
binding curves (Fig. 3) show that fMet- 
Leu-Phe coupled to IgG and IgM anti- 
bodies inhibited the binding of tritiated f- 
norleucylleucylphenylalanine (fNle-Leu- 
Phe) (3) by 50 percent at 22 t/g and 40 ,cg, 
respectively. Neither the native immu- 
noglobulins nor those treated only with 
CDI (up to 150 ,ig) inhibited binding 
(data not shown). These studies demon- 
strate that the chemotactic peptide, al- 
though linked to immunoglobulins, can 
still bind its cellular receptors. 

Since the coupled immunoglobulins 
possessed potent chemotactic activity as 
well as antigen binding activity, studies 
were carried out to determine whether 
these preparations retained their chemo- 
tactic activity when complexed to anti- 
gen. Untreated, CDI-treated, or peptide 
coupled anti-SRBC were incubated for 1 
hour at 37?C with SRBC stroma (8, p. 
150) and assayed for chemotactic activi- 
ty. Immune complexes containing the 
peptide were chemotactic, but immune 
complexes lacking the peptide were in- 
active (Fig. 1C). Washing the complexes 
three times caused no loss in chemotac- 
tic activity, indicating that this property 
resides in the complex and not in free 
antibody. Moreover, centrifugation to 
remove complexes produced super- 
natants completely devoid of chemotac- 
tic activity. 

The effectiveness of chemotactic anti- 
body in vivo is presently under investi- 
gation. In theory, the coupled antibody 
will reach its target and exert its effect 
locally by attracting inflammatory cells. 
Demonstrating that the binding of chemo- 
tactic antibody to membranes results in 
chemotactic immune complexes suggests 
that such antibody-antigen complexes 
shed from cells in vivo may also be chemo- 
tactic. This might be particularly use- 
ful in situations where the foreign anti- 
gens (tumors or infected cells) are poor 
immunostimulants and trigger little if 
any inflammatory response. If chemo- 
tactic antibody proves effective in vivo, 
it should be possible to couple a variety 
of other biologically active mediators to 
immunoglobulin molecules. 
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The mouse neuroblastoma cell lines 
initially established in culture from the 
C1300 solid tumor (1) can be used to study 
many aspects of neuronal differentiation. 
These cells contain neural enzymes (1- 
3), produce catecholamines (2), possess 
the neuron-specific 14-3-2 protein (4), 
and are electrically excitable (5). Cells of 
both subcutaneous tumors and suspen- 
sion cultures in vitro are anaplastic and 
round. When, however, they are grown 
in culture attached to a surface and in the 
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Fig. 1. The effect of TPA on the time course of 
neurite outgrowth in murine neuroblastoma 
cells during serum deprivation. The cells were 
incubated for up to 5 hours in DMEM (25) in 
the presence of serum (@), absence of serum 
(O), or absence of serum plus 100 ng of 
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presence of dibutyryl adenosine 3',5'- 
monophosphate (cyclic AMP) (6), bro- 
modeoxyuridine (7), prostaglandin E1 
(8), cytosine arabinoside (9), papaverine 
(10), or serum-free medium (11, 12) the 
cells assume a morphology resembling 
the mature neuron (2). In particular, 
neurites are extended which contain mi- 
crotubules, neurofilaments, and dense 
core vesicles. The development of neu- 
rites by these cells facilitates studies of 
morphological differentiation. 

We have studied the effects of 12-0- 
tetradecanoyl-phorbol-13-acetate (TPA) 
on morphologic differentiation of murine 
neuroblastoma cultures. This compound 
and other plant diterpenes are among a 
class of potent tumor-promoting agents 
in the two-stage mouse skin carcinogen- 
esis system (13-15). Effects of TPA on 
macromolecular synthesis (16), phos- 
pholipid metabolism (17), and alterations 
in ultrastructure (18) in mouse skin have 
been reported. Also, TPA induces a 
number of alterations in cultures of nor- 
mal cells which tend to mimic the pheno- 
type of cells transformed by viruses (19, 
20) or chemical carcinogens (20), includ- 
ing induction of the protease plasmino- 
gen activator (21). Recently, it has been 
shown that TPA can inhibit differen- 
tiation in murine erythroleukemia and 
chicken myoblast cultures (22-24). Here 
we report that TPA causes a reversible 
inhibition of the program of differen- 
tiation in neuroblastoma cultures. 

Murine neuroblastoma cells (clone 
Neuro 2a) were obtained from the Amer- 
ican Type Culture Collection (ATCC 
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Tumor Promoters Inhibit Morphological Differentiation 

in Cultured Mouse Neuroblastoma Cells 

Abstract. When added to mouse neuroblastoma cultures, the potent tumor pro- 
moter 12-O-tetradecanoyl-phorbol-13-acetate (TPA) inhibits spontaneous neurite 
formation as well as that induced in response to serum deprivation, prostaglandin 
E,, 5-bromo-2'-deoxyuridine, and papaverine. Other tumor-promoting macrocyclic 
plant diterpenes also inhibit neurite formation, whereas nonpromoting diterpenes do 
not. Inhibition by TPA was reversible and was unrelated to toxicity. 
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CCL 131), Rockville, Md. Our line 
N2aH was adapted to growth in the pres- 
ence of Hepes (25, 26) buffer. Cells were 
grown in Falcon tissue culture flasks in 
RPMI 1640 medium with 10 percent fetal 
calf serum and 25 mM Hepes at 37?C 
in humidified air, and were transferred as 
single cell suspensions after we treated 
the monolayers with 1 mM EDTA in a 
solution of Hanks salts. Cells in the loga- 
rithmic phase of growth were prepared 
1 day in advance of experimentation by 
seeding 1 ml containing 2 x 104 cells 
onto microwell plates (Disposo Trays, 
model FB 16-24C, Bellco Glass). The 
cell monolayer was washed twice with 
Hanks salts immediately prior to experi- 
mentation, then treated as explained in 
the individual legends to the figures. 
Promoters and other diterpenes [see (25)] 
were dissolved in DMSO or in ethanol 
and the final concentrations of these 
solvents did not exceed 0.1 percent in 
the culture medium. Solvents at these 
concentrations had no detectable effect 
on neurite outgrowth. The percentage of 
cells bearing neurites was determined by 
counting several random fields under 
low-power phase-contrast microscopy. 
Only cells with processes greater than or 
equal to the diameter of the perikaryon 
(about 40 ,/m) were scored positive; cells 
with multiple processes were only 
scored once. Between 120 and 160 cells 
were counted in each culture and the val- 
ues presented represent the mean and 
standard error of observations on four 
replicate cultures. 

Seeds et al. (11) and Schubert et al. 
(12) have shown that when deprived of 
serum, cultured mouse neuroblastoma 
cells undergo a program of morphologi- 
cal differentiation which includes rapid 
and reversible extension of nerve cell 
processes. In the experiment shown in 
Fig. 1, 35 percent of the cells in a culture 
were composed of process-bearing cells 
after 3 hours in serum-free medium. The 
proportion of process-bearing cells in a 
culture varies, depending on the particu- 
lar cell line and on the conditions of cul- 
ture. We found that the presence of 100 
ng of TPA per milliliter (1.7 x 10-7M) 

during serum deprivation caused a 64 
percent (27) inhibition of neurite fiber 
outgrowth (Fig. 1). The time course of 
response was not noticeably altered by 
TPA, since both the TPA-treated and un- 
treated cultures attained their maximum 
responses within the same time period. 
A dose response curve is given in Fig. 2. 
With TPA at 300 ng/ml (5 x 10-7M), the 
response was inhibited by 75 percent; 50 
percent inhibition was attained with 56 
ng/ml (9.3 x 10-aM). 

We found that TPA inhibits not only 
5 MAY 1978 

the rapid response characteristic of 
serum deprivation, but also the slower 
responses seen with other agonists. 
Thus, TPA (100 ng/ml) blocks neurite 
outgrowth induced by prostaglandin E1, 
papaverine, or 5-bromo-2'-deoxyuridine 
(Table 1). With these last three agents 
the neurite outgrowth response is at a 
maximum after 2 days of exposure. We 
also found that TPA inhibits neurite out- 
growth provoked by hemin, a stimulus 
that elicits a response that has a time 
course similar to that induced by serum 

deprivation (28), and reduces the sponta- 
neous level of differentiation in these cul- 
tures (Table 1). 

The ability of various plant macrocy- 
clic diterpenes to inhibit neurite forma- 
tion correlated with their activities as tu- 
mor promoters on mouse skin (Table 2). 
Phorbol and 4-a-PDD (25), which are in- 
active as skin tumor promoters (15, 29) 
also failed to inhibit neurite formation. 
On the other hand, TPA, PDD, and inge- 
nol dibenzoate, which are potent pro- 
moting agents (15, 26, 29), were also ef- 

Table 1. Inhibition by TPA of neurite outgrowth in neuroblastoma cells mediated by prostaglan- 
din E1, papaverine, and bromodeoxyuridine. Neuroblastoma cells were exposed to the in- 
dicated compounds in the presence or absence of TPA (100 ng/ml) for 2 days in RPMI 1640 
medium with 10 percent fetal calf serum, and the percentage of cells with neurites was scored. 

Incubation conditions Neurite 

Compound Concentration TPA outgrowth (%)* 

None -11.3 + 0.6 
None + 6.0 + 0.4 
Prostaglandin Es 10 tg/ml - 18.2 ? 0.7 
Prostaglandin E 10 lOg/ml + 4.1 + 0.7 
Papaverine 25,tg/ml - 15.0 + 1.1 
Papaverine 25,tg/ml + 4.7 + 0.8 
5-Bromo-2'-deoxyuridine 5 x 10-5M - 19.8 + 0.3 
5-Bromo-2'-deoxyuridine 5 x 10-5M + 9.2 + 1.8 

*The values are means and standard errors (N = 4). 

Table 2. The effect of tumor-promoting and inactive diterpenes on morphological differentiation 
of mouse neuroblastoma cultures. The cells were first incubated in RPMI 1640 medium with 10 
percent fetal calf serum in the presence of the indicated compounds (200. ng/ml) for 2 hours. The 
cells were then washed twice with Hanks salts and incubated for an additional 3 hours with the 
same compounds but in serum-free medium consisting of 40 percent DMEM and 60 percent 
Hanks salts. The percentage of cells with neurites was determined. The level of spontaneous 
neurite formation in the presence of 10 percent fetal calf serum was 3.8 + 0.8 percent. 

Inhibi- Fiber Inhibi- 
Tumor-promoting Compounds* tion Compound* 

outgrowth (%) t 
activityt (%)M 

None 62.5 + 2.9 
TPA 4.0 1.7 99 + 
Phorbol 65.0 + 4.0 0 
PDD 8.8 + 1.4 92 + 
4-a-PDD 70.5 + 2.2 0 
Ingenoldibenzoate 21.0 ? 2.7 71 + 
Mezerein 18.8 + 2.7 75 + (weak) 

*For abbreviations see (25, 26). tPercentage of inhibition was calculated as explained in 27). fFor 
tumor-promoting activity on mouse skin see (15, 29). 

Table 3. Recovery of neurite outgrowth in neuroblastoma cells following washout of TPA. The 
neuroblastoma cells were washed with DMEM medium and incubated for 2 hours in DMEM in 
the presence or absence of TPA (100 ng/ml) as indicated. Serum was absent from these in- 
cubations. The percentage of cells with neurites was scored. The cells were then washed twice 
with 1.0 ml of DMEM with 10 percent fetal calf serum, twice with serum-free DMEM, and 
incubated for an additional 3 hours in DMEM in the presence or absence of TPA. Neurite 
outgrowth was again scored. 

Incubation conditions Neurite outgrowth (%)* 

0 to 2 hours 2 to S hours 2 hours 5 hours 

Minus TPA Minus TPA 28.0 + 0.7 25.5 + 1.0 
Plus TPA Minus TPA 8.8 ? 1.9 21.5 ? 2.8 

Plus TPA 9.3 ? 0.5 

*The values are the means and standard errors (N = 4) at 2 and 5 hours of incubation. The level of spontane- 
ous neurite outgrowth in DMEM containing 10 percent fetal calf serum was 5.3 ? 0.9 percent. 
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fective inhibitors of neurite formation. 
Mezerein, a promoting agent that is con- 
siderably less potent than TPA (26), also 
inhibited this system with fair efficacy; 
perhaps mezerein does not penetrate 
mouse skin as readily as does TPA, or 
requires metabolic activation. Ingenol 
dibenzoate and mezerein are macrocy- 
clic plant diterpenes whose ring systems 
differ from that of the phorbol nucleus 
(26). Mezerein shares with TPA other ef- 
fects in cell culture systems such as the 
ability to inhibit differentiation of cul- 
tured erythroleukemia cells (24) and the 
capacity to induce plasminogen activator 
in chick embryo fibroblasts and HeLa 
cell cultures (20). In our experiments, 
PDD and ingenol dibenzoate, unlike 
TPA, exhibited weak capacity to inhibit 
neurite outgrowth unless the cells were 
first incubated with the compounds. This 
may reflect possible differences between 
the diterpenes in rate of permeation into 
the cells. Phorbol has been reported to 
be a promoter in tissues other than skin; 
for example, it can promote leukemia 
and also tumors in liver and lungs in mice 
(30). 

The inhibition of neurite outgrowth by 
TPA is reversible (Table 3). Neurite out- 
growth increased after 2 hours of in- 
cubation in the absence of serum from 
the background level of 5.3 to 28 per- 
cent. This increase was inhibited by TPA 
(8.8 percent). When the cells were 
washed and examined after an additional 
3 hours of incubation in fresh TPA-free 
and serum-free DMEM medium, the 
neurite outgrowth had recovered to near- 
ly the level observed for cultures that 
were not exposed to TPA. Recovery did 
not occur in cultures incubated for a fur- 
ther period in fresh TPA. 

To exclude the possibility that TPA in- 
hibition of neurite formation might be 
due to nonspecific cytotoxicity, we per- 
formed the following experiments. Cul- 
tures exposed to TPA for 3 hours 
showed no difference relative to control 
cultures with respect to exclusion of try- 
pan blue dye. Cells were also examined 
for possible effects of the TPA treatment 
on cloning efficiency and growth rate. 
The cells were incubated with and with- 
out serum in the presence or absence of 
TPA for 3 hours, then washed and grown 
in complete growth medium under an 
overlay of 0.33 percent agar to prevent 
cell detachment and reseeding. No dif- 
ferences in the number of colonies 
formed could be distinguished between 
TPA-treated and untreated cultures. In 
addition, no significant differences in 
growth rates over a 5-day period were 
apparent between TPA-exposed and 
nonexposed neuroblastoma cultures, 
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Fig. 2. Inhibition of neurite fiber outgrowth in 
mouse neuroblastoma cells by increasing con- 
centrations of TPA. The cells were incubated 
in DMEM in the presence (O) or absence (O) 
of serum and the indicated concentrations of 
TPA for 3 hours, then the percentage of fiber- 
bearing cells in each culture was measured. 
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Fig. 3. The effect of previous exposure to 
TPA in the presence or absence of serum on 
the subsequent growth rate of cultured neuro- 
blastoma cells. Monolayers of neuroblastoma 
cells were incubated in DMEM for 2 hours 
with serum (A), with serum plus TPA (100 ng/ 
ml) (A), in the absence of serum (0), and in 
the absence of serum plus TPA (100 ng/ml) 
(*). The incubation media containing any 
floating cells and cells which were detached 
from the incubation vessel by treatment with 
1 mM EDTA in Hanks salts solution, were 
combined and then centrifuged to collect all of 
the cells. The cells were resuspended in the 
growth medium, 105 cells were seeded onto 
Falcon plastic tissue culture flasks (25 cm2), 
and the flasks were incubated at 37?C. Each 
day thereafter, for 5 days, the incubation me- 
dium and the cells detached by incubation for 
2 minutes with 1 mM EDTA and 0.5 percent 
trypsin in Hanks salts solution were com- 
bined, centrifuged, and the total number of 
cells determined by counting in a hemo- 
cytometer. The values are the means (N = 4) 
of closely agreeing results. The average stan- 
dard error was 7 percent of the mean (range, 3 
to 23 percent). 

whether serum was present or not during 
exposure (Fig. 3). 

The results of this study indicate that 
TPA and related plant diterpene tumor- 
promoting agents reversibly inhibit spon- 
taneous and induced neurite fiber out- 
growth in mouse neuroblastoma N2aH 
cells, and that this inhibition is not due to 
a general cytotoxicity. The inhibitory ef- 
fect of TPA is rapid, occurring within 1 
hour or less, hence does not require cell 
division. Inasmuch as the neurite out- 
growth induced by these agents is under 
nonphysiological conditions, it is impor- 
tant to mention other studies that in- 
dicate that TPA can also reversibly block 
neurite fiber formation induced by nerve 
growth factor in cultured embryonic sen- 
sory ganglia (31). Thus TPA may prove 
of value as a pharmacological agent in 
the study of the mechanism of neurite 
formation. 

Other studies indicate that TPA inhib- 
its myogenesis of cultured chick myo- 
blasts (22), terminal differentiation of 
murine erythroleukemic cells (23, 24), 
and conversion of 3T3 fibroblasts to adi- 
pose-like cells (32). These results, to- 
gether with those of the present study, 
indicate that this class of compounds 
acts as an inhibitor of differentiation in 
widely divergent systems, in agreement 
with the speculation made by Berenblum 
(14) more than two decades ago. These 
compounds may prove, therefore, to be 
valuable for studying various aspects of 
differentiation as well as the role of alter- 
ations in cellular differentiation in the 
carcinogenic process (18, 23, 24, 33). 

DOUGLAS N. ISHII 

Department of Pharmacology and 
Cancer Research Center, College of 
Physicians and Surgeons of Columbia 
University, New York 10032 

EITAN FIBACH 

Cancer Research Center, 
Columbia University 

HIROSHI YAMASAKI 
I. BERNARD WEINSTEIN 

Division of Environmental Sciences 
and Institute of Cancer Research, 
Columbia University 

References and Notes 

1. G. Augusti-Tocco and G. Sato, Proc. Natl. 
Acad. Sci. U.S.A. 64, 311 (1969); R. J. Klehe 
and F. H. Ruddle, J. Cell Biol. 43, 69A (1969). 

2. D. Schubert, S. Humphreys, C. Baroni, M. 
Cohn, Proc. Natl. Acad. Sci. U.S.A. 64, 316 
(1969). 

3. A. Blume, F. Gilbert, S. Wilson, J. Farber, R. 
Rosenberg, M. W. Nirenberg, ibid. 67, 786 
(1970). 

4. G. Yogeeswaran, R. K. Murray, M. L. Pearson, 
B. D. Sanwal, F. A. McMorris, F. H. Ruddle, J. 
Biol. Chem. 248, 1231 (1973). 

5. P. Nelson, W. Ruffner, M. W. Nirenberg, Proc. 
Natl. Acad. Sci. U.S.A. 64, 1004 (1969). 

6. P. Furmanski, D. J. Silverman, M. Lubin, Na- 
ture (London) 233, 413 (1971). 

7. D. Schubert and F. Jacob, Proc. Natl. Acad. 
Sci. U.S.A. 67, 247 (1970). 

SCIENCE, VOL. 200 

A , O/ 
no 

AO 

0A 

^"~~~~C 

/s 

1-1 ~ * 

6, 
I ?-- 

1- 

n I , 

2 

1 



8. K. N. Prasad, Nature (London) New Biol. 236, 
49 (1972). 

9. J. R. Kates, R. Winterton, K. Schlessinger, Na- 
ture (London) 229, 345 (1971). 

10. K. N. Prasad and J. R. Sheppard, Exp. Cell Res. 
73, 436 (1972). 

11. N. W. Seeds, A. G. Gilman, T. Amano, M. W. 
Nirenberg, Proc. Natl. Acad. Sci. U.S.A. 66, 
160 (1970). 

12. D. Schubert, S. Humphreys, F. De Vitry, F. Ja- 
cob, Dev. Biol. 25, 514 (1971). 

13. E. Hecker, Cancer Res. 28, 2338 (1968); I. Ber- 
enblum, ibid. 14, 471 (1954). 

14. I. Berenblum, Br. J. Cancer 1, 379 (1947). 
15. B. L. V. Van Duuren, Prog. Exp. Tumor Res. 

11, 31 (1969). 
16. W. M. Baird, J. A. Sedgwick, R. K. Boutwell, 

Cancer Res. 31, 1434 (1971); A. N. Raick and A. 
C. Ritchie, Proc. Am. Assoc. Cancer Res. 12, 66 
(1971). 

17. L. R. Rohrschneider, D. K. Herzog, R. K. 
Boutwell, Proc. Am. Assoc. Cancer Res. 12, 79 
(1971). 

18. A. N. Raick, Cancer Res. 33, 269 (1973). 
19. A. Sivak and B. L. Van Duuren, Science 157, 

1443 (1967). 
20. I. B. Weinstein, M. Wigler, C. Pietropaolo, in 

Origins of Human Cancer, Proceedings of 
Cold Spring Harbor Conference on Cell Pro- 
liferation (Cold Spring Harbor Laboratory, 
Cold Spring Harbor, N.Y., 1977), vol. 4, p. 751. 

21. M. Wigler and I. B. Weinstein, Nature (London) 
259, 1232 (1976). 

22. R. Cohen, M. Pacific, N. Rubinstein, J. Biehl, 
H. Holtzer, ibid. 266, 538 (1977). 

23. G. Rovera, T. O'Brien, L. Diamond, Proc. 
Natl. Acad. Sci. U.S.A. 74, 2894 (1977). 

24. H. Yamasaki, E. Fibach, U. Nudel, I. B. Wein- 
stein, R. A. Rifkind, P. A. Marks, ibid., p. 3451. 

25. The following abbreviations are used: TPA, 12- 
O-tetradecanoyl-phorbol- 13-acetate; EDTA, 
ethylenediaminetetraacetate; DMSO, dimethyl- 
sulfoxide; PDD, phorbol-12,13-didecanoate; 4- 

8. K. N. Prasad, Nature (London) New Biol. 236, 
49 (1972). 

9. J. R. Kates, R. Winterton, K. Schlessinger, Na- 
ture (London) 229, 345 (1971). 

10. K. N. Prasad and J. R. Sheppard, Exp. Cell Res. 
73, 436 (1972). 

11. N. W. Seeds, A. G. Gilman, T. Amano, M. W. 
Nirenberg, Proc. Natl. Acad. Sci. U.S.A. 66, 
160 (1970). 

12. D. Schubert, S. Humphreys, F. De Vitry, F. Ja- 
cob, Dev. Biol. 25, 514 (1971). 

13. E. Hecker, Cancer Res. 28, 2338 (1968); I. Ber- 
enblum, ibid. 14, 471 (1954). 

14. I. Berenblum, Br. J. Cancer 1, 379 (1947). 
15. B. L. V. Van Duuren, Prog. Exp. Tumor Res. 

11, 31 (1969). 
16. W. M. Baird, J. A. Sedgwick, R. K. Boutwell, 

Cancer Res. 31, 1434 (1971); A. N. Raick and A. 
C. Ritchie, Proc. Am. Assoc. Cancer Res. 12, 66 
(1971). 

17. L. R. Rohrschneider, D. K. Herzog, R. K. 
Boutwell, Proc. Am. Assoc. Cancer Res. 12, 79 
(1971). 

18. A. N. Raick, Cancer Res. 33, 269 (1973). 
19. A. Sivak and B. L. Van Duuren, Science 157, 

1443 (1967). 
20. I. B. Weinstein, M. Wigler, C. Pietropaolo, in 

Origins of Human Cancer, Proceedings of 
Cold Spring Harbor Conference on Cell Pro- 
liferation (Cold Spring Harbor Laboratory, 
Cold Spring Harbor, N.Y., 1977), vol. 4, p. 751. 

21. M. Wigler and I. B. Weinstein, Nature (London) 
259, 1232 (1976). 

22. R. Cohen, M. Pacific, N. Rubinstein, J. Biehl, 
H. Holtzer, ibid. 266, 538 (1977). 

23. G. Rovera, T. O'Brien, L. Diamond, Proc. 
Natl. Acad. Sci. U.S.A. 74, 2894 (1977). 

24. H. Yamasaki, E. Fibach, U. Nudel, I. B. Wein- 
stein, R. A. Rifkind, P. A. Marks, ibid., p. 3451. 

25. The following abbreviations are used: TPA, 12- 
O-tetradecanoyl-phorbol- 13-acetate; EDTA, 
ethylenediaminetetraacetate; DMSO, dimethyl- 
sulfoxide; PDD, phorbol-12,13-didecanoate; 4- 

a-PDD, 4-a-phorbol-12,13-didecanoate; Hepes, 
4 - (2 - hydroxyethyl) -1 - piperazineethanesulfonic 
acid; DMEM, Dulbecco's modified Eagle's 
medium. Prostaglandin E1, prost-13-en-l-oic 
acid, 11,15-dihydroxy-9-oxo(lla,13E,15S) was 
obtained from Sigma. For structures of ingenol 
dibenzoate and mezerein see (26). 

26. E. Hecker, in Pharmacology and Phytochemis- 
try: First International Congress, Munich, 1970, 
H. Wagner and L. Horhammer, Eds. (Springer- 
Verlag, Berlin, 1971), p. 147. 

27. Percentage inhibition was calculated as follows: 
inhibition (percent) = 100 - 100 (y - back- 
ground)/(control - background). Background is 
the proportion of fiber-bearing cells in serum; 
control is the value in the absence of serum; and 
y is the value in the presence of a compound. 

28. D. N. Ishii and G. M. Maniatis, in preparation. 
29. R. K. Boutwell, CRC Crit. Rev. Toxicol. 2, 419 

(1974); E. Hecker, in Handbuch der Allgemeinen 
Pathologie, E. Grundman, Ed. (Springer-Ver- 
lag, Berlin, 1975) vol. 4, chap. 16, p. 651; G. 
Kreibich, R. Suss, V. Kinzel,Z. Krebsforsch. 81, 
135 (1974); E. Hecker, Methods Cancer Res. 6, 
439 (1971). 

30. I. Berenblum and V. Lonai, Cancer Res. 30, 
2744 (1970); V. Armuth and I. Berenblum, ibid. 
32, 2259 (1972). 

31. D. N. Ishii, in preparation. 
32. L. Diamond, T. G. O'Brien, G. Rovera, Nature 

(London) 269, 247 (1977). 
33. F. Marks, Cancer Res. 36, 2636 (1976). 
34. We thank P. A. Marks for the critical reading of 

this manuscript; B. C. Joondeph, D. E. Bacchi, 
and E. Reisner for technical assistance; Carcin- 
ogen Repository of the NCI for providing TPA: 
S. Belman for providing PDD and 4-a-PDD; and 
M. Kupchan for the mezerein and ingenol diben- 
zoate. This work was supported in part by NIH 
grant 5P01 HL 12738-09, NCI contract NO1-CP- 
2-3234, and NINCDS grant R01 NS 14218-01. 

29 August 1977; revised 24 January 1978 

a-PDD, 4-a-phorbol-12,13-didecanoate; Hepes, 
4 - (2 - hydroxyethyl) -1 - piperazineethanesulfonic 
acid; DMEM, Dulbecco's modified Eagle's 
medium. Prostaglandin E1, prost-13-en-l-oic 
acid, 11,15-dihydroxy-9-oxo(lla,13E,15S) was 
obtained from Sigma. For structures of ingenol 
dibenzoate and mezerein see (26). 

26. E. Hecker, in Pharmacology and Phytochemis- 
try: First International Congress, Munich, 1970, 
H. Wagner and L. Horhammer, Eds. (Springer- 
Verlag, Berlin, 1971), p. 147. 

27. Percentage inhibition was calculated as follows: 
inhibition (percent) = 100 - 100 (y - back- 
ground)/(control - background). Background is 
the proportion of fiber-bearing cells in serum; 
control is the value in the absence of serum; and 
y is the value in the presence of a compound. 

28. D. N. Ishii and G. M. Maniatis, in preparation. 
29. R. K. Boutwell, CRC Crit. Rev. Toxicol. 2, 419 

(1974); E. Hecker, in Handbuch der Allgemeinen 
Pathologie, E. Grundman, Ed. (Springer-Ver- 
lag, Berlin, 1975) vol. 4, chap. 16, p. 651; G. 
Kreibich, R. Suss, V. Kinzel,Z. Krebsforsch. 81, 
135 (1974); E. Hecker, Methods Cancer Res. 6, 
439 (1971). 

30. I. Berenblum and V. Lonai, Cancer Res. 30, 
2744 (1970); V. Armuth and I. Berenblum, ibid. 
32, 2259 (1972). 

31. D. N. Ishii, in preparation. 
32. L. Diamond, T. G. O'Brien, G. Rovera, Nature 

(London) 269, 247 (1977). 
33. F. Marks, Cancer Res. 36, 2636 (1976). 
34. We thank P. A. Marks for the critical reading of 

this manuscript; B. C. Joondeph, D. E. Bacchi, 
and E. Reisner for technical assistance; Carcin- 
ogen Repository of the NCI for providing TPA: 
S. Belman for providing PDD and 4-a-PDD; and 
M. Kupchan for the mezerein and ingenol diben- 
zoate. This work was supported in part by NIH 
grant 5P01 HL 12738-09, NCI contract NO1-CP- 
2-3234, and NINCDS grant R01 NS 14218-01. 

29 August 1977; revised 24 January 1978 

Diazepam Inhibits Myoblast Fusion and Expression 
of Muscle Specific Protein Synthesis 

Abstract, The presence of diazepam in cultures of chicken embryo myoblasts ar- 
rests normal muscle cell differentiation. High concentrations of the drug reversibly 
prevent myoblasts from fusing to form multinucleated myotubes. Lower concentra- 
tions of diazepam allow cellfusion to occur, but inhibit the synthesis and accumula- 
tion of myosin heavy chain, implying that cellfusion does not obligate myoblasts to 
synthesize and accumulate large quantities of muscle specific protein. The effect of 
diazepam on muscle cells in culture is direct and specific. 

Diazepam is a widely used muscle re- strated a specific receptor in the central 
laxant (1), although its site and mecha- nervous system for benzodiazepines, a 
nism of action on a molecular level is un- group of compounds which includes 
known. Recent studies have demon- diazepam (2). It is not known whether 
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the muscle relaxant effects of diazepam 
are central or peripheral. In some studies 
specific receptors for diazepam have not 
been found in adult skeletal muscle (2); 
in other studies, direct effects on skele- 
tal and cardiac muscle were observed 
(3). 

An attempt to elucidate the direct bio- 
chemical effects of the drug on embryon- 
ic skeletal muscle cells was made by add- 
ing diazepam (Valium, Roche) to the 
culture medium of chick myogenic cells 

undergoing differentiation. Although 
polyethylene glycol and ethanol were 
used to solubilize the diazepam for stock 
solutions, resulting in final concentra- 
tions of 0.2 percent polyethylene glycol 
and 0.05 percent ethanol in the culture 
medium, no effects on the cultures were 
observed by the presence of the vehicle 
without diazepam. 

Cells isolated from breast muscle of 
12-day-old chick embryos align with 
each other and fuse to form multi- 
nucleated myotubes (4). After cell fu- 
sion, there is a large increase in both the 
synthesis and accumulation of muscle 
specific proteins, of which the myosin 
heavy chain is a major component (5, 5a). 
After 5 days in culture, myotubes are 
normally striated and undergo spontane- 
ous contractions (6). Normal chick myo- 
genic cultures at days 2, 3, and 5 (Fig. 1, 
A to C) were compared with similar cul- 
tures grown in the presence of 100 JxM 
diazepam (Fig. 1, D to F) (7). At day 2 
the alignment of the diazepam-treated 
cells was similar to that of the control 
cultures, but normal fusion was inhib- 
ited. By day 5, few multinucleated myo- 
tubes were present in the treated cul- 
tures, although the close proximity of 
aligned myoblasts made it difficult to 
measure the exact extent of fusion. Al- 
though a lower concentration of diaze- 
pam (50 MIM) did not inhibit cell fusion, 
myotubes did not enlarge, become 
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Table 1. Synthesis and accumulation of total protein and myosin heavy chain in control and diazepam-treated cultures. Total protein content was 
measured by the method of Lowry (8). Incorporation of [3H]leucine into total protein was determined by precipitating samples in trichloroacetic 
acid, and measuring the radioactivity collected on glass fiber filters. The incorporation of [3H]leucine into myosin heavy chains and the determina- 
tion of myosin heavy chain content have been described (9). The results represent the data from one of three replicate experiments. While 
the actual numbers varied from experiment to experiment (due to variations in the number of cells per culture), the magnitude of the inhibition of 
myosin heavy chain synthesis and accumulation were similar in each case. At the termination of each experiment control cultures contained 
5.97 + 2.02 times more myosin heavy chain and incorporated 5.53 + 2.12 times more leucine into myosin heavy chain than diazepam-treated 
cultures. In contrast, control cultures contained 1.57 ? 0.42 times the total protein as diazepam-treated cultures, and incorporated 1.43 ? 0.25 
times the leucine into total protein. Results given are per culture. 

Incorporation of [3H]leucine 

Days in Total protein Myosin heavy chain Total protein (mg) Myosin heavy chain (,ug) 
culture (105 count/min) (103 count/min) 

Control Treated Control Treated Control Treated Control Treated 

2 1.27 0.90 0.25 0.09 0.81 0.80 1.20 1.00 
3 2.40 1.66 1.64 0.32 1.54 1.11 9.80 4.80 
4 4.35 2.84 4.43 1.41 1.54 1.01 21.60 7.80 
5 5.17 4.41 12.70 2.30 1.98 1.57 28.40 6.00 
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