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ABSTRACT Serially cultivated thyroid follicular cells are not active in hormone synthesis but 
retain a thyrotropin-responsive adenylate cyclase. The exposure of such cells to thyrotropin 
leads to an increase in the concentration of intracellular cAMP and a drastic change in 
morphology including a total cytoplasmic arborization. The present communication describes 
these changes at the cytoskeletal level using a cell line derived from a human functioning 
thyroid adenoma. Phase contrast microscopy showed that the cytoplasmic arborization was 
preceded by a total disappearance of stress fibers, visible within 20 min of exposure. Small 
marginal membrane ruffles could also be seen. These morphological changes could also be 
induced by the addition of dibutyryl cAMP. The action of both thyrotropin and dibutyryl cAMP 
was potentiated by theophylline. High voltage electron microscopy of whole mounted cells 
confirmed the loss of stress fibers (microfilament bundles). In addition, thyrotropin treatment 
led to an uneven redistribution of the cytoplasmic ground substance and to changes in the 
organization of the microtrabecular lattice. Stereo images demonstrated numerous minute 
surface ruffles. The thyrotropin-induced arborization was reversible even in the presence of 
thyrotropin. After 24 h of treatment, cells had flattened and then contained very straight and 
condensed microfilament bundles. 

The results thus demonstrate that thyrotropin induces a disintegration of microfilament 
bundles in human, partially dedifferentiated, follicular cells and that this effect to all appear- 
ances is caused by cAMP, the second messenger in thyrotropin action. The relation of this 
event in partially dedifferentiated cells to the effect of thyrotropin in the intact thyroid gland 
is unclear. The fact that several other cultured hormone-responsive cells round up or become 
arborized in conjunction with an increase in cAMP levels implies that cAMP may be a major 
factor in the disassembly of microfilament bundles in these cells. 

The priuicipal function of the thyroid gland is to synthesize, 
store, and release thyroid hormone. The main regulator of  
these functions is the pituitary hormone thyrotropin (thyroid- 
stimulating hormone, TSH). It is generally assumed that TSH 
acts via the activation of adenylate cyclase and that this in- 
creases the level of intracellular cAMP. Consequently, dibu- 
tyryl cAMP mimics the action of TSH on thyroid cells in vitro 
and this effect is enhanced by inhibitors of  cAMP degradation 
(1-3). 

Isolated thyroid cells in monolayer culture retain some of 
their functional and morphological characteristics. When con- 
fluent primary cultures are exposed to TSH early after explan- 
tation, the cells become organized into follicle-like structures 
(1-5) which maintain the capacity to concentrate iodide and 
produce thyroid hormone (3, 6). Sparsely seeded or serially 
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cultivated cells lose these functions but retain a TSH-responsive 
adenylate cyclase. The exposure of  such cells to TSH leads to 
an increase in cyclic AMP content and a profound change in 
morphology including a complete arborization of the cyto- 
plasm (7-9) indicative of gross changes in the organiTation of 
the cytoskeleton and associated cytoplasmic matrix. The pres- 
ent report demonstrates the nature of these changes as revealed 
by light microscopy and high voltage electron microscopy of 
whole cells. 

MATERIALS AND METHODS 

Cell Cu l tu re  

The human thyroid cell line HTh 31 was initiated from a benign, functioning 
adenoma (9). These cells are responsive to TSH as shown by a large increase in 
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intracellular cAMP after a 60-rain exposure to 100 mU/ml  of bovine TSH (9). In 
these studies the cells were routinely grown in 5 cm Coming plastic petri dishes 
(Coming Glass Works, Coming, NY), using Eagle's minimum essential medium 
(EMEM) supplemented with 10% fetal calf serum (Flow Laboratories, Rockvine, 
MD) and antibiotics (100 U of penicillin and 50 ~g/ml of streptomycin). 
Subcultivation was done once a week at a 1:2 split ratio using 0.08% trypsin and 
0.08% EDTA in phosphate-buffered saline as detaching agents. The thyroid cell 
line has a finite lifespan and cannot be carried beyond 18 passages (9). For our 
experiments, oniy cultures below passage 12 were used. Thyrotropin (TSH; 0.5-1 
U/rag) and N* o2'-dibutyryladenosine 3':5'~cyclic monophosplioric acid (dibu- 
tyryl cyclic AMP) were purchased from Sigma Chemical Co., St. Louis, MO. 

Light Microscopy 
The effects on gross morphology of TSH, theophylline and dibutyryl cAMP, 

respectively, were studied on cover-slip cultures using a Zeiss Ultraphot micro- 

scope equipped with phase contrast optics. Photomicrographs were taken on 
Ektapan fiJm using x 16 or x40 Neofluar phase contrast lenses. 

High Voltage Electron Microscopy (HVEM) 
For HVEM, cells were grown on formvar-coated gold grids (London Finder 

honeycomb) mounted on cover slips, prepared as previously described (10). The 
cultures were fixed for 15 rain at 37°C using 2% glutaraldehyde in 0.15 M sodium 
cacodylate, pH 7.3, as fixative. The cells were then rinsed in cacodylate buffer 
and postfixed in 1% OsO4 in 0.2 M sodium cacodylate for 10 min. The cover slips 
were rinsed in distilled water and stained with 0.5% uranyl acetate in 0.2 M s- 
coUidine for 15 rain, pH 4.5 for 5 rain. After rinsing in 0.2 M s-coliidine for 15 
rain and a short rinse in distilled water, the grids were removed from the cover 
slips and subjected to critical point drying (11). The grids were coated with 
carbon on both sides and stored in a desiccator. The cells were examined in a 
JEM 1000 high voltage electron microscope under an accelerating voltage of 
1,000 kV. 

FIGURE 1 Induction of cytoplas- 
mic arborization in human thy- 
roid cells by TSH and dibutyryl  
cyclic AMP. (a) Untreated control 
cells. (b) Cells treated for 6 h with 
10 mU of TSH per ml. (c) Cells 
treated for 6 h wi th I mM theo- 
phyl l ine and 10 mU of TSH per 
ml. (d) Cells treated for 6 h with 
I mM theophyl l ine and 0,5 mM 
dibutyryl cyclic AMP. Phase con- 
trast microscopy of l iving cells. 
Bars, 20 p.m. X 330. 
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RESULTS 

Light Microscopy 
The human thyroid cells are large, flattened, and epithelial- 

like with tittle tendency to overlap (Fig. I a). After the exposure 
to 10 mU of bovine TSH per mi for 6 h, ~30% of  the cells were 
arborized (Fig. 1 b) with most of  the cytoplasm concentrated in 
the perinuclear area. This effect was strongly potentiated by 
the addition of theophylline. For example, the addition of 10 

mU/nd  of TSH in medium supplemented with 1 mM theo- 
phyUine caused 100% arborization after 6 h (Fig. I c), whereas 
the addition of theophyRine alone caused no arborization. The 
effect of TSH on cell morphology was mimicked by the addi- 
tion of  1 mM dibutyryl cAMP in medium containing 1 mM 
theophylline (Fig. 1 d). 

High-power phase contrast microscopy of the untreated thy- 
roid cells showed an abundance of stress fibers, essentially 
oriented along the long axis of the cells (Fig. 2 a). The intra- 

FIGURE 3 Micrographs of untreated 
human thyroid cells taken by high 
voltage electron microscopy. (a) Bar, 
10/~m. X 850. (b) Part of the central 
cell in a. Bar, 10 #m. x 3,600. Stress 
fibers are indicated at sf. (c) A pair of 
stereo images at yet a higher magni- 
fication (x  28,000). Note the rela- 
t ively dense microtrabecular lattice 
and its cont inui ty with the linear 
strands representing the stress fibers 
(sf). Viewing with a stereo viewer 
(desk model, Abrams Instrument 
Company, Lansing, MI) is essential 
for observing details. Bar, 1/~m. 
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FIGURE 4 High voltage electron 
microscopy of a thyroid cell, fixed 
10 min after the addition of 10 
mU of TSH per ml. (a) Low mag- 
nification showing perinuclear 
condensation and membrane ruf- 
fling. (b) Note the disassembly of 
microfi lament bundles and the 
unevenly distributed cytoplasmic 
ground substance with thin area 
designated at x. (c) Stereo image 
showing disintegrating microfila- 
ment bundles. Arrowheads point 
to microtubules. (a) Bar, 10/~m. 
x 770; (b) Bar, 10/~m. x 3,300; (c) 
Bar, 1 #m. X 9,600. 

cellular structures of  the completely arborized cells could not, 
however, be resolved by phase contrast microscopy and the 
content of  stress fibers in these cells could not be determined. 
We, therefore, analyzed cells that were only briefly treated with 
10 mU/mi  of  TSH and 0.5 mM dibutyryl cAMP, respectively, 
in medium containing 1 mM theophyUine. Cells treated for 20 
rain were still flattened but showed a somewhat altered struc- 
ture. Small ruffles wet.e seen along the cell margins and stress 
fibers had apparently vanished (Fig. 2c). The addition of  
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theophylline alone had no effect on the stress fibers (Fig. 2 b) 
whereas dibutyryl cAMP used briefly, caused the same mor- 
phological changes as TSH, i.e., disappearance of  stress fibers 
and induction of  marginal ruffling activity (Fig. 2 d). 

High Voltage Electron Microscopy (HVEM) 
The untreated thyroid cells were generally thin enough to 

allow penetration of  high energy electrons even in the perinu- 



clear area (Fig. 3 a and b). The stress fibers appeared as rather 
loosely packed bundles that often spanned the entire cell width 
(Fig. 3 b, sf, and c, sf). In high magnification images, a fairly 
dense microtrabecular lattice was seen throughout the cyto- 
plasm (Fig. 3 c). The lattice was coextensive with the stress 
fibers as can readily be seen in stereo pairs (Fig. 3 c). 

Treatment for 10 rain with 10 mU/ml  of  TSH had a pro- 
found effect on the free structure of  the thyroid cells. Many 
cells showed a retracting posterior end, a thickening of  the 
perinuclear region and a thin lamellar cytoplasm in the anterior 
end (Fig. 4 a and b). The thickness of  the perinuclear region in 
this instance made this part of the cell relatively impermeable 
to the electron beam. In the thinner lamellar regions, the 
cytoplasmic ground substance was unevenly distributed with 
dense areas intermingled with very thin areas (Fig. 4b). No 
well-defined microfdament bundles were seen but in some 
places the cytoplasm formed ridges that contained fibrillar 
structures interpreted as remnants of  stress fibers (Stereo Fig. 
4 c). Microtubules were visible throughout the cytoplasm (Fig. 
4c, arrows). High magnification showed that the uneven dis- 
tribution of the cytoplasmic ground substance could be ex- 
plained in terms of  altered organization of the microtrabecular 
lattice. Thus, areas of lattice condensation were adjacent to 
areas with scant lattice. In some very thin places the lattice 
seems to have disappeared entirely (Fig. 4 b, x). A few minute 
surface ruffles are also evident. Upon prolonged treatment with 
TSH, arborization became more noticeable (Fig. 5 a). After 20 
min the perinuclear condensation of  cytoplasm was pro- 
nounced and most of  the mitochondria were found in this 
region and generally oriented parallel to the long axis of  the 
cell (Fig. 5 b). In the remaining lamellar regions large areas of  
thin cytoplasm were intermingled with thicker areas often 
appearing as ridges (Fig. 5 b). 

At this point a multitude of  small membrane ruffles projected 
from the dorsal cell surface. Higher magnitieations showed that 
these ruffles contained a lattice of  microtrabeculae (not shown). 
In the thinner lamellar regions no microfdament bundles re- 
main. 

As can be seen in Fig. 5 c and d, dibutyryl cAMP elicited the 
same change in ultrastructure as TSH. After 20 rain of  incu- 
bation, perinuclear thickening was apparent as well as the 
disappearance of  microfdament bundles and signs of  cytoplas- 
mic arborization (Fig. 5c and d). The addition of  1 mM 
theophylline along with 0.5 mM dibutyryl cAMP increased the 
proportion of cells with an altered morphology. However, there 
were no differences in the free structure of the responding cells, 
whether they were exposed to dibutyryl cAMP alone or in 
combination with theophylline. 

Treatment with TSH for several hours led to a complete 
arborization as shown by light microscopy. The interior of  
these cells could not be studied in the HVEM due to the 
thickness of  the cytoplasmic branches. After a prolonged in- 
cubation, however, most of the cells flattened again, even in 
the presence of  TSH. These were refractory to TSH in the 
sense that the addition of more TSH did not reinduce arbori- 
zation. 

The "recovered" ceils differed in several respects from the 
untreated control cells. Thus, most of  the cytoplasm was still 
located to the perinuclear region (Fig. 6 a). Stress fibers reap- 
peared but looked very different from those of  the untreated 
cells in that they were often straight and extremely dense (Fig. 
6 b and c). In high-magnification stereo images, such condensed 
stress fibers appeared as hyaline cylinders with no visible 

internal structure (Fig. 6 c). They were ensheathed by a sleeve 
of  the microtrabecular lattice (Fig. 6 c, mt/). 

DISCUSSION 

The cell line used in the present investigation, Hth 31, is 
derived from a benign human functioning thyroid adenoma 
(9). These cells establish regular epithelial monolayers with no 
tendency to differentiate into histiotypic follicular structures 
when exposed to TSH. Instead, after the addition of TSH, the 
cells arborize in a manner that seems to be typical for such 
partially dedifferentiated thyroid cells in monolayer cultures 
(7-9). The main finding of  the present investigation is that 
arborization is preceded by a rapid and total loss of  micro- 
fdament bundles (stress fibers). The effect is to all appearances 
caused by the increase in cellular cAMP that follows TSH 
treatment. Consequently, the loss of  microfdament bundles 
was potentiated by the phosphodiesterase inhibitor theophyl- 
line and could also be induced by dibutyryl cAMP. 

The acute effects of TSH on follicular cell morphology in 
the intact thyroid have been quite well described. In rats, whose 
TSH levels have been suppressed by thyroxine substitution, the 
first cellular events after injection of  TSH include exocytosis of 
preformed thyroglobulin (12, 13) and endocytosis of colloid 
from the follicular lumen (14-19). Endocytosis (pinocytosis) is 
accompanied by the formation of  ruffle-like structures at the 
apical membrane which encloses colloid droplets to be en- 
gulfed. Possibly the small cortical and the large marginal 
ruffles, that are seen in TSH-treated monolayer cultures of  
follicular cells (reference 8 and present investigation), corre- 
spond to the ruffles that are operational in colloid pinocytosis 
in vivo. The molecular meehani.~m of TSH-induced colloid 
endocytosis is not understood. The fact that endocytosis can be 
blocked by the microfilament-bundle-disrupting agent, cyto- 
chalasin B (20, 21), implies that microfdaments and/or micro- 
trabeculae are involved. This is very likely since actin-contain- 
ing microfdaments probably participate in both cell and mem- 
brane motility. 

TSH treatment caused an uneven distribution of  the micro- 
trabecular lattice (22, 23) with thin areas of  scant lattice inter- 
mingled with thicker areas, often appearing as remnants of 
microf'dament bundles. One might speculate that all ultrastruc- 
tural events that were induced by TSH (cAMP), including 
disassembly of microfflament bundles, change in lattice distri- 
bution and formation of ruffles, can be traced to changes in 
the dynamic reorganization of  the lattice and possibly in an 
actin fdament backbone within the trabeculae. 

In the TSH-treated, histiotypically differentiated primary 
cultures of  normal thyroid cells, the fine structure of  the 
individual follicular cells is very similar to that found in the 
intact gland. Such cells are polarized, endocytotically active, 
and have very few microfdament bundles (24). Conversely, 
untreated normal thyroid cells in culture show the gross and 
free structure of undifferentiated epithelial cells and contain 
an abundance of stress fibers (24), like the adenoma cells used 
in the present investigation. Thus, also in primary normal 
thyroid cell cultures, the assembly of  microfdament bundles 
may be counteracted by TSH, and the presence of  a heavy 
network of  microfilament bundles may be a sign of  dediffer- 
entiation and the nonfunctioning status of  the cells. 

In many cultured cells the presence of  stress fibers seems to 
be an accompaniment of  a well-spread morphology. The ad- 
dition of cytochalasin B to such cells causes a disintegration of 
the stress fibers (25) and a concomitant cytoplasmic arboriza- 
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tion (26). It is not surprising, then, that the TSH-treated thyroid 
cells arborize when all stress fibers have disappeared. Arbori- 
zation of  the thyroid cells can be regarded as a pathological 
response to a normal physiological stimulus, viz. TSH-induced 
increase in cAMP. In the functioning, cuboidal follicular cell, 
TSH controls the maintenance of  hormone metabolism includ- 

ing apical ruffling and endocytosis of colloid, processes that 
may be mutually exclusive to the presence of an abundance of 
stress fibers. In the partially dedifferentiated cells used in this 
study, TSH treatment leads to an abortive stimulation of 
ruffling with concomitant disappearance of  stress fibers and 
arborization of  the cytoplasm. 

FfGURE 5 Effects of TSH and di- 
butyryl cyclic AMP on the fine 
structure of thyroid cells. The cul- 
ture was treated for 20 rain with 
10mU ofTSH perml  (a and b) ,or  
0.5 mM dibutyryl cyclic AMP (c 
and d). Note the advanced peri- 
nuclear thickening and the cyto- 
plasmic arborization (a and c). 
The stress fibers have disappeared 
(b and d) and numerous cytoplas- 
mic ruffles project from both the 
upper and the lower surface, par- 
ticularly from the thicker areas. 
The number of microtubules (mr) 
appears to have increased enor- 
mously. (a) Bar, 10 /~m. X 1,100; 
(b) Bar, 10/~m. x 3,700; (c) Bar, 10 
#m. X 760; (d) Bar, 10/Lm. x 3,800. 

48  THE JOURNAL OF CELL BIOLOGY • VOLUME 94, 1982 



FIGURE 6 Reappearance of stress 
fibers in a thyroid cell treated for 
24 h with 10 mU of TSH per m[. 
This long-term treated cell has 
flattened out again but still shows 
a perinuclear thickening (a). The 
restored stress fibers are extremely 
thick and condensed. The cyto- 
plasmic ground substance is still 
unevenly distributed with thick 
areas, adjacent to the stress fibers, 
intermingled with thin areas. A 
detail of the cell shown in c. The 
stress fiber is extremely con- 
densed and appears as a hyaline 
cylinder with no discernible struc- 
ture. The microtrabecular lattice 
(mtl) is dense and appears to sur- 
round the stress fiber as a lacelike 
sleeve. (a) Bar, 10/~m. x 720; (b) 
Bar, lO/Lm, x 3,400; (c) Bar, 1/zm. 
x 25,000. 

Arborization in response to hormone treatment is not unique 
for thyroid cells. A similar event is evoked when adrenocortical 
cells are treated with adrenocorticotropin (ACTH) (27). 

In addition, ovarian granulosa cells treated with follicular 
stimulating hormone (FSH) (28) and bone cells exposed to 
parathyroid hormone (29) react in a similar way. All these cell 
systems have one thing in common, viz. an increase in cAMP 
induced by the exposure to the specific hormone. The under- 

lying cytoskeletal changes in these other cell systems have not 
been described, with one exception. Lawrence et al. (28) noticed 
a significant reduction in microfilament bundles in thin sections 
of  FSH-treated granulosa cells. We would like to suggest that 
the hormonally induced arborization and cell rounding in the 
above mentioned cell systems may have a common mechanism, 
i.e., disintegration of  stress fibers that are required for the 
maintenance of the flattened morphology of the ceils. If  so, 
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cAMP may be a major inducer of  microfdament bundle disas- 
sembly in many types of  hormone-responsive cells. 
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