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ABSTRACT

	

The influence of collagen gels on the orientation of the polarity of epithelial thyroid
cells in culture was studied under four different conditions . (a) Isolated cells cultured on the
surface of a collagen gel formed a monolayer. The apical pole was in contact with the culture
medium and the basal membrane was attached to the substratum .

(b) Isolated cells embedded inside the gel organized within 8 d into follicles . The basal pole
was in contact with collagen and the apical pole was oriented towards the interior of the
follicular lumen .

(c) Cells were first organized into floating vesicles, structures in which the apical surface is
in contact with the culture medium, and the vesicles were embedded inside the collagen gel .
After 3 d, cell polarity was inverted, the apical pole being oriented towards the cavity
encompassed by cells . Vesicles had been transformed into follicles .

(d) Monolayers formed on collagen gels as in a were overlaid with a second layer of collagen,
which was polymerized in contact with the apical cell surface. A disorganization of the
continuous pavement occurred within 24 h; cells attached to the upper layer of collagen and
reorganized into follicles in the collagen sandwich within 4-8 d .
A similar process occurred when the monolayer was grown on plastic and overlaid with

collagen, or grown on collagen and covered with small pieces of glass cover slips . No
reorganization was observed between two glass surfaces .

In conclusion, first, a basal pole was always formed in the area of contact between the cell
membrane and an adhesive surface and, second, the interaction of a preformed apical pole
with an adhesive surface was not compatible with the stability of this domain of the plasma
membrane . The interaction of the cell membrane with extracellular components having
adhesive properties appears to be a determinant factor in the orientation and stabilization of
epithelial cell polarity .

The formation of a polarized epithelial cell monolayer involves
two types ofevents : (a) the formation ofintercellular junctions,
the most typical for epithelia being the tight junction (14, 36) ;
and (b) cell polarization by an asymmetrical distribution of
membrane components between the apical and basolateral
domains (8, 21) and by a polar distribution of intracellular
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organelles. Once established, the polarity must be maintained
despite continuous turnover of molecules. In several epithelial
systems, the polarized state is described at the morphological
and molecular levels, but the mechanisms involved in the
genesis and maintenance of cell polarity as well as the factors
that take part in the determination of the orientation of the
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polarity are almost unknown .
In vivo, the orientation ofthe cell layer is determined during

morphogenesis . The basolateral surface is always in contact
with the internal milieu from which cell nutrients are available .
In monostratified epithelia, the apical membrane bounds a
closed or opened cavity and the composition of the fluid in
contact with the apical surface is specific for each tissue .

In vitro, isolated epithelial cells reorganize into polarized
cell monolayers . The apical surface of the cell layer is in contact
with the culture medium, whereas the basal pole is attached to
the culture substratum. Under these conditions, as in vivo, one
orientation of cell polarity is chosen and maintained .

In culture, isolated porcine thyroid cells reorganize into two
types of structures that essentially differ in the orientation of
the polarity of the cell layer (15-17, 28) . When a thyroid
stimulator (thyrotropin, prostaglandin E2 , or dibutyryl cyclic
AMP) is present in the culture medium, follicle-like structures
are obtained . As in genuine follicles, the apical pole of cells
faces the follicular cavity in which thyroglobulin accumulates .
On the contrary, when cells are cultured in the absence of a
stimulator, they organize into monolayers on a substratum or
into vesicles (or cysts) in suspension (24, 35). In both mono-
layers and vesicles, the apical surface of the cell layer is in
contact with the culture medium . With this orientation the
reconstituted thyroid epithelium cannot accumulate thyroglob-
ulin (which is still synthesized at a lower rate [51), is no longer
able to concentrate and to organify iodide, and responds poorly
to thyrotropin stimulation (28, 33) . The existence of two op-
posite orientations for cell polarity is also supported by the
transepithelial potential difference : the apical side is always
negative as compared to the basal side (34) . This system
appears especially favorable for the study offactors and mech-
anisms involved in the determination of the orientation of
epithelial cell polarity. In addition, as two orientations can be
obtained from isolated cells, the possibility of modifying cell
polarity without dissociating the cells can be considered . This
raises the question ofthe stability ofthe polarized state . Indeed,
the inversion of cell polarity in rat thyroid follicles upon
increasing the serum concentration in the culture medium has
been recently reported (41) .

In recent years, collagen gels (10) have been used as substrata
for the culture of various epithelial cells . On these permeable
and elastic supports, a better expression of specific differentia-
tion characteristics and a higher sensitivity to hormonal stim-
ulation have been reported for hepatocytes and mammary
gland cells (12, 13, 37, 45).
We report here that isolated porcine thyroid cells form a

monolayer when cultured on a collagen gel. In contrast, when
the cells are cultured embedded inside the gel, which provides
an isotropic environment (10, 50), they organize into three-
dimensional follicle-like structures . This observation prompted
us to investigate the effect of collagen on a preformed apical
surface. Vesicles were embedded inside the gel and monolayers
were overlaid with a layer of collagen gel . We observed that in
both cases a reorganization of cells into follicles occurred. The
orientation ofcell polarity can therefore be inverted as a result
of the interaction of collagen with the apical surface of polar-
ized cells . Part of this work has already been presented in
preliminary form (6, 31, 32) .

MATERIALS AND METHODS

Cell Isolation and Culture
Epithelial thyroid cells were isolated from adult porcine thyroid glands as
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previously described (method 2 in reference 35), except that the minced tissue
was incubated in a Spinnersalt solution without Ca" and Mg", containing both
trypsin (0 .15%) and EGTA (3 mM). Isolated cells were finally suspended (2 x
106 viable cells/ml) in Eagle's minimal essential medium (MEM ; Gibco Labo-
ratories, Grand Island Biological Co., Grand Island, N. Y.), supplemented with
penicillin (200 U/ml), streptomycin (50 tLg/ml), and newborn calf serum (I or
10%; Gibco Laboratories).

Isolated cells were also obtained from thyroid cells maintained in monolayer
on a plastic substratum, after a brief treatment with the same trypsin-EGTA
solution (10 min, 37°C).

The cellular suspension was plated in 35-mm-diameter Petri dishes and
incubated at 37°C in a 5% COz/95% air, water-saturated atmosphere. The
medium was changed 24 h after plating and then routinely every 2nd or 3rd d.
Cells were observed daily with an inverted microscope (Wild M40) .

Preparation of Collagen Solution
Collagen was solubilized by stirring rat tail tendons for 48 h at 4'C in a sterile

1 :1,000 (vol/vol) acetic acid solution (100 ml for I g of collagen). The resulting
viscous solution was filtered through a sterile gauze and then centrifuged at
16,000 g for 1 h at 4°C. The supernate was our stock solution and can be stored
at -20°C. The collagen concentration was --0.4% (wt/vol) .

Preparation of Hydrated Collagen Gels
Collagen gels were prepared according to Elsdaleand Bard (10). Ionic strength

and pH were raised simultaneously, the collagen solution being maintained at
4'C to delay its polymerization . A pH of 7.2 and a convenient ionic strength
were obtained by mixing 8 vol of the ice-cold collagen solution with 2 vol. of a 1 :
I mixture of a x 10 concentrated MEMwith 0.125 NNaOH in 0.26 M NaHCO, .
This cold gelation mixture was dispensed (50 Ial/cm') into tissue culture dishes
and allowed to gel for a few minutes at room temperature .

The collagen-coated dishes were kept with the culture medium in the cell
incubator until use. When the collagen gel had to be released from the plastic
substrate, the collagen was polymerized in Falcon dishes that had not been
treated for tissue culture.

Cell Culture on the Collagen Surface
2 ml of the cell suspension was seeded into each collagen-coated dish. The

cells adhered to the surface of thecollagen layer, and their culture was performed
as with conventional attached cells. Eventually, the collagen membrane, which
was thick and elastic, could be released from the plastic dish and allowed to float
in the culture medium, without damaging the cells grown on its surface .

Cell Culture in the Collagen Gel
To embed isolated cellsin the collagen gel, the following procedure was used.

Isolated cells were suspended in serum-free MEM, and 2 mlofthe cell suspension
was seeded per collagen-coated dish . Cells were allowed to attach to the surface
of thegel for4-6 h. Under these conditions, they attached butdid not spread and
remained isolated . The medium and unattached cells were removed and a second
layerof collagen was allowedto polymerize on topof the first gel, thus embedding
the cells.

With this method, the cells were in a plane and observation of their behavior
was therefore easier. Similar results were obtained with the method described by
Yang et al . (50) for mammarygland cells, which did not allow direct observation
of the reorganization process .

Embedding of Vesicles inside the Collagen Gel
Isolated porcine thyroid cells were reorganized into vesicles after 4 d in

suspension culture, as previously described (35) . Vesicles, collected by centrifu-
gation, were suspended in the cold collagen mixture (3 x 10' cells/ml ofcollagen).
The suspension was added to collagen-coated dishes as a thin layer or as drops
on the substrate . After gelation (5-10 min) in the incubator, the culture medium
was added.

Overlaying of Monolayers with Collagen Gel
Thyroidcell monolayers were obtained on collagen, plastic, or glasssubstrata .

After 4-15 d, the medium was carefully drained and 0.5 ml of the cold collagen
solution was spread on the cell layer. After 10 min in the incubator, gelation was
achieved and fresh medium was added.
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Preparation for Electron Microscopy
Cultured cells were fixed in situ at room temperature for 1 h in 2% glutaral-

dehyde in 0.1 Msodium cacodylate pH 7.2, postfixed in I% osmium tetroxide in
5 mM veronal buffer, and dehydrated in alcohol . Small pieces of the fixed and
dehydrated collagen gel containing the cells were cut and embedded in Epon .
Semithin sections, perpendicular to the cell layer, were stained with azure blue
and observed with a Zeiss photomicroscope III . Thin sections were contrasted
with uranyl acetate and lead citrate before they were examined in the Philips EM
200 or EM 301 electron microscope .

For scanning electron microscopy, the dehydrated samples were critical-point-
dried with COz, mounted on stubs, coated with gold-palladium (300 A thick),
and observed with a Jeol SM 35 at 15 kV .

RESULTS
Monolayer Formation on Attached
Collagen Gels

Freshly isolated porcine thyroid cells, seeded at high density
in collagen gel-coated dishes, were attached within 6-12 h and
had formed a confluent monolayer after 24-48 h. Attachment
occurred more rapidly in serum-free medium (3-6 h) and the
delay in reaching confluence was mainly dependent on the
initial cell density . Cells appeared polygonal and formed a
continuous pavement (Fig. 1). The average cell density was -3
x 105 cells/cm' but higher densities were reached near the
center of the dish (7 x 105 cells/cm') . Observation of the
monolayer by transmission and scanning electron microscopy
(Figs . 2 and 3) showed that cells were polarized and that the
apical surface was in contact with the culture medium . In thin
sections, the apical pole, limited byjunctional complexes, could
be identified by the presence of microvilli (Fig . 3) . The orga-
nization ofthe cytoskeleton (microfilaments and microtubules)
was similar to that observed in thyroid cells in vivo (J. Gabrion,
unpublished observations) . The centriole at the base of a cilium
was close to the apical membrane. The basal domain of the
plasma membrane was in contact with the collagen fibrils . No
basement membrane was synthesized under these culture con-
ditions . SEM observation of the apical cell surface showed
numerous microvilli and a single cilium on each cell (Fig . 2) .
The density of the microvilli was irregular and often higher at
the cell margin. When cells were cultured on glass or plastic
surfaces, they were more stretched and microvilli were less
abundant (Fig . 2 a) . The apical surface was also in contact with
the culture medium. Domes that were formed on nonpermeable
supports, as observed with otherepithelial cells (35), were never
observed on collagen gels. Moreover, cells could not be released
from collagen by trypsin or EGTA treatments that rapidly
detached the monolayer from glass or plastic substrata. This
suggests a stronger attachment of cells to collagen than to glass
or to plastic.

Monolayer Formation on Floating Collagen Gels
To facilitate intercellular interactions, to reduce the stretch-

ing of cells on the substratum and to allow nutrient access to
both sides ofthe cell layer, the collagen gel was detached from
the plastic surface 4 d after plating, when the monolayer was
confluent. As described for other systems, a contraction of the
floating collagen gel was observed (12, 45), which did not occur
in the absence of cells . The speed and amplitude of this
contraction depended on several parameters, including the
thickness, the concentration of the gel, and the cell density .
Under our standard conditions, the contraction was rapid
during the Ist 2 h and then much slower . The total surface was
four times smaller after 3 wk in culture . On the floating gel,

FIGURE 1

	

Thyroid epithelial cells organized into a monolayer on
an attached collagen gel (phase-contrast microscopy) . No reciprocal
polarity is observed between cells. The zone of cellular apposition
shows a clear space. Bar, 25 ftm .

only minor modifications of the cell layer were observed. The
average cell size was smaller, resulting in higher cell density
(Fig. 2 6 and c) . On the apical poles, the density ofthe microvilli
was higher. No important difference in the appearance of the
cells was observed between the center and the periphery of the
collagen membranes as described for mammary gland cells
(12) . A confluent monolayer was also formed within 24 h when
the gel was released early after cell adhesion, before spreading,
i.e ., 5 h after the onset of culturing .

Follicle Formation inside Collagen Gels
When seeded on the surface ofa collagen gel, porcine thyroid

cells formed a monolayer. The orientation of cell polarization
appeared to be a consequence of the interaction of the cell
membrane with collagen, which induced the formation of a
basal pole. We have subsequently investigated the behavior of
isolated porcine thyroid cells embedded inside the collagen gel.
Cells were initially randomly distributed inside the gel (Fig.
4a) . During the first 24-48 h, the cells moved and formed
strands with one or several rows (Fig . 4b) . Later, polarized
structures appeared in increasing number (Fig . 4c and d) .
Rings of phase-dense granulesbounded the cavities surrounded
by cells . After 2 wk, almost all cells were organized into such
structures (Fig. 4d). Observation of thin sections showed that
the structures that formed inside the collagen gel had the
characteristics of follicles (Fig. 5) . The apical poles of the cells,
characterized by the presence of microvilli and limited by the
junctional complexes, were oriented towards the follicular lu-
men, which contained an electron-dense material.
The same organization was obtained with culture media

containing 1 or 10% calf serum, but the formation ofpolarized
structures, as observed by phase-contrast microscopy, was more
rapid with high serum concentrations .

Isolated cells obtained by a trypsin-EGTA treatment of
monolayers maintained on a plastic substratum had the same
behavior as freshly isolated cells. They were able to form
follicles when further cultured inside the collagen gel ; the
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FIGURE 2

	

Apical surface of thyroid cells organized into a monolayer on tissue culture plastic (a), on an attached collagen gel (b),
or on a floating collagen gel (c) (scanning electron microscopy) . The apical poles of the cells characterized by the presence of
microvilli (mv) and of one cilium per cell (") are in contact with the culture medium . The density of microvilli is heterogeneous
from cell to cell but is always higher at the cell margin (-*) . On the collagen gel (b), the cell density is higher and apical microvilli
are more abundant than on plastic . On the floating collagen membrane, the cell surface decreases with contraction of the gel . Bar,
10 pm .

FIGURE 3

	

Ultrastructure of cells organized into a monolayer on tissue culture-treated plastic (a) and on an attached collagen gel
(b) . In both cases the apical membranes with microvilli (mv--.) and limited by the junctional complexes (j) are facing the culture
medium (Me) . On plastic, the intercellular spaces are large, and long filopods ( f) extend towards the substratum ()N-) . On collagen,
the intercellular spaces are narrow and the filopods are shorter ( f) . A large portion of the basal membrane is in contact with the
underlying collagen fibrils (Co) . Bar, 5 lm .

reorganization was even more rapid, because cells were already
adapted to culture conditions and were less damaged by the
isolation procedure.
When cells were embedded inside the collagen gel, the only

possibility allowing cell polarization was the formation of a
cavity inside the cellular aggregates where the apical pole could
be formed, thus giving follicle-like structures .

Transformation of Vesicles into Follicles
We observed previously (35) that, when cultured in suspen-

sion, in serum-containing medium, isolated porcine thyroid
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cells reorganized into vesicles (Fig . 6a) . On a morphological
basis these structures can be considered as inverted follicles
because the apical surface ofthe cell layer was oriented towards
the exterior (Fig. 7 a and c). The effect of collagen on the
external apical surface was investigated . Vesicles obtained after
4 d in suspension culture were embedded inside the collagen
gel and further cultured. Continuous observation by phase-
contrast microscopy of a given vesicle showed that the cells did
not dissociate and that, after 3-4 d, intracellular phase-dense
granules appeared bounding a central cavity (Fig . 6 b) . This
suggested a change in the orientation of cell polarity . Obser-
vation of the ultrastructure in thin sections showed that after
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FIGURE 4

	

Time-course of the reorganization of isolated thyroid cells embedded inside a collagen gel (phase-contrast microscopy) .
(a) 15 min after being embedded, cells are isolated and uniformly distributed . (b) After 18 h in culture, cells are organized into
strands and clusters . (c) After 4 d, follicular structures (-*) are observed inside the trabeculae . Large areas of collagen (Co) are free
of cells . (d) After 10 d, -80% of the cells are involved in the formation of follicles . Dense granules (*) are apically concentrated,
bounding the lumen (F) . Bar : a, b, and d, 20 pm; c, 70 pm .

FIGURE 5 Ultrastructure of a follicle formed by isolated thyroid
cells embedded inside a collagen gel after 14 d in culture . The apical
poles of cells with microvilli (mv) bound the follicular lumen (F),
which contains an amorphous electron-dense material . j, intercel-
lular junctions ; Co, collagen fibrils; N, nucleus . Bar, 5 ,Lm.

4 d the apical pole of the cells was oriented towards the interior
of the cavity bounded by cells (Fig. 7 b and d) . Preliminary
observations showed that evidence for the inversion of polarity

appeared 24 h after embedding the vesicles . During this inver-
sion, intercellular junctions were always observed between
adjacent cells. Contact with the collagen gel appears, therefore,
to be incompatible with the stability of the apical domain of
the cell membrane that was subsequently formed on the inter-
nal surface, thus transforming the vesicle into a follicle.

Transformation of Monolayers into Follicles

When vesicles were embedded inside the collagen gel, the
inversion of cell polarity was not hampered by the initial
presence of an attachment surface on the basal side ofthe cells.
We have therefore studied the behavior of cells cultured as
monolayers on collagen after covering their apical surface with
collagen . Monolayers, after 4, 8, or 15 d in culture on an
attached collagen gel, were overlaid with a second layer of
collagen . A disorganization ofthe uniform monolayer occurred
rapidly . Two different events took place simultaneously : (a)
cells moved between the two layers of collagen and (b) polar-
ized structures of various sizes and shapes appeared . Within
the 1st 2 d, narrow clefts were observed between adjacent cells
that showed symmetrical distribution of dense granules (Fig.
8 a) . These clefts progressively enlarged and within 8 d the
majority ofthe cells were forming typical follicle-like structures
(Fig . 8 e) . At the same time, in other areas of the dish, cells
reorganized into elongated and branched tubules (Fig . 8 b) . In
areas of high cell density the majority of cells were involved in
circular follicles (Fig. 8 c), whereas in areas oflower cell density,
tubular structures were predominant (Fig . 8d) . After 8-10 d,
the new organization was stable and was maintained for weeks
without further modifications . The observation of semithin
(Fig . 9a) and thin (Fig. 9 b) transverse sections confirmed the
follicle-like organization of cells that were cultured between
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FIGURE 6

	

Transformation of floating vesicles into follicles (phase-contrast microscopy) . (a) Floating vesicle formed by isolated
thyroid cells cultured for 4 d in suspension . Me, culture medium ; (b) Follicle observed 4 d after embedding a vesicle inside the
collagen gel (Co) . Apical dense granules (*) are concentrated around the lumen . Bar, 20 Jim .

FIGURE 7

	

Transformation of floating vesicles into follicles . (a) Ultrastructure of a vesicle formed in suspension culture. The apical
poles of the cells are oriented towards the exterior of the structure, in contact with the culture medium (Me) . The basolateral
membranes line an internal cavity (C) . (b) Ultrastructure of a follicle formed 4 d after the vesicles were embedded inside the
collagen gel . Cell polarity has been inverted, showing follicular structures. The apical poles are oriented toward the follicular
lumen (F), which contains electron-dense material . The basal poles are in contact with the surrounding collagen fibrils (CO) . (c)
Intercellular junction between two cells organized into a vesicle in suspension . Me, culture medium . (d) functional complex
between two cells organized into a follicle in the collagen gel . zo, Zonula occludens, identified as such at higher magnification ; za,
zonula adherens ; d, desmosome ; mv, microvilli ; j, intercellular junction . Bars : a and b, 5 pm ; c and d, 0 .5 pm .

the two layers ofcollagen . About halfofthe cells were attached
to the lower surface of the new collagen layer and formed
closed structures with other cells that were still attached to the
first layer ofcollagen. Some cells at the equatorial periphery of
follicles were in contact with both collagen layers . Electron-
dense material was observed in the follicular lumen . The
reorganization of the monolayer occurred also in the presence
of 1% serum and was faster when the collagen gel was allowed
to float in the culture medium.
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Effect of Other Adhesive Surfaces

The effects ofother surfaces known to support or not support
cell adhesion were also studied . The following situations were
tested : (a) cells grown as a monolayer on plastic or glass were
overlaid with a collagen gel, (b) small pieces of glass cover slip
were allowed to settle on cell monolayers grown on collagen
gel, (c) cells grown on collagen were covered with agarose, and
(d) small pieces of glass were allowed to settle on monolayers
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FIGURE 8

	

Time-course of the reorganization of thyroid cells at first organized into a monolayer, then overlaid with a collagen gel .
(a) 24 h after being overlaid, the monolayer is disorganized . Circular (F) or elongated (---o) polarized structures appear . (b) After 5
d, 80% of the cells are organized into polarized three-dimensional structures of various sizes and shapes . Dense apical granules
(*) line the lumen (FL) . (c-e) After 10 d, almost all the cells are involved in the formation of spherical follicles (F) or of elongated
tubules (T) . The proportion of these two types of structures depends on the locally high (c) or low (d) cell density . Co, collagen
areas free of cells . Bar : a, b, and e, 20 pm ; c and d, 70 gm .

grown on glass or plastic .
A reorganization similar to that described previously in the

collagen sandwich occurred only under situations a and b,
when collagen gel was present on one side of the monolayer .
However, with asymmetric substrata (plastic-collagen or col-
lagen-glass), the formation of follicles was slower . When small
pieces of glass were used, reorganization did not take place in
monolayer areas not covered with glass . When agarose, which
did not support cell adhesion, was used to overlay the mono-
layer, no effect was observed. Between two glass or plastic rigid
and impermeable surfaces, cells became spiked and did not
survive .

Three different properties of the collagen gel appeared to
take part in the reorganization process: adhesiveness, permea-
bility, and elasticity . Optimal conditions for follicle formation
were obtained when both substrata were adhesive, permeable,
and elastic, i .e., when both were collagen gel layers. With other
surfaces adhesiveness was required for both substrata, whereas
permeability and elasticity were necessary only on one side of
the monolayer.

DISCUSSION

The following conclusions can be drawn from the present

results : (a) The interaction of a collagen gel with the plasma
membrane of thyroid cells induces the formation of a basal
pole, and the nature of the multicellular structures formed,
monolayers on the collagen surface and follicles inside the gel,
is a consequence of this interaction . (b) The collagen gel can
destabilize a preformed structure when it interacts with its
apical surface . A basal pole is formed in contact with the gel
and cells subsequently reorganize into follicles . The addition
of thyrotropin is not required for the formation of follicles that
are stable for long periods of time, in contrast to what was
previously reported when cells were cultured on plastic or glass
(16, 17, 28) . These conclusions are related to two different types
of events : (a) the formation ofpolarized multicellular structures
from isolated cells and (b) the stability ofa preformed polarized
structure . These aspects will be discussed successively.

Relation of Cell Adhesion to Polarization
The mechanism of cell attachment on culture substrata

(glass, plastic, or collagen) is not yet clarified . Molecules in-
volved appear to depend on cell type (19) . Collagen, fibronec-
tin, and laminin are involved in fibroblast and epithelial cell
adhesion on culture substrata (22, 23, 26, 46, 48) . Among the

CHAMBARD ET AL .

	

Collagen Effect on Cultured Thyroid Cell Polarity

	

163

 on D
ecem

ber 24, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


FIGURE 9

	

Follicles formed by cells previously organized into mono-
layers and overlaid with a collagen gel . (a) Transverse semithin
section of follicular structures formed between the two collagen
layers (Co), 7 d after overlaying the cell monolayer . Cells are at-
tached to both collagen layers and encompass the follicular lumens
(F) containing material stained with azure blue. (b) Ultrastructure
of follicles formed between the two layers of collagen (Co) after 4
d in culture. The apical poles of the cells, characterized by the
microvilli (mv) and by the position of the junctions (j), line the
follicular lumens (F) . Basal poles are in contact with the collagen
fibrils . Bars : a, 10 tm ; b, 5 ILm .

various collagens, type IV, which is more specific for basement
membranes (25), has been reported as a better substratum for
epidermal and epithelial cells (39, 46) . In the present study we
used only type I collagen from rat tail tendon, which is able to
produce gels under conditions compatible with cell viability
(10) . No comparison was made with other collagens .
The relation between epithelial cell attachment and polari-

zation has never been extensively studied. In culture, the basal
pole is always formed in contact with the substratum, but the
reasons for this are unknown.
Comparisons can be made with other cell types . The initia-

tion of polarization by clustering of surface molecules at the
cell substratum contact is likely . Indeed such a phenomenon
has been described for fibronectin binding sites on fibroblasts
(20), for Fc and complement receptors on macrophages (38),
and for asialoglycoprotein receptors on hepatocytes (49) . Re-
ceptors for collagen have been described on the surface of
fibroblasts (18) . Ifsimilar processes occur with epithelial cells,
the interaction with the substratum will induce a polarization
of individual cells, subsequently orienting the polarity of the
monolayer after the formation ofcell-cell contacts . Information
about the membrane-substratum contact is transmitted to the
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cytoplasm, which becomes polarized . The cytoskeleton play a
part in the coordination between polarization at the membrane
and cytoplasmic levels (7) .

Because polarization occurred on a floating collagen mem-
brane, it appears that the existence of two distinct compart-
ments limited by the cell layer is not required for the devel-
opment and maintenance of morphological polarity.

Cell-cell contacts were required, because we observed that
when cell density was low the cells that remained isolated did
not survive, as previously reported for kidney epithelial cells
(11).
When cells are embedded inside the gel, they must form

aggregates to have a possibility for orientation. Under these
conditions the generation of a cavity isolated from the environ-
ment is concomitant with cell polarization . The role ofcollagen
is in the commitment to one orientation . A similar situation
was described with mammary gland cells grown inside a col-
lagen gel . They formed tubular structures, and their apical pole
was oriented toward the lumen (l, 50) . When cultured in
suspension, in the absence ofcollagen, both thyroid gland and
mammary gland cells reorganize into vesicles (12, 35) .

The Stability of the Polarized State
When thyroid cells are previously organized either into

vesicles or into monolayers, the contact of their apical poles
with the gel of collagen destabilizes the preformed apical
domain and triggers cell reorientation and reorganization. An
interaction must therefore occur between the apical membrane
and the added collagen surface. Collagen appears as a new
attachment surface . The apical pole of cells must therefore
have, on its surface, binding sites that will interact with collagen
or with a linker molecule such as fibronectin . These sites can
be similar or dissimilar to those involved in the adhesion ofthe
basal pole . The stability of the apical domain apparently
requires that these sites remain free or at least not cross-linked.
After their interaction with a suitable surface, cell polarity is
no longer stable and cells reorganize to generate a new apical
surface free of contact with an adhesive surface . When cells
are forming vesicles, a simple mechanism can be proposed for
the inversion ofcell polarity . The number of "attachment sites"
increases on the apical pole, which is now in contact with the
collagen gel, and the inversion of cell polarity follows . In
contrast, when cells initially form a monolayer, the process of
reorganization appears to be more complex . The occupation of
the apical attachment sites induces the disorganization of the
monolayer, cell migration, and subsequent organization into
follicles . Partial cell separation, which must occur before reor-
ganization, implies the opening up of part of the intercellular
junctions . A heterogeneity of the tight junctions has been
described in vivo in chronically stimulated rat thyroid glands
(47) and in vitro in monolayers of Madin-Darby canine kidney
cells (4) . If a similar situation exists in thyroid cell monolayers,
somejunctions might be disrupted allowing cell migration, and
others might be maintained and involved in the initial forma-
tion of intercellular clefts and ofsmall follicles . Cell movement
is triggered by the contact of the cell's apical domain with
collagen and stops when the new apical pole is formed inside
the collagen-free follicular cavity. In embryos, the initiation of
the migration of neural crest cells is related to the development
of a fibrillar matrix on which cells move (9, 29, 40), and
adhesive molecules have been implied in organogenesis (2, 43) .
The similarities between embryonic systems and thyroid cell
reorganization are limited because in our case no true differ-
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entiation occurs . Nevertheless our experimental system can be
a useful model for the study of cell migration in relation to
morphogenesis.

Mechanism for the Determination and
Stabilization of Epithelial Cell Polarity : A Model
Our observations made with both vesicles and monolayers

show that external proteins, here collagen, can influence the
polarized organization of the plasma membrane of epithelial
cells and simultaneously play a part in the stability of this
organization . The polarized state is destabilized when mole-
cules that normally interact with the basal domain are experi-
mentally put in contact with a preformed apical surface. This
observation suggests that the asymmetrical distribution of mol-
ecules at the surface of an epithelial cell does not result only
from an intracellular segregation of membrane elements en
route to their respective location (30, 42). In fact, the specificity
of proteins, which are considered as characteristic ofthe apical
or basal domains, is never absolute . Na+,K+-ATPase, which is
mostly located on the basal domain, is also present at low
levels on the apical surface of kidney cells (27) . A selection
process might also operate at the membrane level, resulting
from interactions with extracellular molecules that stabilize or
destabilize proteins present at the cell surface . Collagen that
stabilizes the basal pole acts as a destabilizer of the apical pole .
The existence of molecules having an opposite effect, i.e .,
stabilization of the apical pole and destabilization of the basal
pole, can be postulated. They remain to be characterized and
might be present in serum that induces the transformation of
follicles into vesicles (41). The two mechanisms, internal seg-
regation and selection at the membrane level, are not mutually
exclusive and can operate on different proteins . The asymmetry
of the cell environment is therefore responsible, at least in part,
for the stability of the polarized state. Stabilization of a local
membrane differentiation by interaction with external elements
occurs at the neuromuscularjunction . The basal lamina present
at the synaptic junction is responsible both for reinnervation of
the original synaptic site in the absence of muscle cells and for
reorganization of the subsynaptic membrane on regenerating
muscle cells in the absence of nerves (3, 44).
A better knowledge of specific markers of the thyroid cell

surface and of their interaction with basal or apical extracel-
lular proteins is necessary to verify such a hypothesis and to
evaluate the general character of these mechanisms.

Scanning and transmission electron microscopy were carried out with
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Received for publication 5 February 1981, and in revised form 5 June
1981 .

REFERENCES

1 . Bennett, D. C . 1980. Morphogenesis of branching tubules in cultures of cloned mammary
epithelial cells. Nature (Loud.) . 285 :657-659 .

2 . Bertolotti, R., U. Rutishauser, and G. M . Edelman. 1980. A cell surface molecule involved
in aggregation of embryonic liver cells . Proc. Nall. Acad. Sci. U. S, A . 77 :4831-6835 .

3 . Burden, S. 1 ., P . B . Sargent, and U . J. McMahan . 1979. Acetylcholine receptors in
regenerating muscle accumulate at original synaptic sites in the absence of the nerve . J.
Cell Biol. 82:412-425 .

4. Cereijido, M ., E. Stefani, andA . Martinez-Palomo . 1980 . Occludingjunctions in a cultured
transporting epithelium : structural and functional heterogeneity . J. Membr. Biol. 53:19-
32.

5 . Chabaud, O., J . Chebath, A. Giraud, and 1. Mauchamp . 1980 . Modulation by thyrotropin
of thyroglobulin synthesis in cultured thyroid cells : correlations with polysome profile and
cytoplasmic thyroglobulin mRNA content. Biochem. Biophys. Res. Commun . 93 :118-126.

6. Chambard, M ., J . Gabrion, and J. Mauchamp. 1980. Réorganisation en culture des cellules
folliculaires thyroidiennes . Influence du collagène sur l'orientation de la polarité cellulaire .
C. R. Hebd. Acct. Sci. Ser. D Sri. Nat. 291 :79-81,

7 . De Brabander, M., J . C . Wanson, R. Mosselmans, G . Genens, and P. Drochmans . 1978 .
Effects of antimicrotubular compounds on monolayer cultures of adult rat hepatocytes .
Biol. Cell. 31 :127-140.

8 . De Camilli, P ., D . Peluchetti, and J . Meldolesi . 1974 . Structural difference between
luminal and lateral plasmalemma in pancreatic acinar cells . Nature (Lond.) . 248 :245-247.

9 . Ebendal, T. 1977 . Extracellular matrix fibrils and cell contacts in the chick embryo.
Possible roles in orientation of cell migration and axon extension . Cell Tissue Res . 175:
439-458.

10. Elsdale, T., and J . Bard . 1972 . Collagen substrata for studies on cell behavior. J. Cell Biol.
54 :626-637.

It . Elsdale, T., and J . Bard . 1974 . Cellular interactions in morphogenesis of epithelial
mesenchymal systems. J. Cell Biol. 63:343-349 .

12. Emerman, 1 . T ., S, J . Burden, and D . R . Pitelka. 1979 . Substrate properties influencing
ultrastructural differentiation of mammary epithelial cells in culture . Tissue Cell. 11 :109-
119.

13 . Emerman, J . T ., J. Enand, D. R. Pitelka, and S. Nandi. 1977. Hormonal effects on
intracellular and secreted casein in cultures of mouse mammary epithelial cells on floating
collagen membranes . Proc . Nall. Acad. Sci. U. S . A . 74:4466-4470 .

14. Farquhar, M. G., and G. E. Palade. 1963, Junctional complexes in various epithelia. J.
Cell Biol. 17 :375-612 .

15 . Fayet, G ., and S . Lissitzky . 1970. Cyclic 3',5'-adenosine monophosphate-mediated follic-
ular reorganization of isolated thyroid cells in culture . FEBS (Fed. Eur. Biochem. Soc.)
Lett. 11 :185-188.

16. Fayet, G .,M. Michel-B6chel, and S . Lissitzky. 1971 . Thyrotropin-induced aggregation and
reorganization into follicles of isolated porcine thyroid cells. 2. Ultrastructural studies.
Eur. J. Biochem . 24:100-111 .

17 . Fayet, G., H . Pacheco, and R. Tixier . 1970 . Sur la réassociation in vitro des cellules isolées
de thyroïde de port et la biosynthèse de la thyroglobuline . I. Conditions pour l'induction
des réassociations cellulaires par la thyréostimuline . Bull, Soc, Chim . Biot. 52 :299-306,

I8, Goldberg, B . 1979 . Binding of soluble type I collagen molecules to the fibroblast plasma
membrane . Cell. 16:265-275 .

19. Grinnell, F . 1978. Cellular adhesiveness and extracellular substrata. Inn Rev. Cytol. 53:65-
144.

20. Grinnell, F . 1980, Fibroblast receptor for cell-substratum adhesion: studies on the inter-
action of baby hamster kidney cells with latex beads coated by cold insoluble globulin
(plasma fibronectin). J. Cell Biol. 86:104-112 .

21 . Hoi Sang, Ü., M . H . Sater, and M . H . Ellisman. 1979 . Tight junction formation is closely
linked to the polar redistribution of intramembranous particles in aggregating MDCK
epithelia. Exp . Cell Res. 122:384-391 .

22. Hughes, R. C., G. Mills, and Y . Courtois . 1979 . Role of fibronectin in the adhesiveness of
bovine lens epithelial cells . Biol Cell. 36 :321-330.

23 . Hughes, R . C ., S . D. l . Pena, J . Clark, and R. R. Dourmashkin. 1979 . Molecular
requirements for the adhesion and spreading of hamster fibroblasts. Exp . Cell Res. 121 :
307-314.

24. Inoue, K., R. Horiuchi, and Y. Kondo. 1980. Elect ofTSHon cell orientation and follicle
reconstruction in rotated suspension culture of hog thyroid cells. Endocrinology. 107 :
1162-1168.

25 . Kefalides, N . A. 1973 . Structure and biosynthesis of basement membranes. Connect. Tissue
Res. 6 :63-104 .

26. Kleinman, H . K ., R . J . Klebe, and G. R . Martin . 1981 . Role of collagencus matrices in the
adhesion and growth of cells. J. Cell Biol. 88:473-685.

27 . Kyte, 1 . 1976 . Immunoferritin determination of (Na' + K') ATPase over the plasma
membranes of renal convoluted tubules . I. Distal segment . J. Cell Biol. 68 :287-303.

28. Lissitzky, S., G . Fayet, A. Giraud, B . Verrier, and J. Torresani. 1971 . Thyrotropin-induced
aggregation and reorganization into follicles of isolated porcine-thyroid cells. 1 . Mecha-
nism of action of thyrotropin and metabolic properties . Eur. J. Biochem. 24 :88-99.

29 . Lbfberg, J ., K . Ahlfors, and C . Fillstr6m . 1980. Neural crest cell migration in relation to
extracellular matrix organization in the embryonic axolotl trunk. Dev. Biol. 75 :148-167.

30. Louvard, D. 1980 . Apical membrane aminopeptidase appears at site of cell-cell contact in
cultured kidney epithelial cells . Proc . Nall. Acad. Sci. U. S. A . 77 :4132-6136 .

31 . Mauchamp, J ., M. Chambard, and J . Gabrion. 1980 . Induction by collagen of basal pole
formation in cultured thyroid cells . Proceedings of the International Union of Physiological
Sciences. 24: Abstract 2386.

32 . Mauchamp, J ., M. Chambard, and J. Gabrion. 1980 . Reorganization of epithelial thyroid
cells monolayers after covering their apical poles with a collagen gel: follicle formation
and long term culture. Eur. J. Cell Biol. 22 :Abstract 399 .

33 . Mauchamp, J ., B. Charrier, N . Takasu, A. Margotat, M. Chambard, and D . Dumas . 1979.
Modulation by thyrotropin, prostaglandin E 2, and catecholamines of sensitivity to acute
stimulation in cultured thyroid cells. In Hormones and Cell Regulation . l . Dumont and
1 . Nunez, editors . Elsevier/North-Hofland Biomedical Press, Amsterdam . 3 :51-68 .

34. Mauchamp, J ., J. Gabrion, and P. Bernard. 1979. Morphological and electrical polarity of
the thyroid epithelium reconstructed in culture . Hormonal control of epithelial transport.
INSERM (Inst. Natl. Santi Rech . Med) Colloq. 85:43-52 .

35 . Mauchamp, J., A . Margotat, M. Chambard, B. Verrier, L. Rémy, and M . Michel-Béchet.
1979 . Polarity of three-dimensional structures derived from isolated hog thyroid cells in
primary culture . Cell Tissue Res. 204 :417-630.

36. McNutt, N . S., and R . S . Weinstein. 1973 . Membrane ultrastructure at mammalian
intercellular junctions . Prog. Biophys. Mal. Biol. 26 :47-101 .

37 . Michalopoulos, G ., G . L . Sattler, and H. C . Pitot. 1978 . Hormona l regulation and the
effects of glucose on tyrosine aminotransferase activity in adult rat hepatocytes cultured
on floating collagen membranes. Cancer Res. 38:1550-1555 .

38. Michl, J., M. M . Pieczonka, J . C . Unkeless, and S. C . Silverstein. 1979 . Effect s of
immobilized immune complexes on Fc- and complement receptor function in resident
and thinglycollate-elicited mouse peritoneal macrophages. J. Exp. Med. 150:607-621 .

39 . Murray, J . C., G. Stingl, H . K. Kleinman, G . R. Martin, and S . 1 . Katz. 1979. Epiderma l
cells adhere preferentially to type IV (basement membrane) collagen . J. Cell Biol. 80 :197-
202.

40. Newgreen, D., and J . P . Thiery. 1980 . Fibronecti n in early avian embryos : synthesis and
distribution along the migration pathways of neural crest cells. Cell Tissue Res. 211 :269-
291 .

41 . Nitsch, L ., and S . H . Wollman . 1980. Ultrastntcture of intermediate stages in polarity of
thyroid epithelium in follicles in suspension culture . J. Cell Biol. 86 :875-880.

42. Rodriguez-Boulan, E ., and D . D. Sabatini. 1978 . Asymmetric budding of viruses in
epithelial monolayers: a model system for study of epithelial polarity. Proc. Nall, A cad.
Sci. U. S. A . 75 :5071-5075 .

43 . Rutishauser, U., J . P. Thiery, R. Brackenbury, B.-A . Sela, and G . M . Edelman . 1976 .

CHAMBARD EI AL .

	

Collagen Effect on Cultured Thyroid Cell Polarity

	

165

 on D
ecem

ber 24, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


Mechanisms of adhesion among cells from neural tissues of the chick embryo . Proc. NatL
Acad. Sci. U. S. A . 73 :577-581 .

44. Sanes, 1 . R ., L. M . Marshall, and U. J . McMahan. 1978 . Reinnervalion of muscle fiber
basal lamina after removal of myofibers . Differentiation of regenerating axons at original
sites . J Cell Biol. 78 :176-198.

45 . Sattler, C . A ., G . Michalopoulos, G . L . Sattler, and H. C . Pitot. 1978 . Ultrastructure of
adult rat hepatocytes cultured on floating collagen membranes . Cancer Res. 38 :1539-1549 .

46 . Terranova, V. P., D . H. Rohrbach, and G. R. Martin. 1981 . Role of laminin in the
attachment of PAM 212 (epithelial) cells to basement membrane collagen. Cell. 22:719-
726.

166

	

THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981

47 . Tice, L . W ., S . H . Wollman, and R. C . Carter. 1975. Changes in tight junctions of thyroid
epithelium with changes in thyroid activity. J Cell Biol 66:657-663 .

48 . Vlodavsky, L, and D . Gospodarowicz. 1981 . Respective roles of laminin and fibronectin
in adhesion of human carcinoma and sarcoma cells . Nature (Loud). 289:304-306 .

49 . Weigel, P. H . 1980 . Rat hepatocytes bind to synthetic galactoside surfaces via a patch of
asialoglycoprotein receptors . J Cell Biol. 87 :855-861 .

50 . Yang, J ., J . Richards, P . Bowman, R . Guzman, J. Enami, K . McCormick, S. Hamamoto,
D . Pitelka, and S . Nandi. 1979 . Sustained growth and three dimensional organization of
primary mammary tumor epithelial cells embedded in collagen gels . Proc. Nail. A cad. Sci.
U. S. A . 76 :3401-3405 .

 on D
ecem

ber 24, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/

