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Microtubules (MT's) are nearly ubiq- 
uitous cell organelles that have been as- 
sociated with a wide range of cellular ac- 
tivities including intracellular transport 
(1), regulation of membrane function (2), 
maintenance of cell shape (3), ciliary and 
flagellar motion (4), chromosome move- 
ment (5), and active cell shape change 
(6-8). Much of the evidence for the role 
of MT's in these processes has come 
from the use of colchicine or drugs that, 
like colchicine, lead to the depolymeriza- 
tion of cytoplasmic MT's. Although it is 
likely that MT's play a central role in 
many of these activities, investigators 
have cautioned that in some cases the 
treatments used to interfere with MT 
structure may actually be exerting their 
disruptive activity through effects on 
other cellular structures (8, 9). We have 
found evidence which suggests that the 
ability of colchicine and three other anti- 
MT drugs to block lens epithelial cell 
elongation in vitro during lens fiber cell 
differentiation is due to their effect on 
cell volume regulation rather than their 
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direct effect on cytoplasmic MT's. 
Embryonic chick lens epithelial cells 

cultured in medium supplemented with 
fetal calf serum (FCS) elongate and dif- 
ferentiate into lens fiber cells (8, 10). The 
early phase of this elongation, in which 
the cells approximately double in length, 
can occur during nearly complete inhibi- 
tion of protein synthesis (11). Lens epi- 
thelial cell elongation is blocked by col- 
chicine (11) and the anti-MT agents vin- 
blastine (10), demecolcine (Colcemid) 
(12), and podophyllotoxin (12). Colchi- 
cine (2 x 10-5M) does not, however, in- 
hibit specialization of lens epithelial cells 
for 6-crystallin protein synthesis or the 
accumulation of 6-crystallin messenger 
RNA, events that are associated with 
lens fiber cell differentiation (10, 13, 14). 

We have measured the volume of elon- 
gating embryonic lens epithelial cells and 
cells prevented from elongating with 
10-6M colchicine. Central lens epithelia 
from 6-day-old chick embryos (15) were 
cultured in 35-mm Falcon plastic tissue 
culture dishes as previously described 
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(10, 16). Cell volume was determined af- 
ter 0, 5, and 24 hours of culture by multi- 
plying the mean cell length (17) of central 
epithelial cells by their mean area (18). 
Control and colchicine-treated lens epi- 
thelial cells had a similar mean cell area 
at 0, 5, and 24 hours of culture (18). Epi- 
thelial cells cultured in FCS without 
colchicine elongated from 10.0 + 0.2 ,um 
[mean + standard error (S.E.)] at 0 hours 
to 19.1 + 0.4 ,um at 5 hours and 
26.6 + 0.6 txm after 24 hours. This re- 
sulted in a mean volume increase during 
elongation that was proportional to cell 
length, as shown in Fig. 1A. Colchicine 
(10-6M) completely blocked the increase 
in cell length and the associated increase 
in cell volume (Fig. 1A). 

We then tested the ability of other MT- 
depolymerizing drugs to inhibit lens epi- 
thelial cell elongation, hoping to find one 
that would permit discrimination be- 
tween the effects of these agents on cyto- 
plasmic MT's and their possible direct 
effect on cell volume. One of these 
drugs, nocodazole, a synthetic MT-de- 
polymerizing agent that binds to the col- 
chicine binding site of tubulin (19) and is 
active in vivo (20) and in vitro (19), did 
not prevent FCS-stimulated lens cell 
elongation at either 1 or 10 ,ug/ml, al- 
though it blocked mitosis at both concen- 
trations (21). Figure 1B shows the extent 
of lens epithelial cell elongation in the 
presence or absence of nocodazole at 10 
,ug/ml. Electron microscopic examina- 
tion of lens epithelial cells cultured for 5 
to 24 hours showed that, in contrast to 
controls (Fig. 2A), nocodazole-treated 
elongated cells completely lacked cyto- 
plasmic microtubules (Fig. 2B). Noco- 
dazole-treated cells also contained prom- 
inent bundles of 10- to 12-nm filaments 
similar to those described in other cell 
types treated with anti-MT agents (20, 
22). Except for these differences, drug- 
treated cells were similar in morphology 
to untreated controls (23). 

Additional evidence suggesting that 
colchicine does not prevent lens cells 
elongation by disrupting the structure or 
function of MT's was obtained by exam- 
ining the effect on lens cells of low con- 
centrations of colchicine. Lens epithelial 
cell elongation was blocked at 10-8M col- 
chicine and partially inhibited at concen- 
trations as low as 10-1?M. Colchicine as- 
sociates with chick brain tubulin with a 
binding constant of 1 x 106 to 2 x 106 
liter/mole (24). Assuming that the bind- 
ing constant for chick lens tubulin is sim- 
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Lens Epithelial Cell Elongation in the Absence of Microtubules: 

Evidence for a New Effect of Colchicine 

Abstract. Embryonic chick lens epithelial cells cultured in serum-supplemented 
medium elongated in the absence of microtubules after treatment with the anti- 
microtubule drug nocodazole. Colchicine, at concentrations lower than those that 
dissociate microtubules, blocks cell elongation and the associated increase in cell 
volume. These results indicate that an increase in cell volume, not microtubules, is 
responsible for lens cell elongation and suggest a previously undescribed effect of 
colchicine on cell volume regulation. 
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gation. In addition, at a colchicine con- 
centration of 10-8M, anaphase and telo- 
phase mitotic figures were seen in lens 
epithelial explants cultured for 5 hours in 
the presence of the drug. This indicates 
that at this colchicine concentration mi- 
totic spindle microtubules were present 
and functioning. Finally, colchicine ap- 
peared to inhibit lens epithelial cell elon- 
gation in less than 1 hour after addition 
to the culture medium (25). However, 
the binding of colchicine to tubulin is 
usually a slow process, which may re- 
quire 6 to 8 hours to reach equilibrium 
(26). Taken together, the low effective 
dose, the absence of mitotic arrest at in- 
hibitory drug concentrations, and the 
rapid inhibitory action of the drug sug- 
gest that colchicine may not block lens 
cell elongation by binding to cytoplasmic 
tubulin. 

Several studies have revealed the 
presence of microtubules in elongating 
cells of the lens placode (6), lens epithe- 
lium (iI), and neural plate (7, 27), where 
they are most often oriented parallel to 
the direction of cell elongation. In all 
cases tested, elongation in these cells has 
been inhibited by colchicine and other 
MT-depolymerizing agents (7, 11, 28). 
These observations have led to the hy- 
pothesis that MT's may provide the mo- 
tive force (7, 11, 29) or the cytoskeletal 
framework (7) necessary for epithelial 
cell elongation. This view was ques- 
tioned in one case by Zwaan and Hen- 
drix (30), who proposed that the elonga- 
tion of the cells of the lens placode oc- 
curs by a localized crowding of cells as a 
result of continued cell division within an 
organ rudiment of restricted size. In this 
view, colchicine might block cell elonga- 
tion in the lens placode by stopping mi- 
tosis. 

We have found that, unlike the neural 
plate (7, 31) and lens placode cells (30, 
32), lens epithelial cells stimulated to 
elongate in vitro increase in volume dur- 
ing elongation. We have further shown 
that this elongation may occur in the ab- 
sence of cytoplasmic MT's and contin- 
ued cell division. We therefore propose 
that at least one mechanism of cell elon- 
gation in the cultured lens epithelium is 
crowding of adjacent cells due to an in- 
crease in cell volume. Colchicine and the 
other anti-MT agents that prevent elon- 
gation might do so by disrupting the 
mechanism responsible for this volume 
increase. Preliminary estimates of lens 
epithelial and fiber cell volumes (33) sug- 
gest that lens fiber cells have volumes at 
least eight times greater than those of the 
epithelial cells from which they develop, 
suggesting that increase in cell volume 
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Fig. 2. Embryonic chick lens 
epithelia were cultured for 5(i 
hours in medium supple-, p 7., f 1 h a 
mented with FCS in the (A) 
absence or (B) presence of 
nocodazole (10 gg/ml). (A) In 
untreated elongating lens epi- 
thelial cells, long MT's (arrow- 
heads) are aligned parallel 
with the lateral plasma mem- M . - 
branes of adjacent cells as well 7 
as throughout the cytoplasm. ; 
(B) In drug-treated cells, MT's 
are not seen. Epithelia were fixed for 1 hour at room temperature in 0.05M Pipes buffer (Sigma 
Chemical Company), pH 6.35, 2.5 percent glutaraldehyde, 2 mM EGTA, 1 mM guanosine 5'- 
triphosphate, 1 mM MgSO4 (388 mOsm) in order to increase visualization of microtubules (47). 
They were postfixed in 1 percent OsO4 in 0. 15M sodium cacodylate, pH 7.4, for 1 hour at 4?C, 
washed, dehydrated in ethanol, embedded in Epon, and sectioned for electron microscopy. 
Sections were stained with uranyl acetate and lead citrate. Scale bar, 1 Am. 

may be an important element in lens fi- 
ber formation in the intact lens. 

The plasma membrane is a likely site 
for the inhibitory action of colchicine on 
increases in cell volume. Colchicine has 
been shown to bind to membrane com- 
ponents (34), at least one of which is 
likely to be membrane tubulin (35), and 
to inhibit nucleoside transport through 
the plasma membrane (36). Lumi- 
colchicine, a photoderivative of colchi- 
cine, inhibits nucleoside transport (36) 
but does not lead to MT depolymeriza- 
tion (37) or bind appreciably to tubulin 
(37). We therefore cultured lens epithe- 
lial cells in medium containing FCS and 
lumicolchicine (38) to determine if col- 
chicine-sensitive volume regulation oc- 
curs by a mechanism similar to the one 
involved in inhibition of nucleoside 
transport. Under these conditions lumi- 
colchicine did not inhibit embryonic lens 
epithelial cell elongation (39). 

Microtubules have been implicated in 
biological processes if those processes 
are inhibited by colchicine and other 
anti-MT agents but not by lumicolchicine 
(9, pp. 169, 300, 321; 40). In the experi- 
ments described above these criteria are 
fulfilled, yet our experiments have 
shown that MT's are not essential for 
and probably not involved in lens cell 
elongation. These results show that anti- 
MT drugs may act by mechanisms other 
than those already identified, and this 
possibility should be considered when 
interpreting data on their site of action. 

We have presented evidence for an ef- 
fect of colchicine that appears to be dis- 
tinct from its ability to depolymerize 
cytoplasmic MT's and to inhibit nucle- 
oside transport. This effect seems to be 
the inhibition of an activity, presumably 
associated with the plasma membrane, 
that is responsible for fluid transport (41) 
into the lens epithelial cells during cell 
differentiation in vitro. It has been 

shown that colchicine and vinblastine in- 
hibit vasopressin-induced water trans- 
port in the toad urinary bladder (42, 43) 
and water transport in the rat intestine 
(44) and that colchicine blocks estrogen- 
stimulated fluid uptake in the rat uterus 
(45). Lumicolchicine does not block hor- 
mone-stimulated fluid uptake in either 
toad bladder (42, 43) or rat uterus (45). 
Although these effects have been tenta- 
tively associated with the depolymeriza- 
tion of MT's, they may be more closely 
related to the action of colchicine we 
have described above (46). 
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Plasma concentrations of triglyceride 
are influenced by a variety of factors, in- 

cluding the amount and composition of 

dietary carbohydrate. Sucrose has re- 

peatedly been reported to result in ele- 
vated concentrations of triglyceride in 
humans and animals (I), an effect usually 
ascribed to the fructose component of 
sucrose. Michaelis and co-workers (2) 
found that lipogenic enzymes in rat liver 
were induced to a greater extent when 
the animals were fed sucrose than when 

they were fed equivalent amounts of glu- 
cose and fructose, the monosaccharide 

components of the disaccharide sucrose. 
This phenomenon has been termed the 
disaccharide effect. The metabolic scope 
of the disaccharide effect has been ex- 

panded to include differences in serum 

triglyceride and free fatty-acid concen- 
trations after fasting (3); differences in 
serum insulin concentrations, food effi- 

ciency, and relative fat pad size (4); and 
differences in hepatic microsomal en- 

zyme activities (5). Documentation of 
the disaccharide effect has heretofore 
been limited to studies with various 
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Fig. 1. Mean diurnal tri- 
glyceride patterns for two 
diets that varied in the form of 
fructose. The disaccharide 
diet (sucrose) and the mono- 
saccharide diet (glucose and 
fructose) each provided 11.3 
percent of total calories as 
fructose. 
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strains of rats (2-5). This report indicates 
that when normal human subjects con- 
sume diets containing sucrose, the mean 
24-hour (or integrated) triglyceride con- 
centrations are significantly higher than 
when the subjects are fed diets that are 
identical except that fructose and glu- 
cose are provided as monosaccharides. 

The design, sample collection, assay 
methods, and statistical evaluation used 
in this study are analogous to those de- 
scribed in detail earlier (6). Significant 
features include the use of a diet se- 

quence that results in all subjects ingest- 
ing both test diets in a balanced cross- 
over design, and continuous collection of 
blood over an entire 24-hour period as a 
series of 48 half-hour integrated collec- 
tions. The withdrawal system allowed 
normal activity and consumption of the 
test diets while the blood samples were 
collected. Eight normal males aged 24 to 
27 were studied on the tenth day of in- 

gestion of the test diets. The study pro- 
tocol was approved by the University 
Committee on Research Involving Hu- 
man Beings. Informed consent was ob- 
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Triglyceride Concentrations: The Disaccharide Effect 

Abstract. The mean 24-hour or integrated concentration of triglyceride is signifi- 
cantly higher when dietary sucrose is provided rather than an equivalent amount of 
its component monosaccharides, glucose and fructose. In contrast, the plasma tri- 

glyceride concentration after a 12-hour fast is not significantly different. 
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