
ators of inflammation, such as migration 
inhibition factor (8) and eosinophil stim- 
ulation promoter (9), isolated schisto- 
somal granulomas from mice can elabo- 
rate substances that influence fibroblast 
activation. We have provided evidence 
here for the presence of molecules within 
granulomas and their culture super- 
natants which can stimulate fibroblast 
proliferation in vitro. In related studies, 
we have found that these granuloma su- 
pernatants induce changes in the intra- 
cellular concentrations in fibroblasts of 
adenosine 3',5'-monophosphate and 
prostaglandins, and alter the ability of fi- 
broblasts to incorporate [3H]proline into 
collagen. Although it seems likely that 
the source of the stimulating factor is the 
inflammatory cells, since mononuclear 
cells have been shown capable of pro- 
ducing related substances (2-5), we can- 
not at present exclude the possibility that 
it might derive from the schistosomal 
egg. 

These data suggest a possible molecu- 
lar link between granuloma formation 
and the subsequent development of he- 
patic fibrosis in S. mansoni infections. 
Since the egg granuloma in this disease 
appears to represent a chronic inflamma- 
tory response to egg antigen (1), the bio- 
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Microtubules play a central role in 
several cellular processes (1, 2) including 
cell division, motility, cell surface organ- 
ization, secretory functions, cellular dif- 
ferentiation and, perhaps, control of cell 
proliferation (3). A great deal has been 
learned regarding the molecular proper- 
ties of microtubules and their assembly 
(1), yet relatively little is known con- 
cerning the mechanisms responsible for 
controlling the synthesis of the tubulin 
subunits from which microtubules are 
assembled. One process in which tubulin 
synthesis has been shown to be in- 
timately involved is the regeneration of 

flagella in Chlamydomonas reinhardi (4, 
5). In this system the removal of flagella 
leads to a rapid and extensive induction 
of tubulin synthesis. An early observa- 
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tion relating to the control of tubulin syn- 
thesis in these cells was that treatment 
with colchicine or other compounds 
which prevented flagellar regeneration, 
and thus blocked utilization of cyto- 
plasmic tubulin reserves (a potential 
feedback signal), did not interfere with 
the induction of tubulin synthesis (4, 5). 
We have now tested for its effects on 
tubulin synthesis, another compound 

NO2 
(CH3)2CH-NH S 

N02 

P-H 0 / CH3 
CH30 

Fig. 1. Amiprophos methyl [APM; 0-methyl- 
0-t(4-methyl-6-nitrophenyl-VN- isopropyl-phos- 
phorothioamidate]. 
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which has recently been shown to inhibit 
flagellar outgrowth (6). In contrast to the 
previous inhibitors, this compound, 
APM (amiprophos methyl) (Fig. 1) (7), 
had a marked inhibitory influence on 
tubulin production in deflagellated cells. 
Indeed, subsequent experiments have 
shown that APM is a rapid, reversible, 
and selective inhibitor of tubulin syn- 
thesis in C. reinhardi. 

Gametic cells of strain 137c were ob- 
tained by overnight incubation of vegeta- 
tive cells in a nitrogen- and sulfate- 
deficient medium (medium V) as de- 
scribed (5). For analysis of tubulin induc- 
tion, cells were deflagellated by incu- 
bation at pH 4.7 for 1 minute (8) and 
labeled for 30-minute intervals with 
H235SO4. Labeling procedures were 
modifications (5) of those developed by 
Lefebvre and Rosenbaum (9); we used 
100 ,uCi of carrier-free H235SO4 to label 
approximately 107 cells in 0.5 ml of medi- 
um V. After labeling, cells were precipi- 
tated with ten volumes of acetone and 
dried. The acetone powders were dis- 
solved in 2 percent sodium dodecyl sul- 
fate, 5 percent mercaptoethanol, 10 per- 
cent glycerol, 60 mM tris (pH 7.6), and a 
portion (containing 2 x 106 count/min) 
was subjected to electrophoresis (except 
where noted) on a 9 percent polyac- 
rylamide gel containing sodium dode- 
cyl sulfate. Electrophoretic conditions 
were as described (4, 5). 

When gametic cells of C. reinhardi 
were deflagellated, tubulin synthesis be- 
gan within 15 minutes and continued at 
high levels (15 to 20 percent of total cel- 
lular protein synthesis) for approximate- 
ly 11/2 hours (4, 5) (Fig. 2A, tracks 1 to 
4). If these cells were treated with 3 /M 
APM 5 minutes prior to deflagellation, 
tubulin induction was inhibited (Fig. 2A, 
tracks 5 to 8). In this experiment only 
small quantities of tubulin synthesis 
were detected in the first (15 to 45 min- 
utes) labeling period after deflagellation 
and only trace amounts in the next or 
subsequent periods. Thus, APM has a 
rapid and severe effect on tubulin induc- 
tion after deflagellation. 

In addition to blocking the initial in- 
duction of tubulin synthesis, APM also 
caused a rapid cessation of tubulin syn- 
thesis when applied to cells at any time 
during the inductive cycle. For instance, 
if induction was allowed to proceed for 
15 minutes prior to administration of 
APM, tubulin synthesis in the succeed- 
ing 30-minute period (Fig. 2B, track 1) 

which has recently been shown to inhibit 
flagellar outgrowth (6). In contrast to the 
previous inhibitors, this compound, 
APM (amiprophos methyl) (Fig. 1) (7), 
had a marked inhibitory influence on 
tubulin production in deflagellated cells. 
Indeed, subsequent experiments have 
shown that APM is a rapid, reversible, 
and selective inhibitor of tubulin syn- 
thesis in C. reinhardi. 

Gametic cells of strain 137c were ob- 
tained by overnight incubation of vegeta- 
tive cells in a nitrogen- and sulfate- 
deficient medium (medium V) as de- 
scribed (5). For analysis of tubulin induc- 
tion, cells were deflagellated by incu- 
bation at pH 4.7 for 1 minute (8) and 
labeled for 30-minute intervals with 
H235SO4. Labeling procedures were 
modifications (5) of those developed by 
Lefebvre and Rosenbaum (9); we used 
100 ,uCi of carrier-free H235SO4 to label 
approximately 107 cells in 0.5 ml of medi- 
um V. After labeling, cells were precipi- 
tated with ten volumes of acetone and 
dried. The acetone powders were dis- 
solved in 2 percent sodium dodecyl sul- 
fate, 5 percent mercaptoethanol, 10 per- 
cent glycerol, 60 mM tris (pH 7.6), and a 
portion (containing 2 x 106 count/min) 
was subjected to electrophoresis (except 
where noted) on a 9 percent polyac- 
rylamide gel containing sodium dode- 
cyl sulfate. Electrophoretic conditions 
were as described (4, 5). 

When gametic cells of C. reinhardi 
were deflagellated, tubulin synthesis be- 
gan within 15 minutes and continued at 
high levels (15 to 20 percent of total cel- 
lular protein synthesis) for approximate- 
ly 11/2 hours (4, 5) (Fig. 2A, tracks 1 to 
4). If these cells were treated with 3 /M 
APM 5 minutes prior to deflagellation, 
tubulin induction was inhibited (Fig. 2A, 
tracks 5 to 8). In this experiment only 
small quantities of tubulin synthesis 
were detected in the first (15 to 45 min- 
utes) labeling period after deflagellation 
and only trace amounts in the next or 
subsequent periods. Thus, APM has a 
rapid and severe effect on tubulin induc- 
tion after deflagellation. 

In addition to blocking the initial in- 
duction of tubulin synthesis, APM also 
caused a rapid cessation of tubulin syn- 
thesis when applied to cells at any time 
during the inductive cycle. For instance, 
if induction was allowed to proceed for 
15 minutes prior to administration of 
APM, tubulin synthesis in the succeed- 
ing 30-minute period (Fig. 2B, track 1) 
was greatly reduced compared to that in 
nontreated cells (Fig. 2A, track 1). In the 
following labeling period little or no 
tubulin synthesis is evident (Fig. 2B, 
track 2). Even more dramatic were the 
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During Flagellar Regeneration in Chlamydomonas reinhardi 

Abstract. Amiprophos methyl (APM) is a strong, readily reversible and highly selec- 
tive inhibitor of tubulin synthesis in Chlamydomonas reinhardi. The extensive induc- 

tion of tubulin synthesis that accompanies flagellar regeneration in this organism is 

prevented by 3 to 10 ,tM APM. When applied after induction has begun, APM causes 

a rapid cessation of tubulin synthesis. Translation studies in vitro indicate that the 

lack of tubulin production in APM-treated cells is not due to a direct inhibition of 
tubulin messenger RNA translation but rather to a selective depletion of tubulin 
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effects observed when APM was applied 
to fully induced cells 45 minutes after 
deflagellation (Fig. 2B, tracks 5 to 9). In 
this case, the shutdown of tubulin syn- 
thesis was very rapid. The meager 
amount of tubulin produced in the period 
immediately after the addition of APM 

suggests that in this experiment tubulin 

synthesis could not have persisted for 
more than 10 or 15 minutes after the 
APM treatment was initiated. 

The inhibitory effects of APM on fla- 

gellar outgrowth and tubulin induction 
were reversible. For example, if cells in 
which flagellar outgrowth and tubulin in- 
duction had been blocked (Fig. 2A, 
tracks 5 to 8) were removed from medi- 
um containing APM at 105 minutes after 
deflagellation, an apparently normal 
round of tubulin induction was initiated 
within 15 minutes (Fig. 2A, tracks 9 to 
11) (10). The rapidity with which the ef- 
fects of APM could be reversed was the 
same regardless of whether APM was re- 
moved immediately after deflagellation 
or 3 hours later (data not shown). These 
results demonstrate that the ability to 
generate or respond (or both) to signals 
calling for tubulin synthesis is not de- 
stroyed even during lengthy treatments 
with APM. 

At concentrations below 30 .tM, APM 
had little or no effect on overall rates of 
protein synthesis (data not shown). A 
comparison of proteins produced in the 
presence and absence of APM (Fig. 2, A 
and B) revealed that APM was highly se- 
lective in its inhibition of tubulin syn- 
thesis. When more detailed analyses of 
cellular and flagellar proteins were made 
with higher resolution 7.5 percent poly- 
acrylamide gels (Fig. 3), we routinely ob- 
served an effect of APM on only tubulin 
and one other cellular protein (Mr 
157,000) (11). The synthesis of other ma- 
jor cellular proteins, including several 
presumptive flagellar proteins, appeared 
to be totally unaffected by APM treat- 
ment. 

To determine whether the inhibitory 
action of APM was directed against in- 
ducible proteins in general or against 
tubulin induction in particular, we as- 
sayed the effects of APM on a special 
class of proteins whose synthesis is in- 
duced immediately after zygote forma- 
tion in C. reinhardi (12). Addition of high 
levels of APM to gametes as early as 15 
minutes before zygote formation had no 
effect on the subsequent induction and 
synthesis of early, zygote-specific pro- 
teins (Fig. 4, tracks 3 and 4). These data 
provide additional evidence of the speci- 
ficity of APM's effect on the induction of 
tubulin synthesis. 

Although the data (Fig. 2, A and B, 
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and Fig. 3) suggest that APM causes a treatment could cause the directed secre- 
cessation of tubulin synthesis, two alter- tion of tubulin molecules into the ex- 
native possibilities exist. The first is that temal medium (13) where they might be 
APM treatment could result in the rapid rapidly destroyed. Both possibilities 
induction or activation of a tubulin-spe- were eliminated by the results of an ex- 
cific protease. The second is that such periment in which translation in vitro 
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Fig. 2. (A) Autoradiograph of sodium dodecyl sulfate-polyacrylamide gels containing H235S04- 
labeled proteins from gametic cells of C. reinhardi deflagellated in the presence (tracks 5 to 11) 
or absence (tracks 1 to 4) of 3 tiM APM. Some of the cells exposed to APM (starting at 5 
minutes prior to deflagellation) were centrifuged and resuspended in fresh medium lacking APM 
at 105 minutes after deflagellation (tracks 9 to 11). Cultures were deflagellated and labeled for 
30-minute intervals after deflagellation, as indicated. The migration of the a (56,000 daltons) and 
3 (53,000 daltons) subunits of flagellar tubulin are marked. (B) Effect of APM on tubulin syn- 
thesis when added 15 and 45 minutes after deflagellation. Deflagellated gametes were treated 
with 3 PM APM immediately before the first labeling period (that is, at 15 minutes after deflagel- 
lation) (tracks 1 to 4) or the second labeling period (at 45 minutes) (tracks 5 to 9). 
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was used to examine the messenger 
RNA (mRNA) content of polyribosomes 
isolated from control and APM-treated 
cells 45 minutes after deflagellation (Fig. 
5A). This experiment shows a nearly 
complete absence of tubulin mRNA from 
the polyribosomes of cells treated with 
as little as 1 ,tM APM. Such data pro- 
vide evidence that the absence of labeled 
tubulin subunits in the autoradiographs 
(Fig. 2, A and B, and Fig. 3) is a true 
reflection of the lack of tubulin syn- 
thesis. The lack of tubulin synthesis 
therefore was due either to the absence 
of tubulin mRNA in APM-treated cells 
or it was due to a highly selective block 
in tubulin mRNA translation. The data of 
Fig. 5B show that APM had no direct ef- 
fect on the translation in vitro of tubulin 
mRNA. Additional experiments (not 
shown) in which total cell poly- 
adenylated mRNA was translated in vi- 
tro gave no evidence for the presence of 
tubulin mRNA in APM-treated cells. Al- 
though these results do not rule out the 
possibility that tubulin mRNA is seques- 
tered in a distinctive, nontranslatable 
form, it would appear most likely that 
APM does not have a direct effect on the 
translation of tubulin mRNA, but rather 
affects the quantity of tubulin mRNA 
available for translation. 

In general, the quantity of a particular 
mRNA in the cell is determined by its 
rate of synthesis and processing and by 
its rate of decay. In the case of APM- 
treated cells, it is not clear from the data 
which of these mechanisms plays the 
predominant role in regulating cellular 
levels of tubulin mRNA. The kinetics of 
tubulin induction after reversal of APM 
inhibition are similar to those observed 
during induction in the absence of APM 
(Fig. 2A) and are therefore consistent 
with the possibility that removal of APM 
results in the renewal of tubulin mRNA 
transcription. In contrast, the exception- 
ally rapid rate at which tubulin synthesis 
is curtailed in fully induced cells after 
APM treatment (Fig. 2B) must be ex- 
plained either by a high rate of tubulin 
mRNA turnover in Chlamydomonas or 
by a rapid enhancement in the vulnera- 
bility of tubulin mRNA to cellular nudcle- 
ases in response to APM. A detailed un- 
derstanding of how tubulin synthesis is 
regulated in both control and APM- 
treated cells will depend on the resolu- 
tion of the relative contributions of selec- 
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. 

Fig. 5. (A) [35S]Methionine-labeled products 
of the in vitro translation of polyribosomes 
isolated from deflagellated cells 45 and 180 
minutes after deflagellation (tracks 1 and 2) 
and of polysomes isolated at like times from 
cells treated with 1 /iM APM 5 minutes prior 
to deflagellation (tracks 3 and 4). Procedures 
for isolation of polyribosomes and their trans- 
lation in the wheat germ system in vitro were 
as described (4). (B) Lack of effect of APM on 
the in vitro translation of tubulin mRNA. The 
mRNA was extracted from polyribosomes 
isolated from cells 45 minutes after deflagella- 
tion (at the height of tubulin induction). This 
mRNA was translated in the in vitro wheat 
germ system (4) in the absence (track 1) or 
presence of APM (3 oM, track 2; 30 AM, 
track 3). [35S]Methionine-labeled polypeptide 
products were analyzed on 8 percent poly- 
acrylamide gels containing 0.1 percent sodium 
dodecyl sulfate. 

tiv e gene transcription and selective 
mRNA destruction to tubulin mRNA 
availability. Progress in this direction 
will depend on the preparation and utili- 
zation of specific molecular probes for 
tubulin mRNA. 

APM acts quickly and reversibly to in- 
hibit both tubulin synthesis and flagellar 
outgrowth in C. reinhardi. The mecha- 
nism by which both processes are simul- 
taneously affected is unknown (14). 
APM does not block the in vitro assem- 
bly of brain tubulin into microtubules 
(15). Thus the lack of flagellar regenera- 
tion in APM-treated cells may not be due 
to a direct interference with tubulin as- 
sembly. However, even if this were the 
case, it is not apparent why there should 
be an effect on tubulin induction since, 
as was discussed earlier, colchicine (and 
other reagents) can completely block 
flagellar outgrowth without interfering 
with the induction of tubulin synthesis 

(5). APM might act to suppress the gen- 
eration or reception (or both) of a signal 
(or signals) that normally serves to con- 
trol both flagellar regeneration and tubu- 
lin synthesis. In any event, it is evident 
that APM's properties make it a highly 
useful reagent for further studies of the 
control mechanisms involved in the reg- 
ulation of tubulin mRNA production and 
destruction in C. reinhardi. 

PHILIP S. COLLIS 
DONALD P. WEEKS 

Institute for Cancer Research, 
Fox Chase Cancer Center, 
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