gospodarowicz
et al. (42). Equal volumes of CM and 3.8 M ammonium sulfate
solution were mixed, incubated for 1 h, and centrifuged at
100,000 x g for 20 min. Ammonium sulfate was added to the
supernatant in a final concentration of 3.8 M. The samples
were then incubated again for 1 h and centrifuged at 100,000
x g for 20 min. Pellets were dissolved in distilled water and
dialyzed with distilled water for 1 h and with MEM for 24 h. All
steps were performed at 4 C. Finally, the samples were
sterilized by filtration and antibiotics were added.

For chromatography on heparin-sepharose, up to 20 ml CM
were applied to a heparin-sepharose CL-6B column ( 1 x 5
cm). The nonheparin-binding fraction was eluted with phos-
phate buffer (50 rtiM, pH 7.4) containing 0.15 M NaCI, the
heparin-binding fraction was eluted with the same buffer con-
taining 1.5 M NaCI. Fractions of each peak were pooled,
concentrated 5-fold by dialysis against 25% polyethyleneglycol
in PBS, pH 7.4, dialyzed against PBS, pH 7.4, for 24 h and for
additional 24 h against MEM. Finally, after centrifugation
(10,000 x g, 2 min), the samples were sterilized by filtration
and antibiotics were added.

For gel electrophoretic analysis, CM was fractionated on
heparin-sepharose with 0.6, 1, and 2 M NaCI according to
Gospodarowicz et al. (43); samples were concentrated after
dialysis by lyophilization, dissolved and boiled in electropho-
resis sample buffer containing 1% SDS, 5% mercaptoethanol,
and were run on a SDS-polyacrylamide slab gel (44) with 10%
and 4% acrylamide in the running and stacking gels, respec-
tively. Staining of the proteins was performed by a silver
staining method as described (45).

Determination of IGF-I and EGF in CM

Control-CM was used for determination of IGF-I and EGF.
IGF-I was measured after acidic extraction according to Clem-
mons et al. (46) with a commercial RIA kit; the lower limit of
detection was 0.5 ng/ml. EGF was determined by a commer-
cial RRA or by a RRA using a crude membrane preparation
from porcine thyroid glands as described (47); the lower limit
of detection was 1 ng/ml.

Preparation and Culture of Endothelial Cells

Endothelial cells were obtained from aortae of freshly slaugh-
tered adult hogs according to the method of Jaffe (48). Briefly,
porcine aortae (20-25 cm long) were filled with collagenase
solution (1.2 mg/ml in PBS) and digested for 15 min at 37 C.
The cell suspensions were harvested and the vessels were
washed with PBS; cell suspensions and washing solutions
were combined and medium 199 with 10% FCS was added.
The cells were washed four times with medium containing
10% FCS and after testing cell viability by staining with ethid-
ium bromide and acridine orange, the cell number was deter-
mined in a Neubauer chamber. Usually cell viability was about
97% and the average yield of isolated endothelial cells was
1.65 x 106 cells per vessel (n = 82).

Cells were cultured in Medium 199, generally supplied with
soybean trypsin-inhibitor (0.1 mg/ml), sodium hydrogen car-
bonate (2.2 g/liter), glucose (2 g/liter), penicillin (100 U/ml),
streptomycin (100 ng/m\), amphotericin B (1 fig/m\), and heat-
inactivated FCS (10%) on 75 cm2 culture flasks coated with
porcine skin gelatine. Culture conditions were 5% CO2 at 37
C in a humidified atmosphere. The culture medium was

changed 24 h after preparation and from that time on every
72 h. When cells were grown to confluency after approximately
6 days, splitting was performed using collagenase solution
(1.2 mg/ml in PBS). Cell cultures were used until day 20 after
the preparation to avoid cellular dedifferentiation and over-
growth by contaminating fibroblasts and smooth muscle cells.
Confluent monolayers of endothelial cells exhibited the typical
cobblestone growth pattern with polygonal cells. Endothelial
cells were characterized by their ability to produce angiotensin
converting enzyme (ACE) and by their specific prostaglandin
pattern. Culture medium had a total ACE activity of 642.0 ±
338.0 pmol/106 cells x min; cell lysates had only 117.0 ± 29.3
pmol/106 cells x min, as measured by a fluorimetric assay
(49). The enzyme activity could be inhibited by the specific
ACE blocker MK 422. PG synthesis was studied after labeling
of the cells with 14C-arachidonic acid; three peaks correspond-
ing to PGE2, PGF2n, and 6-keto-PGF1n were found in cell
lysates and supernatants by TLC.

Growth Experiments with Endothelial Cells

Endothelial cells were seeded into gelatine-coated 24-well
plates at an initial cell number of 10,000 cells per well and
cultured in medium 199 containing 10% FCS for 24 h, followed
by a 24-h period with a serum reduction to 1 % FCS. There-
after, cell growth was initiated with CM or growth factors in
the presence of 2% FCS in medium 199. After 72-h incubation
time the cells were harvested with trypsin-EDTA solution in
PBS (0.5 mg/ml trypsin, 0.2 mg/ml EDTA), and cell numbers
were determined using an adapted Coulter Counter. With 2%
FCS as control value, the initial cell number of 10,000 cells per
well had increased 5-fold after 5 days (mean 51,000 cells per
well from seven different experiments); since a considerable
variation between separate cell preparations was found (range,
from 45,000-69,000 cells per well); the results obtained after
stimulation with CM or growth factors were related to the
individual control values (2% FCS = 100%).

Determination of T3, T4, Tg, and cAMP

Concentrations of T3, T4, Tg, and cAMP were determined by
RIA as described (13, 50, 51).

Data Presentation and Statistical Analysis

All experiments were performed in duplicate or triplicate.
Pooled data from separate experiments are presented as
means ± SD. A multivariant analysis of the data was performed
(ANOVA), and significant differences were evaluated by the
Bonferroni test. Using ANOVA to prove whether data could be
pooled, we found a highly significant effect for different con-
ditioned media (basal CM, TSH-CM, EGF-CM) (P < 0.005).
The influence of separate endothelial cell preparations was
also significant, but on a much lower level (P < 0.05); this
influence was considered as only a minor effect and allowed
us therefore to pool data from separate experiments. Within
one experiment no significant effect was found for duplicate
or triplicate determinations.
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