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genesis of vertebrate and avertebrate organisms. Epi-
Epithelial monolayers in suspension culture fold in thelial monolayers inherit the potency to bend the un-

a way which closely resembles epithelial evagination. derlying mesenchyme, thus forming invaginations [1],
We have used freshly isolated segments of porcine thy- e.g., during the morphogenesis of sensory organs, of
roid follicles to study the mechanism underlying this ductual tissues and glands [2], or during gastrulation.
evagination process. Epithelial folding was accompa- Invagination is often associated with evagination,
nied by dramatic changes in cell shape: the cells elon- which is also considered to represent one of the initial
gated and apical cell surfaces widened, whereas the mechanisms underlying neural fold formation [3–5],
basal cell portions were narrowed to about 20% of their the morphogenesis of feathers [6], or the development
original width. Apparently, enzymatic separation of of imaginal disks [7, 8]. Moreover, invagination and
thyroid epithelial cells from their underlying extracel- evagination are important processes during the mor-
lular matrix resulted in an extension of the lateral phological changes underlying growth of certain epi-
cell–cell interactions on the expense of the basal cell thelial tumors. Thus, the epithelial growth of papillarysurface area. Epithelial folding in vitro was Ca2/ de- carcinoma, e.g., of the thyroid, can be considered anpendent and reversibly blocked by cytochalasin D, by

evagination process [9].which the reorganization of the F-actin network was
Modulation of epithelial folding in situ evoked specu-disturbed. This inhibitory effect was also observed by

lations as to the cellular mechanism underlying thethe action of cAMP analogues known to cause
folding process. For invagination, a number of mecha-rounding of cells by their effect on cortical F-actin.
nisms has been proposed. In some instances, evidenceMoreover, evagination in vitro was reversibly blocked
has been presented showing that invagination isat intracellular pH values of 5.8 and below. Under
brought about by a contraction based on apically lo-these conditions, protein phosphorylation was en-
cated actin filaments, a view termed the ‘‘purse-stringtirely inhibited. Inhibitors of protein kinases, specifi-
hypothesis’’ [for review see 10]. In contrast for evagina-cally of myosin light chain kinase, were able to disrupt

the evagination process, suggesting that protein phos- tion processes, evidence of any mechanism is lacking.
phorylation, presumably of the myosin light chain, There are, however, indications that cell–matrix inter-
was essential for folding. We conclude that enzymatic actions are a central feature of this process. Thus, in
separation of epithelial monolayers from their extra- Drosophila it has been shown that imaginal disc evagi-
cellular matrix initiated a cascade consisting of ex- nation, which usually occurs over a period of 10–20
tended cell–cell interactions of the lateral plasma h, is dramatically compressed into a 10-min period by
membranes and of reorganization of the apical actin– exposing mature discs to a trypsin-containing culture
myosin network, finally resulting in profound changes medium [11]. It has been assumed that proteolysis is
in cell shape characteristic of epithelial evagination. a means of removing proteins from the surface of epi-
q 1997 Academic Press thelial cells, thus facilitating their evagination [12].

Epithelial sheets isolated by proteolytic treatment from
a large variety of epithelial organs such as thyroid tis-INTRODUCTION
sue [13–15], mammary gland [16], or ciliated epithe-

The formation of epithelial folds is an important and lium from rat bronchial tissue (Herzog, unpublished)dramatic event ubiquitously observed during morpho- and from epithelial cell lines such as MDCK cells [17,
18] or FRT cells [19] are freed of their interactions with

1 To whom reprint requests should be addressed at Institut für extracellular matrix constituents, e.g., of the basementZellbiologie, Ulrich-Haberland-Str. 61 a, D-53121 Bonn, Federal
membrane. In this state epithelial monolayers haveRepublic of Germany. Fax: 49-228-735302. E-mail: Herzog@uni-

bonn.de. been shown to fold and to eventually form epithelial
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215EPITHELIAL FOLDING IN VITRO

in 2% unbuffered osmium tetroxide. After dehydration in gradedspheres with an inside-out polar organization in which
series of acetone, the fragments were critical point dried (criticalthe apical plasma membrane is directed toward the
point dryer CPD 010, Balzer Union Ltd., Liechtenstein) using ace-culture medium. Hence, these folding processes closely tone and oil-free carbon dioxide [21], mounted on SEM studs, sputter

resemble evagination in situ [20], suggesting that fold- coated with gold (Eiko sputter coater IB3, Mito, Japan), and viewed
in a scanning electron microscope (SEM) Cambridge Stereoscan S200ing of isolated epithelial monolayers can be used as an
(Leica, Bensheim, Germany). For transmission electron microsocopyin vitro model for studying evagination processes.
follicle fragments before and after folding were fixed in Karnovsky’sIn this study, we have used suspensions of freshly
fixative [22], postfixed in 1% unbuffered OsO4, and, after dehydration

isolated epithelial monolayers from porcine thyroid tis- in ethanol and propyleneoxide, embedded in Epon. Thin sections
sue to analyze the requirements for epithelial folding. were prepared with diamond knives, stained with uranyl and lead,

and examined in a Philips (Eindhoven, The Netherlands) CM 120Based on earlier observations, we tested a variety of
electron microscope.hypotheses, including excess of anionic charges on the

apical plasma membrane and actin-based contraction.
Fluorescence Microscopy of Follicle Fragments and CryosectionsWe show that these mechanisms can be excluded as

Suspended follicle fragments were fixed in 4% PFA. For F-actinmajor factors able to initiate the folding of isolated epi-
staining the fragments were permeablized with 0.5% Triton X-100thelial monolayers. Instead, the sequence of events
in PBS for 5 min, incubated with Bodipy–phalloidin (1:20 in PBS)leading to folding includes disruption of cell–matrix
for 1 h at 377C and washed in PBS (51 10 min). Fragments were

contacts, extended lateral cell–cell interactions, and viewed with a TCS 4D Leica laser scanning microcope (Leica). For
reorganization of the apically located subplasmalem- cryosectioning the fixed fragments were embedded in 10% gelatin in

PBS, put on ice for 30 min, and postfixed in the cold with 4% PFA.mal actin–myosin network. This process, which is
The gelatin blocks were incubated in 2.3 M sucrose and frozen incharacterized by a dramatic change in the morphology
liquid nitrogen. Sections of 1 mm thickness were obtained on aof thyrocytes, is Ca2/ and energy dependent and effi- Reichert-Jung FC4D cryo-ultramicrotome (Wien, Austria). The sec-

ciently influenced by cAMP and the intracellular pH. tions were blocked for 30 min with 3% BSA in PBS at 377C. For
double-labeling of F-actin and aminopeptidase N (APN) or E-cad-
herin the sections were incubated with Bodipy–phalloidin for 60 minMATERIALS AND METHODS
and additionally with antibodies against APN or against E-cadherin
followed by DTAF-conjugated goat anti-rabbit antibodies diluted 1:50Materials
in 0.3% BSA in PBS (Dianova, Hamburg, Germany), each for 60
min at 377C. The anti-APN antibody had been raised before in ourCollagenase was obtained from Worthington (New Jersey). Bod-
laboratory (Dippon and Herzog, Institut für Zellbiologie, Munich,ipy–phalloidin, nigericin, and 2*,7-bis(carboxyethyl)-5(6)-carboxy-
Germany). The antibody against E-cadherin was a kind gift of Drs.fluorescein (BCECF) were from Molecular Probes (Eugene, Oregon).
J. Behrens and W. Birchmeier (Max-Delbrück Center for MolecularCytochalasin D, colcemide, cycloheximide, thyreotropin (TSH), 8-Cl-
Medicine, Berlin). Sections were viewed with an Axiophot fluores-cAMP, phosphate- or calcium-free minimum essential medium
cence microscope (Zeiss, Oberkochen, Germany). Antibodies against(MEM), A23187, 2,4-dinitrophenol (DNP), DEAE–dextran, wheat
myosin were: mouse anti-skeletal muscle myosin heavy chain (Alexis,germ agglutinin (WGA), anti-actin antibodies, and staurosporine
Grünberg, Germany, clone F113 15F4), mouse anti-myosin lightwere purchased from Sigma (Deisenhofen, Germany). Limulus
chain (Sigma, clone MY-21), mouse anti-myosin (clone MF 20) andpolyphemus agglutinin was from Medac (Hamburg, Germany). Cat-
rabbit anti-skeletal muscle myosin (Dr. H. Hinssen, Bielefeld, Ger-ionized ferritin was from Miles Laboratories (Kaukakee, Illinois).
many), rabbit anti-Physarum myosin heavy chain (Drs. C. Ohl andH3

32PO4 was obtained from ICN (Eschwege, Germany) and KT5926
W. Stockem, Bonn, Germany), and rabbit anti-human platelet myo-was from Calbiochem (Bad Soden/TS, Germany).
sin (Dr. K. Fujiwara, Osaka, Japan).

Isolation of Thyroid Follicle Segments
Neutralizing of Negatively Charged Membrane Constituents

The isolation of follicle segments from pig thyroid was performed
To neutralize negative cell surface charges during epithelial fold-as described before [13, 14]. In brief, the glands were freed of connec-

ing, freshly prepared follicle fragments were suspended in MEMtive tissue, minced with razor blades into small pieces, and sus-
containig 50 mg/ml cationized ferritin, as described [13], or in 500pended in MEM. Cell fragments and the luminal content of thyroid
mg/ml fluorochromized cationic DEAE–dextran and fixed directly orfollicles were removed by several washings. Tissue fragments were
after a culture period of 2 h. In another experiment the negativelyenzymatically dissociated by collagenase treatment (type II collagen-
charged sulfate and neuraminic acid residues of follicle fragmentsase, 266 U/ml in MEM) for 30 min at 377C in a shaking water bath
were enzymatically removed. For this purpose, freshly isolated frag-and then mechanically dissociated by pipetting through siliconized
ments were washed three times in sulfate-free MEM followed by thePasteur pipettes (tip diameters decreasing from 1000 to 700 mm).
addition of 500 mU/ml sulfatase and 250 mU/ml neuraminidase forThe resulting follicle suspension was filtered once through 200-mm
2 h at 377C. The effect of this enzymatic digestion was tested bygauze and two times through 150-mm nylon gauze and centrifugated
the use of DTAF-conjugated L. polyphemus agglutinin or cationicat 100g. The pellet was washed five times in MEM and consisted
markers, such as DEAE–dextran or cationized ferritin, applied asmainly of ruptured thyroid follicle fragments. The fragments were
described above.seeded into hydrophobic petriperm culture dishes to prevent attach-

ment of follicle segments to the bottom.
Influence of Various Inhibitors on Epithelial Folding

Electron Microscopy
Influence of cytoskeletal inhibitors on epithelial folding. For cyto-

chalasin D [23] and colcemide treatment fragments were preparedFor scanning electron microscopy (SEM) freshly isolated follicle
fragments cultured for 1 to 24 h were fixed directly in 3% paraformal- as described above and cultured for 2 h in the presence of the inhibi-

tors at concentrations indicated in the text. To investigate the revers-dehyde (PFA) in 0.2 M Hepes, pH 7.4, for 1 h at RT and postfixed
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216 GRAEBERT ET AL.

ibility of the inhibition by cytochalasin D, fragments were washed measured using densitometry software for the analysis of confocal
sections.twice in MEM and cultured for additional 2 h. Fragments were fixed

and stained with phalloidin as described above.
SDS–PAGETreatment of epithelial monolayers with cycloheximide, DNP, TSH,

or 8-Cl-cAMP. To inhibit protein synthesis and coupling of ATP
Follicle fragments were cultured for time periods as indicated insynthesis to the respiratory chain follicle fragments were incubated

the text, suspended in lysis buffer (1% SDS in 50 mM Tris/HCl, 10in the presence of cycloheximide or DNP. In another experiment
mM EGTA, 10 mM EDTA, and 100 mM NaCl, pH 7.4), and boiledfragments were stimulated with TSH and 8-Cl-cAMP. Fragments
for 15 min before the lysates were cleared by centrifugation. Aliquotswere prepared as described above and starting with the collagenase
of lysates containing 10 mg of protein were boiled in sample buffer (50treatment the medium was supplemented with the inhibitors at con-
mM Tris/HCl, pH 7.8, 2% SDS, 50 mM dithiothreitol, 12% glycerol),centrations indicated in the text.
separated on a reducing 12.5% SDS–polyacrylamide gel, and trans-Inhibition of protein kinases and calcium depletion of cells. Vari- ferred to nitrocellulose. Blots were immersed overnight in blockingous protein kinase inhibitors were applied, such as 10 nM stauro- solution (6% casein, 1% polyvinylpyrrolidon-40, 10 mM EDTA insporin and 50 nM KT5926, which specifically inhibits myosin light PBS, pH 6.8), incubated for 90 min with the anti-actin antibody, andchain kinase at this concentration [24]. To investigate the calcium washed 61 5 min with 0.3% Tween 20 in PBS. After incubationdependency of folding, fragments were washed in Ca2/-free MEM for 60 min with a peroxidase-labeled secondary antibody (Dianova,and cultured in the same medium in the presence of the calcium diluted 1:500 in blocking solution), actin was visualized by enhancedionophore A23187 (1 mM ). chemiluminescence (ECL, Amersham Braunschweig, Germany) and

Influence of the pH of the culture medium on epithelial folding. documented on Kodak XAR-5 films (Rochester, NY).
Fragments were isolated as described above and cultured in Na-
succinate-buffered MEM at pH 5.2, 5.5, 5.8, 6.3, 7.0, and 7.4. After Biosynthetic Labeling with H3

32PO4a culture period of 2 h the fragments were fixed in PFA and F-actin
was labeled with phalloidin as described above. The intracellular pH Thyroid follicle fragments were incubated with 0.1 mCi/ml H3

32PO4
of the cells cultured in succinate-buffered MEM was measured using at 377C for 2 h in phosphate-free MEM buffered with succinic acid
the fluorescent pH indicator BCECF, a membrane permeable ester at a pH of 5.8 or in the same medium but in the presence of CO20

3 .
that is hydrolyzed and trapped in the cytosol, as described by Sac- Labeled cells were washed twice with cold PBS, lysed for 30 min on
chinidis et al. [25]. The fluorescence of the dye is pH dependent. ice (100 mM disodiumpyrophosphate, 50 mM NaF, 5 mM EGTA, 10
Fragments were incubated with 5 mM BCECF at 377C for 30 min, mM MgCl2/ATP, 15 mM DTT, 10% glycerol, 1% Triton X-100, pH
washed twice in assay buffer (20 mM Hepes, 5 mM KCl, 16 mM 8.8), and cleared by centrifugation. Aliquots of lysates containing 60
glucose, 130 mM NaCl, 1 mM MgSO4, and 0.5 mM CaCl2) with the mg of protein were boiled in sample buffer and separated on a reduc-
same pH as during the preincubation in succinate buffer, and trans- ing 12.5% SDS gel, transferred to nitrocellulose, and exposed to Ko-
ferred into cuvettes. The fragments were excited alternately with dak XAR-5 films.
495 and 440 nm, and the fluorescence was measured at 530 nm using
a dual-wavelength fluorometer (Perkin–Elmer LS 50B, Foster City,

RESULTSCA). The calibration curve was obtained by permeabilization of the
cells with 10 mg/ml nigericin [26] after loading of BCECF and chang-
ing the pH of the solution by adding 2-(N-morpholinoethanesulfonic In this study, epithelial monolayer sheets from por-
acid). The ratio of fluorescence at 530 nm upon excitation at 495 and cine thyroid follicles were used as a model to investi-440 nm obtained at various pH values was used to establish the

gate epithelial evagination in vitro. Figures 1 to 4 andcalibration curve.
Table 1 show the general morphological features of theInfluence of solubilized collagen on epithelial evagination. Colla-
epithelial folding process. In Figs. 5 to 9 and in Tablegen was extracted from guinea pig skin or from rat tail tendon [27].

Upon mixing of 8 parts of the cold collagen extract with 1 part of 10 2 the major experimental data are illustrated as the
times concentrated MEM and 1 part of NaHCO3 (12 mg/ml) the solu- basis for our interpretation of the folding machinery.
tion was neutralized. Freshly isolated monolayers were suspended Figure 10 summarizes the possible mechanisms whichin the collagen mixture (10 mg/ml), which, at 377C, polymerized into

may underlie epithelial evagination.a gel within 2 min.

Morphological Aspects of Evagination in VitroAssessment of Cell Shape

Enzymatic digestion of porcine thyroid tissue frag-The shape of thyrocytes in freshly isolated follicle fragments and
ments led to the separation of epithelial monolayershape changes after completion of folding into inside-out follicles was

assessed after PFA fixation and labeling of the plasma membranes sheets which in suspension culture formed inside-out
with WGA. We collected longitudinal confocal sections through the follicles following an evagination process. After evagi-
central region of 50 cells each. The shape was measured using a 3D nation, the apical plasma membrane which had facedsoftware for the analysis of confocal sections.

the thyroid follicle lumen in situ was exposed to the
culture medium. This evagination process became visi-

Fluorescence Quantitation of the Apical F-actin Content
ble when apical markers such as wheat germ aggluti-
nin for labeling of cell surface glycoconjugates wereThyroid follicle fragments were fixed and stained with phalloidin

as described above. We collected medial sections of unfolded frag- applied (Figs. 1a and 1b). Another constituent of the
ments and fragments after culture periods of 30, 60, 90, and 120 min apical cell surface, aminopeptidase N [28] (Figs. 1d and
by the use of the laser scanning microscope. To avoid photobleaching, 1f) and the apically located terminal actin web (Figs.we examined only fragments that had not been examined previously.

1c and 1e) illustrated the same folding pathway of evag-All measurements were made within the linear range of the instru-
ment. The fluorescence intensity of the apical actin network was ination. During this folding process, which became
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217EPITHELIAL FOLDING IN VITRO

FIG. 1. Documentation of the evagination process by fluorescence microscopy. In a and b, thyrocytes are labeled with WGA, resulting
in a predominant staining of the apical cell surfaces. (a) A freshly isolated epithelial fragment which still exhibits the orientation the cells
show in situ, i.e., the cell apices are directed toward the former follicle lumen. (b) An inside-out follicle after evagination and resealing of
the epithelial sheet. The apical surfaces are directed toward the culture medium. (c–f) The colocalization of aminopeptidase N (APN, d
and f), a marker of the apical plasma membrane, with the apically located terminal F-actin-web (c and e). The actin network was visualized
by phalloidin, whereas APN was detected by immunofluorescence microscopy. Note that the entire preparation (c and d) has formed inside-
out follicles by evagination. Bars: a and b, 20 mm; c and d, 100 mm; e and f, 10 mm.
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218 GRAEBERT ET AL.

FIG. 2. Scanning electron micrographs illustrating the evagination process. (a and d) Freshly isolated epithelial monolayer sheets (a)
still exhibiting a high frequency of microvilli on the apical cell surface (d). Within 1 h, evagination became detectable, as shown by the
dome-like folded sheet in b. After 2 h, the evagination process was completed (c). This folding was accompanied by a 50 % reduction of
microvilli (e). Bars: a–c, 20 mm; d, 2.5 mm; e, 2.0 mm.

clearly visible within 60 min (Figs. 2a to 2c), the fre- anionic surface charges [20]. The repulsion of these
quency of apically located microvilli decreased (Figs. anionic charges was considered to constitute a force
2d and 2e), which coincided with an increase in the which contributes to the epithelial evagination process.
apical cell surface area. This possibility was tested by the application of cationic

Characteristically, the shape of thyroid follicle cells macromolecular compounds, such as DEAE–dextran
during this folding process changed dramatically as in- or cationic ferritin. Both markers bound avidly to the
dicated by electron micrographs exhibiting the change apical plasma membrane, thereby neutralizing anionic
in the cell profile (Fig. 3) and by morphometric analysis charges. The folding process, however, was not inhib-
of confocal sections (Fig. 4). The cells increased in ited (Table 2). Enzymatic removal of anionic moieties
height by a factor of about 1.6, while simultaneously resulted in a dramatic decrease in charge density, as
the diameter of the apical plasma membrane increased monitored by the diminished binding of cationic macro-
and the basal cell surface decreased. The morphometric molecules (not shown). The folding process remained
observations are summarized in Table 1, in which the unaffected, and we conclude that anionic charges on
average dimensions and changes for the apical and the the apical cell surfaces do not contribute to epithelial
basal plasma membranes, the cell height, and the fre- evagination.
quency of microvilli are given. Since invagination is considered to be achieved by a

contraction of the subplasmalemmal apically located
Experimental Discrimination between the Possible terminal web (‘‘purse-string hypothesis’’ [10]), a coun-

Mechanisms Underlying Epithelial Evagination terpart of this contraction machinery might be located
in Vitro at the basal portion of epithelial cells, leading to the

characteristic changes in cell shape summarized in Fig.It had been shown before that the apical surfaces of
thyroid follicle cells are characterized by an excess of 4. However, this basally located contraction apparatus
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219EPITHELIAL FOLDING IN VITRO

FIG. 3. Electron micrographs of thyrocytes showing their shape before (a) and after (b) epithelial folding. Note widening of the apical
cell surface area and the extended interactions of lateral plasma membranes on the expense of the basal cell surface area. (*) Asterisks
indicate the intercellular spaces. Bar: 2.5 mm.

was not detectable. This lack of an increased actin sig- cell height may be accomplished by the formation of
additional lateral cell–cell contacts after the discon-nal at the basal cell portion was in agreement with the

lack of any detectable signal for the presence of myosin. nection of the basal cell–matrix interactions. In fact,
follicle sheets did not evaginate and fold to form inside-Thus, basal contraction as a basis for the cell shape

changes leading to evagination could be neglected. out follicles when they were suspended in a solution of
A prominent feature of the changes in cell shape dur- solubilized collagen (Table 2). Instead, the cell mono-

ing the evagination process is the marked increase in layer disintegrated by the migration of epithelial cells
cell height from an average of 10.8 to 15.9 mm at the into the gel matrix, as also observed by Greenburg and
expense of the basal cell surface area, which decreased Hay [29]. We conclude that the utilization of basal
from an average diameter of 11.7 to 2.3 mm (Table 1). plasma membrane for the formation of new lateral
These changes in cell shape might be brought about by cell–cell interactions can be regarded as a leading
the elongation of the apicobasally oriented microtubu- event during epithelial evagination. Accordingly, E-
lar system. This possiblity, however, was ruled out us- cadherin became detectable along the extended lateral
ing colcemide as an efficient inhibitor of microtubule cell–cell interactions (not shown). Antibodies against
polymerization (Table 2). Alternatively, the increase in E-cadherin added to the culture medium did not inhibit

epithelial folding in vitro or alter the rate of this process
(Table 2).

The other striking feature of the evagination process
was the increase in the apical plasma membrane area
(Figs. 2 to 4). In principle, this increase could have been
initiated by actin polymerization processes possibly
leading to an increase in the amount of apically located
F-actin. However, whereas the total actin content re-
mained unchanged during the folding process, the F-
actin content within the apically located terminal web
including microvilli decreased to about 50% of the origi-FIG. 4. Morphological characteristics of thyrocytes before (a) and

after evagination (b). For details see Table 1. nal values (Fig. 5). This decrease became detectable
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TABLE 1

Morphometric Analysis of Thyroid Follicle Cells before and after Evagination

Diameters (mm)
Cell height Microvilli

Apical PM Basal PM (mm) (1 mm02)

Unfolded 8.2 { 2.4 11.7 { 3.2 10.1 { 0.8 12
Folded 11.7 { 1.9 2.3 { 2.1 15.9 { 2.6 6
Folded/unfolded 1.4 0.2 1.6 0.5

Note. The diameters of the apical and basal plasma membranes (PM) and the height of thyrocytes were collected from longitudinal
confocal sections through the central region of 50 cells each (see also Fig. 4). The frequency of microvilli was determined on cells prepared
for SEM (compare with Fig. 2). Values for the unfolded state were derived from epithelial monolayers immediately after their isolation
from thyroid tissue. Values for folded monolayers were taken at 2 h after isolation.

within the first 30 min, i.e., before epithelial folding inhibition of protein kinases by staurosporine and,
more specifically, of the myosin light chain kinase bywas visible. Inhibition of protein synthesis by cyclohex-

imide did not affect the folding process (Table 2). KT5926, resulted in a 100 or 70% inhibition of the fold-
ing process, respectively (Table 2). This observationFurther characteristics of the evagination folding

process are summarized in Table 2. Of major impor- points to a possible dependence of evagination in vitro
on the interaction between actin and myosin at thetance was considered the temperature dependence of

evagination in vitro, which was impaired at tempera- apical cortical network. This view was supported by
the fact that the evagination process was interruptedtures below 377C and reversibly blocked at 157C and

below (Fig. 6). A major effect was also observed by by treatment of monolayer sheets with 1 mM DNP, an
uncoupling agent [30] (Table 2). The folding processchanging the pH of the culture medium using succinic

acid as a membrane permeable agent. The direct inter- was also entirely stopped in Ca2/-free culture medium
when epithelial sheets were treated with the Ca2/-iono-relationship between intra- and extracellular pH be-

tween 5.8 and 7.4 (Fig. 7, inset) allowed us to conclude phore A23187 (Table 2). The actin dependence of epi-
thelial evagination was clearly shown by the reversiblethat epithelial evagination was reversibly but totally

inhibited at intracellular pH values of 5.8 and below inhibitory effect of cytochalasin D or the irreversible
block by phalloidin (Table 2).(Fig. 7). At this value a total inhibition of phosphoryla-

tion processes was also observed (Fig. 8). Moreover, TSH is known to affect dramatically the F-actin net-

TABLE 2

Inhibition of Epithelial Folding in Vitro

Inhibitor Concentration Effect Reversiblity

DEAE–dextran 500 mg/ml No inhibition —
Cationic ferritin 50 mg/ml No inhibition —
Cytochalasin D 5 mg/ml Complete inhibition Yes
Phalloidin 6.1 mM Complete inhibition No
TSH 1 mU/ml Complete inhibition No
8-Cl-cAMP 0.5 mM Complete inhibition n.d.b

Colcemid 1 mg/ml No inhibition —
Cycloheximide 1 mg/ml No inhibition —
DNP 1 mM Complete inhibition Yes
[H/] Below pH 5.8 Complete inhibition Yes
A23187 1 mM Complete inhibition n.d.
Staurosporine 10 nM Complete inhibition n.d.
KT5926 50 nM Ç70a n.d.
Collagen gel 10 mg/ml Complete inhibition No
Anti-E-cadherin AB 1:50 No inhibition —

Note. From each culture dish, 250 follicle segments were examined for their state of folding. Two culture dishes from three independent
experiments were analyzed. The application of all agents listed resulted in no or complete inhibition of epithelial folding. Incomplete effects
were only observed in the experiments using the myosin light chain kinase inhibitor (KT5926).

a 70% inhibition means that only 30% of all follicles were folded.
b n.d, not determined.
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221EPITHELIAL FOLDING IN VITRO

FIG. 7. The evagination process was reversibly blocked at intra-
cellular pH values of 5.8 and below. The inset shows the direct inter-
relationship between the extracellular and intracellular pH, when
thyroid follicle fragments were cultured in succinate buffered MEM.

FIG. 5. Determination of the actin content during evagination.
Whereas the total actin content during the folding process remained
constant, as determined by immunoblotting (a), a strong decrease of

to occur only under specific experimental conditionsthe F-actin of the terminal web within the first 60 min was detected
[17, 18, 33]. In this study the reversal of epithelial po-by quantifying the fluorescence intensities of confocal sections (b).
larity can be excluded because continuous monitoring
of freshly isolated epithelial monolayers showed thatwork [31, 32]. Accordingly, TSH and the cAMP ana-
the formation of inside-out follicles is brought aboutlogue 8-Cl-cAMP effectively inhibited the evagination
by refolding of entire epithelial sheets initiated by theprocess, leading eventually to the formation of
separation from their extracellular matrix. The prolif-rightside-out follicles, which occurred after about 20 h
eration of porcine thyrocytes as a factor responsibleof suspension culture (not shown). The aggregation of
for inside-out follicle formation has been excluded veryactin filaments by cytochalasin D or the interruption

of the apically located actin network by TSH or the
cAMP analog are shown in Figs. 9a and 9b, respec-
tively. Figure 9b shows also the pronounced cell shape
changes upon treatment of monolayer sheets with TSH
from a cuboidal to a spherical form.

DISCUSSION

The polarity of epithelial monolayers is remarkably
constant and changes in polarity have been reported

FIG. 8. Inhibition of phosphorylation processes by an intracellu-
lar pH value of 5.8 (left) and its reversal by raising the intracellular
pH in the presence of CO20

3 (right). Cells were cultured in media of
defined pH for 2 h and then labeled with H3

32PO4. Cell lysates wereFIG. 6. The folding of epithelial monolayer sheets showed a
strong temperature dependence. A reduction of the culture tempera- subjected to SDS–PAGE and autoradiography, which showed that

protein phosphorylation was drastically diminished at a pH of 5.8ture to 307C resulted in a reduction of folding to 27%. Total inhibition
was achieved at 157C. (see also Fig. 7).
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222 GRAEBERT ET AL.

FIG. 9. Inhibition of evagination by cytochalasin D (a) or TSH (b) as detected by fluorescence microscopy. (a) Although the terminal
web was still detectable after 2 h of incubation, the folding process was strongly inhibited, suggesting that a reorganisation of actin is
involved in evagination. Note the fluorescent spots of fragmented actin, preferentially at the apical cell portions. (b) Stimulation with TSH
for 2 h also inhibited evagination. Note the spherical cell shape resulting from the action of cytochalasin D and TSH (arrows).
Bars: 20 mm.

early in the course of our studies [34]. Coinciding with eral cell–cell interactions and reorganization of the
apical actin–myosin network are the principal mecha-the folding process a number of profound structural

changes of thyroid follicle cells are observed: Thyro- nisms underlying epithelial folding in vitro (Fig. 10).
cytes become elongated by a factor of about 1.6 during
folding, while diameters of the basal cell surfaces are Changes in Epithelial Cell Height
reduced by about 80%. Simultaneously, the apical cell
surface diameters increase about 1.4-fold. This in- The increase in height of thyrocytes might be medi-

ated by the elongation of microtubules which are ori-crease in the apical cell surface area coincides with a
reduction in the number of microvilli per cell surface ented parallel to the long axis of columnar epithelial

cells [38, 39]. However, our observations show thatarea by about 50%. We consider this phenomenon a
reversal of the increase of microvilli in number and elongation of thyrocytes occurs also in the presence of

microtubule inhibitors. This result is in line with thelength and the formation of other cellular protrusions
observed to occur on the apical cell surface of thyroid findings by Yap and Manley [40, 41] that thyrocytes

maintain their ability to spread, even if the microtubu-premordial cells during invagination [35–37].
The following factors underlying epithelial evagina- lar system is disrupted.

Instead, we would like to propose that the lateraltion may be conceived: (1) an excess of anionic charges
on the apical cell surface of thyroid follicle cells (for elongation of thyrocytes during the folding process is

the result of increased cell–cell contacts along the lat-review see [20]) generating repulsive forces which are
needed for the extension of the apical plasma mem- eral plasma membrane following the disruption of cell–

matrix interactions. Removal of the extracellular ma-brane, (2) contraction of a basally located actin–myosin
system resulting in the dramatic reduction of the basal trix by enzymatic digestion opens the possibility for

extended lateral cell–cell interactions. These cell–cellplasma membrane area, (3) extension of the apically
located terminal web by additional actin-polymeriza- interactions may be mediated by E-cadherin, which in-

deed during reassociation of thyrocytes (single cells ortion processes, and elongation of cells, (4) extension of
the apicobasally oriented microtubular system [38], or aggregates up to four cells) and subsequent follicular

reorganization has been shown to increase [42]. Anti-(5) by the utilization of part of the basal cell surface
area for extended lateral cell–cell interactions. bodies against the extracellular domain of E-cadherin

do not inhibit this interaction, suggesting that a redis-Changes in cell height and widening of the apical cell
surface area lead to the conclusion that extended lat- tribution of E-cadherin-mediated interactions may be
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FIG. 10. Possible mechanisms underlying the evagination in vitro: Continuous lateral elongation of cell–cell contacts (a) might result
from enzymatic dissociation of the basal plasma membrane from the extracellular matrix. In addition, reorganization of the apical actin
network may actively contribute to the widening of the apical cell surface (b).

responsible rather than their new formation. Replace- apical terminal web has provided the basis for the api-
cal constriction model [46] or the purse-string-hypothe-ment of extracellular matrix by solubilized collagen or

by collagen gels has been shown to effectively disrupt sis [10] explaining the invagination process. Other
hypotheses include the cell tractor model [47], the api-the folding process (this study) and the formation of

inside-out follicles [19]. Because folding does occur at cobasal contraction model [48] or the gel swelling model
[49]. Each of these models explains mechanisms thatlow concentrations of agar, it can be excluded that col-

lagen may simply act as a spacer inhibiting the interac- can generate invagination, in principle. However, none
of them, including the eversion of isolated brush bor-tion between cells and it suggests that collagen might

specifically inhibit this folding process. ders, is able to explain epithelial evagination.
It has been speculated that a basally located purse-

string apparatus may be able to mediate evaginationWidening of the Apical Cell Surface Area
[50]. However, local concentrations of myosin were not

The other prominent change in cell shape during detectable immunocytochemically. Furthermore the
evagination is the widening of the apical cell surface basal signal of F-actin nor that of myosin as detected
area. These morphological changes might be driven by immunocytochemically increased significantly during
the excess of anionic charges on the apical cell surface. folding of epithelial sheets.
This possibility, however, was excluded by a number To analyze the possiblity of directional growth of ac-
of experiments in which anionic charges were either tin filaments, which may account for the enlargement
enzymatically removed or neutralized by polycationic of the apical cell surface area, the possible increase in
compounds such as DEAE–dextran of cationized fer- the F-actin content of the terminal web was investi-
ritin. gated by staining with Bodipy–phalloidin. Unexpect-

It is known that specific cellular shape changes can edly, a decrease by 50 % was observed, which occurred
be generated by directional growth of microfilaments, already in the initial phase of evagination, while the
e.g., during the extension of the sperm process during cellular content of actin remained constant. De novo
fertilization of sea urchin eggs [43]. The reversible inhi- synthesis of actin could be ruled out because folding
bition of the folding of thyroid follicle sheets by cytocha- was entirely independent of the inhibition of protein
lasin D shows that this process also depends on the synthesis by cycloheximide. Hence, a pronounced reor-
remodeling of the epithelial actin lattice. A contraction ganization of F-actin in the apically located terminal
of the apically located actin network has been shown web resulting in the decrease of the apical F-actin con-
to result in an eversion of the apical plasma membrane tent could be part of the means to drive the folding
when isolated brush borders from intestinal epithelium process. Apparently, this reorganization is energy de-
are maintained in suspension [44]. This eversion pro- pendent, as concluded from the strong inhibition by
cess coincides with the phosphorylation of a 20-kDa dinitrophenol. In addition, phosphorylation processes
light chain of brush border myosin by calmodulin-de- may be required as concluded from the inhibitory effect
pendent kinase [45]. Apparently, the same machinery, of low pH (pH 5.8 and below) which totally blocks all
i.e., contraction of the apical actin–myosin network, phosphorylation processes and by inhibitors of protein
can lead to opposite directions of folding, to the eversion kinases. Because KT5926 preferentially inhibits myo-
in isolated brush borders, or to invagination of intact sin light chain kinase [24], it may be speculated that

myosin light chain phosphorylation and the subse-epithelial monolayers in situ. Thus, contraction of the
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into the method of intracellular pH determination. This work wasquent direct interaction between myosin and F-actin
supported by the Deutsche Forschungsgemeinschaft (SFB 284) andare needed for the changes in cell shape to occur.
by the Fonds der Chemischen Industrie.

cAMP-Mediated Disruption of Evagination
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