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ABSTRACT

Previous studies have shown that cells in the 6-day old embryonic chick lens epithelium
elongate in tissue culture. In the present study, the time course of elongation during the
Ist day of cultivation has been examined histologically. Gultured epithelia were also treated
with cycloheximide or colchicine in order to determine if cell elongation depends on new
protein synthesis and on the utilization of microtubules, respectively. In the first 5 hr of
culture, the mean cell length increased from 11 p to 21 u. Subsequently, elongation was
slower; the mean cell length was 28 u after 24 hr in culture. Continuous exposure to cyclo-
heximide did not inhibit the initial doubling of cell length, but did prevent further elonga-
tion. By contrast, colchicine inhibited elongation almost immediately. When added after
the cell length had doubled, cycloheximide and colchicine each inhibited further elonga-
tion; the treated cells remained columnar. Radioautographic and electrophoretic tests
showed that protein synthesis was not appreciably affected by colchicine, but was suppressed
by cycloheximide. Electron microscopic examination revealed that microtubules oriented
along surface membranes were present in epithelia cultured with serum alone and with
cycloheximide, but not in those incubated with colchicine. These results indicate that the
early stages of cell elongation in the cultured lens epithelium require an initial assembly and
organization of preexisting microtubular elements and that continued elongation depends,
in addition, on the de novo synthesis of protein, possibly microtubule protein.

INTRODUCTION

Cells in the excised lens epithelium of embryonic
mice (15), chicks (25), and amphibians (17) elon-
gate in tissue culture. Elongation of the cultured
cells is associated with changes in protein synthesis
(17, 29) and with the appearance of longitudinally

oriented microtubules (29). Similar changes in
protein synthesis (16, 29, 42) and in microtubules
(1, 6, 14, 21, 29, 30) have been observed during
the formation of fibers in the intact lens. Recent
studies in many different systems have correlated
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longitudinal arrays of microtubules with elongated
cells or cell processes (see, for example, 5, 8, 10,
13, 20, 22, 31, 37, 39, 44, 45, 49-51).

The present experiments were designed to de-
termine if new protein synthesis and utilization of
microtubules are necessary for cell elongation in
the cultured 6-day old embryonic chick lens epi-
thelium. A brief report of some of these findings
has appeared earlier (28). Cycloheximide and
colchicine were used to inhibit protein synthesis
(7) and to dissociate microtubules (33), respec-
tively. Cell length in cultured epithelia was mea-
sured from histological sections, protein synthesis
was examined by radioautography and electro-
phoresis, and the presence and orientation of
microtubules were monitored by electron micros-
copy. The results indicate that an initial assembly
and organization of preexisting microtubular ele-
ments are required for the early stages of cell
elongation, and that de novo synthesis of protein,
possibly microtubule protein, is necessary for
sustained cell elongation in the cultured lens
epithelium.

MATERIALS AND METHODS

Obtaining and Culturing Embryonic
Lens Epithelia

Fertilized eggs (from Truslow Poultry Farm, Ches-
tertown, Md.) of White Leghorn chickens were incu-
bated in a humid, air atmosphere at 37°C for 6 days.
The lenses were surgically removed and placed into
plastic culture dishes (Falcon Plastics, Oxnard, Calif.,
60 mm X 15 mm) containing 5 ml of Ham’s F-10
Medium (9) supplemented with 15% (v/v) fetal calf
serum (Baltimore Biological Laboratories, Baltimore,
Md.). Cycloheximide (Sigma Chemical Co., St.
Louis, Mo., 20 ug/ml) or colchicine (Calbiochem,
La Jolla, Calif., 2 X 10™® m) was added to the me-
dium when specified. In some instances, serum was
omitted from the medium. The vitreous body and
other adhering debris were removed from the lens
with sharpened jeweler’s forceps, and the fiber mass
was separated from the epithelium, which was left,
capsule down, on the surface of the dish. A square of
0.5-1.0 mm? was cut with a scalpel in the center of
the epithelium, leaving the edges of the explant
pushed into the surface of the plastic culture dish; the
peripheral regions of the attached epithelia were
trimmed away. One to five explants were placed in
each dish, depending on the experiment. The epi-
thelia were either fixed immediately or cultured for
the times indicated at 37°C in an air environment,

saturated with water, and containing approximately
39, COq. Antibiotics were not used; contaminated
cultures were discarded.

Paraffin Histology and Measurement of
Cell Length

Before fixation, the medium was decanted and the
explants, which remained attached to the culture dish,
were rinsed twice with about 5 ml of saline G (32).
All procedures were conducted at room temperature.
The epithelia were fixed for 3 min with a modified
Carnoy’s fixative (3 parts absolute ethanol, 1 part
acetic acid), stained with eosin in 959, ethanol, kept
overnight in 709, ethanol containing a trace of eosin,
dehydrated, cleared in xylene, embedded in Para-
plast (Rezolin Inc., Chatsworth, Calif.), serially sec-
tioned at 5 u in a plane normal to the surface of the
epithelium, and stained with Ehrlich’s hematoxylin
and eosin Y in 959, ethanol.

Clell length was determined with a calibrated ocular
micrometer at a magnification of X 500. Mean values
for cell length were obtained by averaging the indi-
vidual values of cell length measured to the nearest
2.5 w in the centers of five sections cut from the middle
of the explants; the cells measured were spaced six to
eight sections apart. The cell lengths were measured
only in the central regions of the explants to ensure
that epithelial cells located at the lens equator were
not included. These are longer in the intact lens; thus
their length represents elongation which has occurred
in vivo and in culture. Furthermore, the edges of epi-
thelia treated with cycloheximide were often detached
from the culture dish and curled over so as to produce
a double layer of cells at the periphery of the explants.

The variation in mean cell lengths is given as 2
standard errors (se), which represents an interval, as-
suming a normal distribution for the means, that
covers the true mean 959, of the time.

Radioautography

Explanted epithelia were labeled with 1 uCi/ml of
L-2,3-valine-3H (Schwarz Bio Research Inc., Orange-
burg, N. Y., 16.4 Ci/mmole) for 5 or 10 hr at 37°C
in 5 ml of culture medium. Cycloheximide (20 ug/ml)
or colchicine (2 X 10~® u) was added where specified.
In some experiments explants were cultured first for
8 hr and then labeled with 1-2,3-valine-*H for 2 hr.
The labeled epithelia were fixed and embedded as
above, sectioned at 5 u in a plane perpendicular to
the surface of the epithelium, coated with NTB-3 li-
quid radioautographic emulsion (Eastman Kodak Co.,
Rochester, N. Y.), exposed at 4°C for 2 days, devel-
oped for 3 min in Dektol (Kodak), fixed, stained with
hematoxylin, and photographed at a magnification
of X 160 using 35 mm Panatomic X film (Kodak).
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Electrophoresis of Labeled Proteins on
Composite Polyacrylamide-Agarose Gels

For electrophoresis of proteins, 20 whole lens epi-
thelia, rather than central regions of epithelia, were
labeled with 200 uCi/ml of L-valine-*H (Schwarz Bio
Research Inc., 0.161 Ci/mmole) for 5 hr at 37°C in
0.25 ml of culture medium in polystyrene test tubes
(12 mm X 75 mm). Cycloheximide (20 pg/ml) or
colchicine (2 X 107% M) was added where specified.
After labeling, the radioactive medium was removed
and the epithelia were washed twice in saline G. The
last wash contained negligible amounts of radioac-
tivity.

The labeled proteins were examined by sodium do-
decyl sulfate-polyacrylamide-gel electrophoresis as de-
scribed by Shapiro et al. (40) and modified by Piati-
gorsky et al. (29). In brief, the labeled epithelia were
lysed in 0.3 ml of 19, sodium dodecyl sulfate, 1%,
2-mercaptoethanol, and 0.1 M sodium phosphate at
pH 7.1, and incubated for 3 hr at 37°C. The proteins
were then dialyzed overnight against 0.19, sodium
dodecyl sulfate, 0.19%, 2-mercaptoethanol, and 0.01 m
sodium phosphate at pH 7.1, and were examined by
electrophoresis in composite 49, polyacrylamide-
0.5%, agarose gels, as given elsewhere (29). After fixa-
tion in 9%, acetic acid and 459, methanol, the gels
were frozen and sliced into 1 mm fractions. Each slice
was dissolved in 309, hydrogen peroxide and assayed
for radioactivity in a Beckman Scintillation Spectrom-
eter (LS 233, Beckman Instruments, Fullerton, Calif.)
using a toluene (Fisher Scientific Company, Pitts-

burgh, Pa.) scintillation fluid containing 8.5%, solu-
bilizer (BBS-3 from Beckman Instruments) and 3.3%,
Liquifluor (New England Nuclear Corp., Boston,
Mass.) at an efficiency of about 30%,.

Electron Microscopy

The preparative procedure was identical to that re-
ported earlier (29). A total of 21 epithelia were incu-
bated in media containing cycloheximide (20 ug/ml),
colchicine (2 X 10~® M), or serum alone for 5, 10, or
24 hr at 37°C. After culture, the epithelia were rinsed
briefly in sterile saline G and immersed for 15 min in
a 2%, solution of glutaraldehyde containing 0.05 M
Sorensen’s phosphate buffer and 0.0029%, CaCls. Then
they were postfixed at 4°C for 1 hr in 29, OsO4 with
39 sucrose and the same concentrations of buffer and
calcium chloride, dehydrated in ethanol, and em-
bedded in Epon. Sections perpendicular to the cap-
sule surface of each epithelium were cut and stained
as previously (29) for phase and electron microscopic
studies.

RESULTS

Time Course of Cell Elongation in Cultured
Lens Epithelia

The cell lengths were determined in epithelia
examined histologically immediately after ex-
plantation and after 1, 2.5, 5, 10, and 24 hr of
cultivation. The results (Fig. 1) showed that the
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Frgure 1 Time course of cell elongation. The cell length was measured from histological sections in
lens epithelia fixed immediately after explantation or after cultivation for the times specified. Each ver-
tical bar above and below the points represents 2 st. The numbers of epithelia examined for each time

interval of culture are shown in parenthesis.
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cell length increased rapidly at first, changing
from 11 p initially to almost 21 w in 5 hr of culture.
Subsequently, there was a progressive decrease in
the rate of elongation, and the increase in cell
length occurred more slowly. After 24 hr of cul-
tivation, the mean cell length had increased to
approximately 28 p.

The 2 st for mean cell length shown in Fig. 1
were calculated from a compilation of many dif-
ferent experiments. Often, the cell lengths in in-
dividual tests using several epithelia fell within the
+2 sE given. In other tests, the cell lengths in
groups of epithelia cultured at the same time were
tightly clustered, and these sometimes fell slightly
above or below the 2 sE given in the figure.

Effects of Cycloheximide and Colchicine on
Cell Elongation in Cultured Lens Epithelia

The mean cell lengths in epithelia cultured in
medium containing 159%, serum, either alone or
supplemented with cycloheximide or colchicine
for 5, 10, and 24 hr, are given in Table I. The
values for the control epithelia are taken from Fig.
1. Cycloheximide did not inhibit cell elongation
for the first 10 hr of culture, during which time the
cells doubled in length. In fact, the average length
of the cells cultured with cycloheximide for 5 hr
was slightly longer than that of cells cultured with
serum alone. After 10 hr of culture in the presence
of cycloheximide, however, further elongation of

TasLE 1
Cell Elongation in the Embryonic Chick Lens
Epithelium Cultured in the Presence of Cyclohexi-
mide (20 pg/ml) or Colchicine (2 X 1075 x)

Mean cell length in microns £2 SE

Time in

culture Control* Cycloheximide} Colchicine§
hr
0 11.0+1.8
5 209 £ 1.1 25.0 0.9 14.1 4= 0.6
10 23.1 £ 1.1 22,1 +1.8 12.2 + 1.4
24 27.94+1.8 17.2 +=1.5 12.0+1.9

* Control values of mean cell length are taken from
the data given in Fig. 1.

1 Cycloheximide values of mean cell length were
determined after examination of the following num-
ber of epithelia: 5 hr, 28; 10 hr, 28; 24 hr, 12.
§ Colchicine values of mean cell length were deter-
mined after examination of the following number
of epithelia: 5 hr, 19; 10 hr, 28; 24 hr, 14.

the cells did not occur and there was even some
decrease in cell length. In separate tests the cells
did not elongate in the presence or absence of
cycloheximide if serum was not added to the
culture medium.

By contrast to the results with cycloheximide,
colchicine inhibited cell elongation. The average
cell length in epithelia cultured for 5 hr in the
presence of colchicine was only slightly larger than
the average length of the cells in epithelia fixed
immediately after explantation. The mean cell
lengths after 10 and 24 hr of culture with colchicine
were not statistically different from the initial
value. A similar result was obtained when epithelia
were cultured for 10 br in the presence of colchicine
at a concentration of 2 X 1077 M, rather than
2 X 1075 M. The sections of epithelia cultured with
colchicine at both concentrations showed cells in
mitosis leaving the explants (illustrated below).

Colchicine also inhibited cell elongation in
epithelia cultured in the presence of cycloheximide.
The average cell length in ten explants cultured
for 10 hr with both colchicine and cycloheximide
was 16.4 u; this contrasts with 23.1 g (see Table I)
for the controls.

Tests were made of the ability of cycloheximide
or of colchicine to inhibit elongation when added
after the cultured cells had already doubled in
length. In control epithelia, the initially cuboidal
cells (Fig. 2 a) were progressively longer, as ex-
pected, after 10 hr (Fig. 2 8) and 20 hr (Fig. 2¢)
of cultivation. The presence of cycloheximide (Fig.
2 d) or colchicine (Fig. 2 ¢) between the 10th and
20th hr of cultivation stopped further elongation of
the epithelial cells. The mean cell length in the
epithelia treated with cycloheximide was 22 pu,
and that in the epithelia treated with colchicine
was 21 u. These values are in the same range as
the mean cell length in the control epithelia cul-
tured for only 10 hr, which was 23 u. Colchicine
was equally effective in inhibiting elongation when
the concentration was lowered 100-fold. It is im-
portant to note that the epithelial cells treated with
cycloheximide or with colchicine retained their
columnar shape. Nonelongated mitotic cells leav-
ing the epithelia were visible in the sections,
especially in explants treated with colchicine.

A similar result was obtained in another experi-
ment in which epithelia were precultured in serum
alone for 21 hr followed by cultivation for 24 hr in
the presence of cycloheximide or colchicine. In this
experiment, however, the cells in the center of the
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Frcure 2 Effects of cycloheximide and colchicine on
continued cell elongation and on maintenance of
columnar cell shape in precultured lens epithelia.
Nine epithelia were examined in each group in this
experiment. (@) Fixed within 15 min after explantation.
(b) Cultured for 10 hr in serum alone. (¢) Cultured for
20 hr in serum alone. (d) Cultured for 10 hr in serum
alone, plus an additional 10 hr with cycloheximide
(20 pg/ml). (e) Cultured for 10 hr in serum alone,
plus an additional 10 hr with colchicine (2 X 1075 ).
Mitotic cells and extruded nuclei are most numerous
in the colchicine-treated epithelia. X 640. Horizontal
bar, 10 u.

explant were somewhat less in length and more
disorganized than after 10 hr of treatment with the
inhibitors; the peripheral cells did not elongate
further but remained columnar.

Several attempts were made to reverse the in-
hibition of elongation by colchicine. Partial suc-
cess was obtained after treatment of the epithelia
with colchicine at 2 X 1077 M for 5 hr followed by
an additional 10 hr of cultivation in medium sup-
plemented only with serum. However, attempts to
reverse the inhibition of elongation at higher con-
centrations of colchicine were unsuccessful.

Effects of Cycloheximide and Colchicine on
-Valine*H Incorporation into Protein in
Cultured Lens Epithelia

The effects of cycloheximide and colchicine on
L-valine-*H incorporation into protein by cultured
lens epithelia were examined qualitatively by
radicautography and quantitatively by electro-
phoresis in sodium dodecyl sulfate-polyacrylamide
gels. Radioautographs of epithelia cultured with
labeled valine for 5 hr are presented in Fig. 3.
Epithelia cultured with serum alone (Fig. 3 4) and
with colchicine (Fig. 3 ¢) had many exposed silver
grains covering the sections, indicating that the
cells incorporated appreciable amounts of L-va-
line-*H into protein. Mitotic cells were observed
sloughing off the colchicine-treated epithelia (Fig.
3¢). The epithelia incubated in cycloheximide
(Fig. 3 b) had relatively few exposed silver grains
over the sections, which indicates that the cells
incorporated much less L-valine-*H into protein.
As noted above, the cells in epithelia cultured with
serum alone and with cycloheximide were longer
than those in epithelia cultured with colchicine.

Similar results were obtained when epithelia
were labeled for 10 hr under the present conditions,
and when epithelia were precultured for 8 hr fol-
lowed by 2 hr of incubation with r-valine-*H.
Thus, the incorporation of 1-valine-*H into pro-
tein in the presence of colchicine continued for the
duration of the experiment.

Quantitative tests utilizing scintillation counting
confirmed the strong inhibition of protein synthesis
by cycloheximide treatment and the continuation
of protein synthesis after colchicine treatment.
Three groups of 20 lens epithelia (one control
group, one cychloheximide-treated group, and one
colchicine-treated group) were labeled with L-va-
line-*H for 5 hr. The whole epithelia were dissolved
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in sodium dodecyl sulfate, the proteins were re-
duced with 2-mercaptoethanol, and the samples
were dialyzed exhaustively. In two experiments,
colchicine-treated epithelia incorporated 839 and
99 9% as much label into nondialyzable materials as
did control epithelia, while epithelia treated with
cycloheximide incorporated less than 1%, as much
label as did the control epithelia. The effect of
cycloheximide was not due to an inhibition of up-
take of L-valine-*H since the epithelia treated with
cycloheximide accumulated 789% as much di-
alyzable radioactivity as did the controls.

The polyacrylamide-gel electrophoretic pattern
of the labeled proteins from control epithelia (Fig.
4 A) resembled that published previously (29);
namely, a predominant peak of label correspond-
ing to a protein with a molecular weight near
45,000 daltons was superimposed on a base line of

Ficure 3 Radioautographs of lens epithelia labeled
with 1 uCi/ml of L.-2,8-valine-*H (specific activity 16.4
Ci/momole) for 5 hr. 10 epithelia were examined in
each group in this experiment. (a) Cultured in serum
alone. (b) Cultured with cycloheximide (20 ug/ml).
(¢) Cultured with colchicine (2 X 107°wmM). On both
sides of the arrow there are rounded mitotic cells
leaving the epithelial surface. X 640. Horizontal bar,
10 u.

polydispersed label. The present evidence indicates
that the primary peak is largely delta crystallin
(29). The quantitative and qualitative aspects of
the electrophoretic pattern of radioactive proteins
from colchicine-treated epithelia (Fig. 4 B) were
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Figure 4 Effects of cycloheximide and colchicine on
the electrophoretic patterns of proteins labeled in cul-
tured lens epithelia. 20 epithelia were labeled with
200 uCi/ml of L-valine®H (specific activity 0.161 Ci/
mmole) for 5 hr with serum alone, 20 with cyclohexi-
mide (20 pg/ml), and 20 with colchicine (2 X 1075 m);
the proteins of each were examined by electrophoresis
in sodium dodecyl sulfate-polyacrylamide gels. The
conditions of labeling and electrophoresis are given in
Materials and Methods. One-fourth of each extract
was layered on the gel; the counts per minute given on
the ordinate represent th: values actually obtained for
the amount tested. (A) Labeled in serum alone. (B)
Labeled with cycloheximide (20 ug/ml), @-@; labeled
with colchicine (2 X 1075 M), @—@. (C) Marker pro-
teins of known molecular weights were electrophoresed
in parallel with the labeled lens protein. BS4, bovine
serum albumin; 0, ovalbumin; Try, trypsin.
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very similar to those from control epithelia. Ap-
proximately the same amount of radiocactivity was
recovered in proteins from the gel of colchicine-
treated epithelia as from the gel of control epithelia.
However, cycloheximide treatment of the epithelia
virtually eliminated the incorporation of label into
all proteins (Fig. 4 B).

Effects of Cycloheximide and Colchicine on
Microtubules in Cultured Lens Epithelia

The presence of microtubules in control, cyclo-
heximide- and colchicine-treated lens epithelia,
fixed within 15 min after explantation or after
cultivation for 2, 5, 10, and 24 hr, was investigated
by electron microscopy (Fig. 5). The average cell
lengths in the sections of epithelia prepared in
Epon for phase microscopy were about 25 %, longer
than the mean cell lengths in histological sections
prepared in paraffin, where more shrinkage was
apparent. However, the per cent change in cell
length during elongation was the same.

We have described the fine structure of the
cultured lens epithelial cells elsewhere (29) and
thus will confine our attention to microtubules.
The arrangement of microtubules in cells fixed
immediately after explantation (Fig. 5 «) differed
from those fixed after 5 hr of cultivation (Fig. 5 8).
Initially, there were relatively few, randomly ori-
ented microtubules in the cuboidal epithelial cells.
After 5 hr of cultivation, the elongated cells con-
tained many microtubules which were most nu-
merous along surface membranes and were ori-
ented longitudinally. Treatment of the cultured
lens epithelia with cycloheximide did not affect
the presence or arrangement of microtubules (Fig.
5 ¢). Microtubules were not observed, however, in
cells treated with colchicine (Fig. 5d). Instead,
there was an abundance of filaments approxi-
mately 100 A in diameter, which are probably
breakdown products of the microtubules (48, 50).
Similar tests with epithelia cultured for 10 and 24
hr gave comparable results.

The longitudinal arrangement of microtubules
adjacent to cell membranes was already evident in
epithelia cultured for 2 hr. When explants cul-
tivated for 2 hr in medium supplemented with
serum alone were maintained for an additional 22
hr in culture medium containing colchicine, the
columnar shape of the cells was retained, although
further elongation did not take place.

DISCUSSION

We have reported previously that cultured embry-
onic chick lens epithelial cells approximately
double in length during the st day of cultivation
(26, 29). The present study shows that much of
this occurs within the first 5 hr after explantation.
Subsequently, cell elongation proceeds more
slowly. Recent studies show that the elongation
cancontinuefor at least a month.! The prompt and
simultaneous elongation of the cells shows that
elongation can occur during most of the cell cycle,
since the cells are dividing nonsynchronously at
the time of explantation (24, 27).

Our experiments with cycloheximide show that
the early and rapid elongation can take place
without protein synthesis, but that the slower and
later occurring elongation is dependent on con-
tinued protein synthesis. Both the early and later
phases of lens cell elongation appear to need micro-
tubules, since the colchicine-treated cells lack
microtubules and do not elongate. The modest
increase in cell length in epithelia cultured with
colchicine for 5 hr is probably due to the relatively
slow dissociation of microtubules by interaction
with colchicine (3, 4, 46). Experiments by others
have shown that protein synthesis is also required
for the maintenance of axonal outgrowth in neuro-
blastoma cells (38) and for cilia regeneration in
Tetrahymena (34), both being processes which need
microtubules as judged by their sensitivity to col-
chicine. A microtubule requirement for cell elonga-
tion in the cultured lens epithelium is consistent
with the correlation between oriented microtubules
and lens fiber formation in vive (1, 6, 14, 21, 29,
30).

Less extensive tests with vinblastine sulfate (28)
gave results similar to those with colchicine. Vin-
blastine prevented cell elongation in the cultured
lens epithelia and disrupted microtubules, but did
not inhibit protein synthesis. These experiments,
then, support the conclusion that microtubules are
necessary for the occurrence of lens cell elongation
in tissue culture.

The inhibition of cell elongation by colchicine
cannot be accounted for by mitotic arrest, since
elongation is suppressed in nonmitotic cells. How-
ever, elongated cells can become rounded and
arrested in mitosis when further elongation is pre-
vented with colchicine. Mitotic cells are invariably

1 Piatigorsky, Joram, and S. S. Rothschild. Manuscript
in preparation.
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Figure 5 Microtubules (arrows) in lens epithelial cells. (o) Fixed within 15 min after explantation.
Only occasional, randomly oriented microtubules measuring about 240 A in diameter are observed. (b)
Cultured for 5 hr with serum alone. Microtubules are present along surface membranes, which are sec-
tioned obliquely. (¢) Cultured for 5 hr with cycloheximide (20 ug/ml). Longitudinally oriented micro-
tubules are abundant. (d) Cultured for 5 hr with colchicine (2 X 107 m). No microtubules are present,
but there are numerous filaments approximately 100 A in diameter. X 21,000. Horizontal bar, 1 u.



detached from the capsule and found at the free
surface of the epithelium, which is reminiscent of
interkinetic nuclear migration in the lens placode
(21, 52). The progressive accumulation of cells in
mitosis and the continuation of protein synthesis
in the presence of colchicine indicate that the in-
hibition of cell elongation by colchicine is not due
to cell death.

The fact that the cultured epithelial cells retain
their columnar shape for at least 10 hr if treated
with colchicine after the cells have elongated sug-
gests that the microtubules have a more immediate
role in the process of their elongation than in the
maintenance of their elongate shape. A similar
conclusion was reached by Tilney and Gibbins
(45) for morphogenesis of primary mesenchyme in
sea urchin embryos and by Pearce and Zwaan (21)
for elongation of epithelial cells in the lens placode
of chick embryos. It is likely that the close apposi-
tion of neighboring cells attached to the basement
membrane helps retain the columnar shape of the
cultured cells in the absence of microtubules.

Since elongation of the cultured epithelial cells
apparently involves microtubules and can occur
for 5-10 hr in the absence of protein synthesis,
there must be a pool of microtubule subunits which
can be utilized. Preliminary tests have shown that
the 6-day old embryonic chick lens epithelium con-
tains significant amounts of protein which can bind
colchicine-*H at the time of explantation (Piati-
gorsky and Rothschild, unpublished); further ex-
periments are in progress to determine quan-
titatively the amounts of colchicine-*H-binding
protein present at different stages of cell elonga-
tion. The assembly of microtubules without protein
synthesis from a precursor pool of microtubule
protein has been demonstrated for regeneration of
flagella in Chlamydomonas (35), regeneration of cilia
in sea urchin embryos (2), reformation of axopodia
in Actinosphaerium (44), assembly of cilia-like pro-
tein in Tetrahymena (43), and formation of axons in
neurons (39, 51). There is also strong evidence that
dividing cells have a pool of microtubule subunits
which polymerize and depolymerize during the
formation and disassembly of the mitotic apparatus
(12, 18, 41). The mutual requirement for micro-
tubules during cell elongation and division suggests
an explanation for the inverse relationship between
lens cell elongation and mitosis, which is observed
both during lens fiber formation in vivo (11, 19,
23, 53) and during lens epithelial cell elongation in
tissue culture (24, 27).
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The mechanism by which microtubules promote
cell elongation is not known. Discussions of this
can be found elsewhere (5, 44, 45). It is likely that
other factors cooperate with microtubules to alter
cell shape. For example, membrane addition must
be an integral part of cell elongation, at least
during the increase in cell mass. In addition, a
growing body of work implicates contractile pro-
tein for cell elongation (47). In preliminary tests,
5 pg/ml of cytochalasin B, which is believed to
interfere with the contractile function of micro-
filaments (36, 47), inhibited cell elongation in
the cultured lens epithelium (Piatigorsky and
Wollberg, unpublished). Thus, the possibility that
microtubules function together with microfila-
ments during elongation of the cultured lens epi-
thelial cells is presently being explored.

We thank Drs. Alfred J. Coulombre and Philip Leder
for constructive criticism of the manuscript, Miss
Maureen O’Connell for expert technical assistance in
electron microscopy, and Dr. James E. Mosimann for
help in statistics.

Received for publication 7 March 1972, and in revised form
24 May 1972.

REFERENCES

1. ArnoLD, J. M. 1966. On the occurrence of micro-
tubules in the developing lens of the squid,
Loligo pealii. J. Ultrastruct. Res. 14:534.

2. Aucrar, W_, and B. W. SiceL. 1969. Cilia re-
generation in the sea urchin embryo: evidence
for a pool of ciliary proteins. Science (Wash.
D. C.). 154:913.

3. Borisy, G. G., and E. W. Tavror. 1967. The
mechanism of action of colchicine. Binding of
colchicine-*H to cellular protein. J. Cell Biol.
34:525.

4. Borisy, G. G., and E. W. Tavror. 1967. The
mechanism of action of colchicine. Colchicine
binding to sea urchin eggs and the mitotic ap-
paratus. J. Cell Biol. 34:535.

5. Burnsipg, B, 1971. Microtubules and microfila-
ments in newt neurulation. Dev. Biol. 26:416.

6. Byers, B., and K. R. PorTer. 1964. Oriented
microtubules in elongating cells of the develop-
ing lens rudiment after induction. Proc. Natl.
Acad. Sei. U. 8. A. 52:1091.

7. Ennis, H. L., and M. Lusin. 1964. Cyclohexi-
mide: aspects of inhibition of protein synthesis
in mammalian cells. Science (Wash. D. C.). 146:
1474.

8. FiscaMman, D. A. 1967, An electron microscopic

VoLuMe 55, 1972



14.

15.

16.

7.

18.

19.

20.

21.

22,

23.

24.

25.

study of myofibril formation in embryonic
chick skeletal muscle. J. Cell Biol. 32:557.

. Ham, R. G. 1963. An improved nutrient solution

for diploid Chinese hamster and human cell
lines. Exp. Cell Res. 29:515.

. Hanper, M. A, and L. E. RoTh. 1971. Cell shape

and morphology of the neural tube: implica-
tions for microtubule function. Dev. Biol. 25:78.

. Hanna, C., and H. C. Kearts. 1966. Chicken

lens development: epithelial cell production
and migration. Exp. Eye Res. 5:111.

. Inoug, S., and H. Sarto. 1967. Cell motility by

labile association of molecules. J. Gen. Physiol.
50:259.

. KarrunkeL, P. 1971. The role of microtubules

and microfilaments in neurulation in Xenopus.
Dev. Biol. 25:30.

Kuwasara, T. 1968. Microtubules in the lens.
Arch. Ophthalmol. 79:189.

Mann, 1. 1948. Tissue culture of mouse lens epi-
thelium. Br. J. Opthalmol. 32:591.

McDevirr, D. S., I. Meza, and T. YAaMADA.
1969. Immunofluorescence localization of the
crystallins in amphibian lens development,
with special reference to the v crystallins. Dev.
Biol. 19:581.

McDevrrT, D. 8., and T. Yamapa. 1969. Acqui-
sition of antigenic specificity by amphibian lens
epithelial cells in culture. Am. Zool. 9:1130.

McInTosH, J. R., P. K. HEPLER, and D. G. VaN
WIiE. 1969. Model for mitosis. Nature (Lond.).
224:659.

Mopak, S. P., G. Morris, and T. Yamapa. 1968.
DNA synthesis and mitotic activity during
early development of chick lens. Dev. Biol. 17:
544.

OverToN, J. 1966. Microtubules and microfila-
ments in morphogenesis of the scale cells of
Ephestia kuhniella. J. Cell Biol. 29:293.

Pearce, T. L., and J. Zwaan. 1970. A light and
electron microscopic study of cell behavior and
microtubules in the embryonic chicken lens
using Colcemid. J. Embryol. Exp. Morphol. 23:
491.

Perry, M. M., and C. H. WabbpiNGTON. 1966.
Ultrastructure of blastopore cells in the newt.
J. Embryol. Exp. Morphol. 15:317.

Persons, B. J., and S. P. Mopak. 1970. The pat-
tern of DNA synthesis in the lens epithelium
and the annular pad during development and
growth of the chick lens. Exp. Eye Res. 9:144.

PuairporT, G. W.1970. Growth and cytodifferenti-
ation of embryonic chick lens epithelial cells in
vitro. Exp. Cell Res. 59:57.

Puirporr, G. W., and A. J. CouLOMBRE. 1965.
Lens development. II. Differentiation of em-
bryonic chick lens epithelial cells iz vitro and in
vivo. Exp, Cell Res. 38:635.

Piaticorsky, WEBSTER, AND WoLLserG Lens Cell Elongation andeicrotubules

26.

27.

28.

29,

30.

31.

32

33.

34,

35.

36.

37.

38,

39.

40.

PiaTiGORsKY, J. 1969. Synthesis and processing
of ribosomal RNA in the developing lens of the
chick embryo. Am. Zool. 9:1130.

PiaTiGORSKY, ]., and S. S. RoruscHILD. Loss dur-
ing development of the ability of chick embry-
onic lens cells to elongate in culture: inverse
relationship between cell division and elonga-
tion. Dev. Biol. 28:382.

Praticorsky, J., H. peF. WEBsTER, and S. P.
Craig. 1970. Ultrastructural and biochemical
aspects of lens fiber formation in vivo and in
vitro. J. Cell. Biol. 47:158 a.

PraTicorsky, J., H. peF. WEBSTER, and S. P.
Crarc. 1972. Protein synthesis and ultrastruc-
ture during the formation of embryonic chick
lens fibers in vivo and in vitro. Dev. Biol. 27:176.

PorTe, A., M. E. STOECKEL, and A. Brini. 1968.
Formation de ’ebauche oculaire et differen-
ciation du cristallin chez ’embyon de poulet.
Etude au microscope electronique. Arch. Oph-
thalmol. Rev. Gen. Ophtalmol. (Anal.).28:681.

PorTER, K. R. 1966. Cytoplasmic microtubules
and their functions. Principles Biomol. Organ.
Ciba Found. Symp. 308.

Puck, T. T., 8. J. Cieciura, and A. ROBINSON.
1958. Genetics of mammalian cells. I1I. Long-
term cultivation ot euploid cells from human
and animal subjects. J. Exp. Med. 108:945.

Roseins, E., and N. C. Gonaras. 1964. Histo-
chemical and ultrastructural studies on HelLa
cell cultures exposed to spindle inhibitors with
special reference to the interphase cell. J. His-
tochem. Cytochem. 12:704.

RosenBauyM, J. L., and K. Carrson. 1969. Cilia
regeneration in Tetrahymena and its inhibition
by colchicine. J. Cell Biol. 40:415.

RosenBauM, J. L., J. E. MouLDER, and D. L.
Ringo. 1969. Flagella elongation and shorten-
ing in Chlamydomonas. The use of cycloheximide
and colchicine to study the synthesis and as-
sembly of flagellar proteins. J. Cell Biol. 41:600.

ScHROEDER, T. E. 1969. The role of “contractile
ring” filaments in dividing Arbacia eggs. Biol.
Bull. (Woods Hole). 137:413.

ScHROEDER, T. E. 1970. Neurulation in Xenopus
{aevis. An analysis and model based upon light
and electron microscopy. J. Embryol. Exp. Mor-
phol. 23:427.

ScruserT, D., S. Humpureys, F. DE VirRY, and
F. Jacos. 1971. Induced differentiation of a
neuroblastoma. Dev. Biol. 25:514.

Seeps, N. W., A. G. Gmman, T. AmaNo, and
M. W. NIRenBERG. 1970. Regulation of axon
formation by clonal lines of a neural tumor.
Proc. Natl. Acad. Sci. U. S. A. 66:160.

SHarIrO, A. L., E. VINUELA, and J. V. MaIzeL,
Jr. 1967. Molecular weight estimation of poly-
peptide chains by electrophoresis in SDS-poly-

91



4].

42.

43.

44,

45.

46.

92

acrylamide gels. Biockem. Biophys. Res. Commun.
28:815.

StepueNns, R. E. 1969. Factors influencing the
polymerization of outer fiber microtubule pro-
tein. Q. Rev. Biophys. 1:377.

Taxata, C, J. F. AvBricHT, and T. YAMADA.
1965. Lens fiber differentiation and gamma
crystallins: immunofluorescent study of Wolff-
ian regeneration. Science (Wash. D. C.). 147:
1299.

Tamura, S. 1971. Synthesis and assembly of mi-
crotubule proteins in Tetrahymena pyriformis.
Exp. Cell Res. 68:180.

Tieney, L. G. 1968. II. Ordering of subcellular
units. The assembly of microtubules and their
role in the development of cell form. Dev. Biol.
2(Suppl.):63.

TiNey, L. G, and J. R. GiBeins. 1969. Microbu-
bules in the formation and development of the
primary mesenchyme in Arbacia punctulata. 11.
An experimental analysis of their role in devel-
opment and maintenance of cell shape. J. Cell
Biol. 41:227.

WEesENBERG, R. C., G. G. Borisy, and E. W,
TavrLor. 1968. The colchicine-binding protein
of mammalian brain and its relation to micro-
tubules. Biochemistry. 7:4466.

47.

48.

49.

50.

51.

52.

53.

Tue JournaL or Ceru Brovoey - VoLume 55, 1972

Wesserts, N. K., B. S. Spooner, J. F. Asua, M. O.
BrapLEY, M. A. Lubpuena, E. L. TavLoR, J. T.
WREN, and K. M. Yamapa. 1971. Microfila-
ments in cellular and developmental processes.
Science (Wash. D. C.). 171:135.

Wsniewskr, H., M. L. Sueranski, and R. D.
TerRrY. 1968. Effect of mitotic spindle inhibi-
tors on neurotubules and neurofilaments in
anterior horn cells. J. Cell Biol. 38:224.

Yamapa, K. M., B. S. SpooNER, and N. K. Wes-
seLLs. 1970. Axon growth: roles of microfila-
ments and microtubules. Proc. Natl. Acad. Sci.
U. S. A. 66:1206.

Yaumapa, K. M., B. S. SpooNER, and N. K. WEs-
seLLs. 1971. Ultrastructure and function of
growth cones and axons of cultured nerve cells.
J. Cell Biol. 49:614.

Yamapa, K. M., and N. K. WEesseLts, 1971. Ef-
fect of nerve growth factor on microtubule pro-
tein. Exp. Cell Res. 66:346.

ZwaaN, J., P. R. Bryan, Jr., and T. L. PEARcE.
1969. Interkinetic nuclear migration during
the early stages of lens formation in the chicken
embryo. J. Embryol. Exp. Morphol. 21:71.

Zwaan, J., and T. L. Pearce. 1971. Cell popula-
tion kinetics in the chicken lens primordium
during and shortly after its contact with the op-
tic cup. Dev. Biol. 25:96.



