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Differential Reflex Activity 
Closer Muscle Asymmetry 

Determines Claw and 
in Developing Lobsters 

The paired claws and closer muscles of the lobster, Homarus d n w ,  are identical 
in the early juvenile stages, but subsequently difkerentiate into a stout crusher claw 
with only slow fibers and a slender cutter with largely fast fibers. Rearing with 
different substrates or exercise of the claws revealed that claw laterality is determined 
in the central nervous system by differential reflex activity in the paired claws; the side 
with greater activity becomes the crusher, while the contralateral side becomes the 
cutter. 

I N MANY ANIMALS, ASYMMETRY I N  AN 

otherwise bilaterally symmetrical body 
plan often results in a specialization of 

function on opposite sides. A striking exam- 
ple of such asymmetry is seen in the paired 
claws of the lobster, H m u m  amerjcanw, 
where one of the claws is a stout, slow- 
acting crusher and the other is a slender, 
fast-acting cutter ( I ) ,  each with its role in 
food collection and territorial defense (2). 
The muscular basis for this functional asym- 
metry resides in the fiber composition of the 
paired closer muscle; the cutter has 60 to 80 
percent fast fibers and a small ventral band 
of slow fibers, and the crusher has 100 
percent slow fibers (3). The crusher claw 
appears with equal probability on the right 
or left side of the animal (4); this suggests 
that claw laterality is randomly determined. 
Such determination occurs during early ju- 
venile development, in the fourth and fifth 
stages (5). Prior to this the paired claws and 
closer muscles are symmetric; both look like 
cutters and have a central band of fast fibers 
sandwiched between slow fibers (6). Once 
claw lateralitv is determined in the early 

reflex activity in the paired claws converges 
in the central nervous system (CNS) and 
determines claw and closer muscle asymme- 
try in juvenile lobsters. 

Experimetits were performed at the Ma- 
rine Biological Laboratory, Woods Hole, 
Massachusetts, where the rearing facilities 
enabled I& to follow the development of 
individual lobsters from hatching to late 
juvenile stages when their claws were clearly 
asymmetric. After hatching, the first three 
larval stages were reared communally. After 

juvenile stages, the central fast fiber band 
becomes slow fibers in the crusher, while in 
the cutter the slow fibers change to fast, 
except for a small ventral band. Because claw 
laterality can be experimentally altered by 
manipulating the environment or the claws 
in the early juvenile stages (5), it may be 

Fig. 1. Closer muscles of a left crusher claw and possible to uncover mechanisms that govern right tuner claw from an eightH stage 
a s w e t r y .  Here we report such experi- lobster in which the left claw was exercised (mag- 
ments, which demonstrate that differential nified x24). 

the molt to the fourth stage, which is the 
first juvenile stage, each animal was trans- 
ferred to an individual tray so that we could 
monitor its molt history and to prevent 
internecine behavior (7). Experimental 
treatments were carried out in the fourth 
and fifth juvenile stages because, during 
these 2 to 3 weeks, claw laterality is deter- 
mined (5) and, once determined, remains 
6 x 4  for life. Juvenile lobsters were reared to 
at least the eighth stage, when claw asymme- 
try is well established. At this stage the 
cutter claw was long and slender, and had 
distinctive sensory bristles and a central inci- 
sor-like tooth onits mllex: the crusher claw 
was short and stoit, la&ed the sensory 
bristles, arid had a central molar-like tooth 
(Fig. 1). The cutter closer muscle clearly had 
the adult fiber composition of predominant- 
ly fast muscle with a ventral slow band, 
while the crusher muscle had not acquired 
its final composition of 100 percent- slow 
fibers and still retained a narrow central fast 
fiber band (Fig. 1). Because muscle compo- 
sition is closely tied to external claw mor- 
phology (8), the external morphology was 
utilized to assess the internal muscle compo- 
sition. The fiber composition of the closer 
muscle was evaluated histochemicallv in 
three representative lobsters from each ex- 
perimental condition, each with a different 
configuration of its paired claws (Table 1). 
Fiber analysis was performed on frozen 
cross-sections of the claw muscle that were 
staihed for myofibrillar adenosine triphos- 
phataik (ATPase) activity (9). 

W e n  juvenile lobsters are reared with 
vkious substrates (such as oyster chips, plas- 
tic chips, gravel, or mud), as adults they 
have asymmetric claws and closer muscles in 
approximately equal numbers of right- and 
lefi-handedness (8). Such a ratio is to be 
expected because claw lateralijr is randomly 
determined (4). When they are reared with- 
out? substrate, however, they have symmet- 
rical claws with closer muscles of the cutter 
type. In contrast to the substrates in the 
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trays, the smooth molded plastic of the 
rearing trays provided little opportunity for 
gripping by the claws; this suggested that a 
substrate that can be manipulated by the 
claws was necessary for the development of 
asymmetry. In fact, juvenile lobsters were 
observed handling the substrate with their 
claws. T o  test this proposal, we reared juve- 
nile lobsters with no substrate, but with 
spots resembling chips painted on parts of 
the bottom and sides of the plastic trays, and 
compared these with lobsters reared with 
oyster chips as substrate and with no sub- 
strate (Table 1).  When they were reared 
with oyster chips a majority of the lobsters 
had asymmetric claws, but both the painted 
chip and no substrate conditions gave rise to 
lobsters with symmetric claws. Thus, the 
presence of a physical substrate seemed to be 
required for claw asymmetry to develop. 
Even one oyster chip was adequate to result 
in a significant majority of lobsters with 
asymmetric claws. Thus any substrate that 
allowed the claws to be exercised could 
cause the development of bilateral asymme- 
try. 

To provide fbrther support for this con- 
clusion, we reared two lobsters together in a 
single tray and allowed them to interact 
during the fourth and fifth stages. Lobsters 
are by nature aggressive animals and, when 
reared together, fight with their claws. Usu- 
ally one animal lost either one or both claws 
during the period they were together. How- 
ever, when claw lateralitv was assessed in 
lobsters with both claws, the majority devel- 
oped asymmetric claws and closer muscles 
(Table 1). To test whether it was the use of 
the claws in antagonistic encounters with 
another lobster that promoted asymmetry, 
and not simply the visual presence of anoth- 
er animal, we reared juvenile lobsters with- 
out a substrate but with a mirror along one 
of the long sides of the tray. The lobsters 
occasional& approached their reflections but 
did not attempt to interact with them fur- 
ther. A significant number of these lobsters 
develo~ed  aired cutter claws similar to 

L L 

their counterparts raised without a substrate 
but unlike those raised with oyster chips 
(Table 1). Clearlv the lack of a substrate and 
the resulting lack of claw activity prevented 
one of the paired claws from differentiating 
into a crusher. 

Although these experiments suggested 
that activity influences the development of a 
crusher, convincing proof was needed from 
experiments that promote the differentiation 
of a crusher claw rather than suppress it. T o  
this end we reared lobsters without a sub- 
strate but with exercise of one of the paired 
claws during the critical juvenile stages. The 
exercise regime consisted of holding the 
lobster and stroking its claw with a small 

Table 1. Configurations of paired claws in juvenile lobsters reared under different environmental 
conditions and with exercise of the claws. Lobsters were reared individually in smooth plastic trays from 
the fourth to the eighth stage. Claw configuration was then assessed visually and a representative 
example of each of the three claw configurations was histochemically treated to determine fiber 
composition of the paired closer muscles. The different environmental conditions prevailed throughout 
the entire rearing period and the exercise conditions were applied only in the fourth and fifth stages. The 
contingency X 2  test (with Bonferroni correction to probabilities) was used to determine the significance 
(P) between oyster chips (control) and each of the environmental conditions, and between handling 
animals (control) and exercising of the claw. Abbreviations: R., right; L., left; and NS, not significant. 
Under environmental conditions promoting asymmetry, 11 out of 64 lobsters developed paired cutter 
claws; this is a value much higher than in the wild and due largely to the paired cutter claws that 
developed in the one chip condition. 

- -- - - - - 

Palred claw configurauons Total 

Treatment R, cmsher L. crusher R. cutter number P 
L. cutter R. cutter L. cutter reared 

Environmental condition 
Oyster chips (control) 
One oyster chip 
Painted chips 
Two animals 
Mirror 
No substrate 

Exercise 
Handled animal (control) 
Left claw 
Both claws 

paint brush so that the claw gripped the 
bristles six to eight times during a 40 to 60 
second session. Each lobster was exercised in 
three sessions per day separated by approxi- 
mately 5-hour intervals over the entire peri- 
od of the fourth and fifth stages. Usually the 
exercised claw became the crusher (Table 1) 
even though the lobsters were raised under 
conditions that would tend to suppress 
crusher development, that is, with no sub- 
strate. As a control, another group of juve- 
nile lobsters was raised under identical con- 
ditions but not exercised, that is, they were 
picked up and held for 1 minute three times 
daily. The distribution of claw laterality was 
significantly different between these two 
groups (Table 1). Moreover, the probability 
of the treated claw becoming a cutter or 
crusher was tested between control and ex- 
perimental conditions, and the number be- 
coming crushers was significantly greater in 
the exercised group than in the control 
group (P < .001, contingency X 2  test). 
Thus, some minimal level of reflex activity in 
the claws is necessary to differentiate a 
crusher claw and to transform fast fibers to 
slow. 

If the only requirement for producing a 
crusher is a minimal (threshold) level of 
reflex activity, then why are lobsters with 
paired crusher claws so rare? In more than a 
decade of rearing lobsters we have not seen 
any with paired crusher claws and, in the 
one wild animal that had paired claws, one 
of the closer muscles had a substantial pro- 
portion of fast fibers (1 0). Apparently, reflex 
activity by itself may not directly induce 

crusher development, but may act at a more 
distant site, such as the CNS, where inputs 
from reflex activation of the paired claws 
converge. Support for this view comes from 
our final experiment in which both claws 
were exercised. The majority failed to devel- 
op asymmetric claws but developed paired 
cutter claws (Table 1). Thus, the dlstribu- 
tion of claw laterality when both claws were 
exercised was not significantly different from 
the control condition when the lobsters 
were handled but not exercised. Yet these 
juvenile lobsters were subjected to an exer- 
cise regime that, when applied to one of a 
pair of claws, induced crusher development. 
However, because both claws were exer- 
cised, bilateral differences were presumably 
reduced or nonexistent, resulting in sym- 
metrical claws and closer muscles. Develop- 
ment of claw asymmetry therefore depends 
on the differential reflex activation of the 
paired claws, the side with the relatively 
higher level becoming the crusher while the 
opposite side becomes the cutter. 

A simple and possible explanation of these 
results is that the neural input (sensory or 
proprioceptive) due to reflex activity from 
both claws converges in the CNS-in this 
case, the first thoracic ganglion serving the 
claws. Here, a comparison of the neural 
input from both sides occurs, resulting in 
the determination of claw asymmetry. Once 
laterality is determined in the CNS in the 
early juvenile stages, it is expressed at the 
periphery during subsequent development 
in terms of external claw morphology and 
fiber composition of the closer muscle. A 
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more complex explanation of our results is 
that, although reflex activity promotes 
crusher development, another signal to the 
CNS inhibits its induction in the contralat- 
eral claw. Consequently, if inhibition took 
priority over induction, then exercise of 
both claws would result in paired cutter 
claws even though reflex activity induces 
crusher formation. In either case, our results 
demonstrate that control of claw asymmetry 
resides in the CNS. Although asymmetry of 
the vertebrate brain with respect to vocaliza- 
tion in song birds (11) and language pro- 
cessing in humans (12) may be experimen- 
tally altered by ablation and deprivation, we 
do not know the degree to which use and 
disuse determines the original asymmetry. 
Our experiments with lobster claws show 
how use promotes asymmetry. Moreover, 
the neuronal changes involved in determin- 

ing such asymmetry may be more easily 
understood in lobsters because of the rela- 
tive simplicity of their nervous system as 
compared to that of vertebrates. Insights can 
be gained here that will be of help in 
understanding neural asymmetry in verte- 
brates-for example, cerebral lateralization 
in humans (13). 

- - -  

REFERENCES AND NOTES 

1. F. H .  Herrick, Bull. U S .  Fish. Comm. 15, l(1895); 
C. K. Govind and F. Lang, J. Exp. Zool. 190, 281 
(1974). 

2. J. C. E. Scrivener, Firh. Res. Board Can. Tech. Rep. 
No. 235 (1971); F. Lang, C. K. Govind, W. J .  
Costello, S. I. Greene, Science 197, 682 (1977). 

3. S. S. Jahromi and H.  L. Atwood, J. Exp. Zool. 176, 
475 (1971); F. Lang, W. J .  Costello, C. K. Govind, 
Bwl. Bull. 152, 75 (1977); M. M. Ogonwoski, F. 
Lang, C. K. Govind, J. Exp. Zool. 213, 359 (1980). 

4. F. H .  Herrick, Bull. Bur. Fish. (Wash.) 29, 149 
(1911). 

5. V.  E. Emmel, J. Exp. Zool. 5, 471 (1908); F. Lang, 
C. K. Govind, W. J .  Costello, Science 201, 1037 
(1978). 

6. F. Lang, C. K. Govind, J. She, Bwl. Bull. 75, 382 
(1977); C. K. Govind and F. Lang, ibid. 154, 55 
(1978); M. M. Ogonowski, F. Lang, C. K. Govind, 
J. &p. Zool. 213, 359 (1980). 

7. F. Lang, Aguaculture 6, 389 (1975). 
8. C. K. Govind and K. S. Kent, Nature (London) 298, 

755 119821. 
9. M. M. ~ebnowsk i  and F. Lane. I. E ~ D .  ~ o o l .  207. ", , A 

143 (197y). 
10. C. K. Govind and F. Lann ibid. 297, 27 (1979). 
11. F. Nottebohm, in Later rzatwn m the Newow Sys- 

tem, S. Harnad, R. W. Doty, L. Goldstein, J. Jaynes, 
G. Krauthamer, Eds. (Academic Press, New York, 
19771. OD. 23-44. 

12. S. K;ashkn,Lanjugge Learning 23, 63 (1973). 
13. R. Sperry, Science 217, I223 (1982). 
14. We thank G. A. Lnenicka, H .  L. Atwood, and A. 

Wong for critical comments on the manuscript, and 
M. S~slow of the Massachusetts Lobster Hatchery, 
Martha's Vineyard, for generous and continuing 
supplies of larval lobsters. Supported by grants from 
the Grass Foundation, the Muscular Dystrophy 
Association of Canada, and the Natural Sciences and 
Engineering Research Council of  Canada. 

16 January 1986; accepted 5 May 1986 

Interferon Inhibits the Establishment of 
Competence in GO IS-Phase Transition 

Addition of mouse interferon-cdp (IFN) to coduent, quiescent BALB/c 3T3 (clone 
A3 1) mouse fibroblasts resulted in a block or delay in serum-induced activation of the 
cell cycle. It was necessary to add IFN within 6 hours after serum stimulation to inhibit 
nuclear labeling with [3~thyrnidine. This is consistent with the time required for 
platelet-derived growth factor (PDGF) to induce cells to become competent to 
respond to additional growth factors present in platelet-poor plasma. Simultaneous 
addition of IFN with PDGF inhibited the PDGF-induced synthesis of a 29-kilodalton 
and a 35-kilodalton protein that normally occurs within 1 hour after PDGF addition. 
IFN also suppressed the general increase in protein synthesis that occurs by the fifth 
hour after PDGF addition. These results show that IFN antagonizes the action of 
PDGF, thereby interfering with the activation of  Go cells for GI traverse and S-phase 
entry. 

I NTERFERONS (IFN's) CAN INHIBIT 

cell proliferation by blocking cells in the 
GdGl phase of the cell cycle (1-5). 

Serum factors control the traverse of cells 
from GdGl to S phase. Platelet-derived 
growth factor (PDGF) initiates prolifera- 
tion by rendering quiescent fibroblasts 
"competent" to respond to the progression 
activity contained in platelet-poor plasma- 
derived serum (PPP) (6-8). Plasma factors, 
which include epidermal growth factor 
(EGF) and somatomedin C (SmC), govern 
cellular progression through early GI  phase 
to a mid-GI point (8). Only SmC is required 
for progression from mid-G1 into S phase 
(8). We have investigated the antagonism 
between interferons and growth factors and 
report that mouse IFN-alp inhibits the tra- 
verse of serum-stimulated quiescent mouse 
BALBIc 3T3 cells from Go to S phase by 
acting on processes that take place within 

the first 6 hours. IFN both selectively inhib- 
its the early synthesis of at least two PDGF- 
induced proteins and suppresses the PDGF- 
induced increase in the overall level of pro- 
tein synthesis. 

We first defined the conditions under 
which mouse IFN-alp (2.6 x 10' Ulmg) 
inhibited the proliferation of a subline (7) of 
BALBIc 3T3 cells (clone A3 1). An exponen- 
tial relationship was observed between IFN 
concentration and reduction in growth rate 
of logarithmically growing cells as deter- 
mined over a 3-day interval (Fig. 1). A 20% 
reduction in growth rate was evident at 100 
Ulml and a 46 and 5 1 % reduction occurred 
at 5000 and 10,000 Ulml, respectively. The 
BALBIc 3T3 subline used in the present 
studies possessed an IFN sensitivity inter- 
mediate between the lower sensitivity of 
BALBIc 3T3 cells used by Sokawa et al. (1) 
and the higher sensitivity of cells used by 

Balkwill and Taylor-Papadimitriou (2). 
The ability of IFN to delay or block 

serum-stimulated entry into S phase was 
evaluated by determining the percent of 
nuclei that incorporated [3~]thymidine at 
various intervals after addition of serum to 
density-arrested BALBIc 3T3 cells (Fig. 2a). 
After an initial lag of 10 hours, the percent 
of labeled nuclei increased with time over 
the ensuing 14 hours in cultures that re- 
ceived serum without IFN. Treatment with 
IFN-alp at either 1500 or 5000 Ulml de- 
layed entry into S phase in a concentration- 
dependent manner. In addition, the rate of 
increase in DNA-synthesizing cells was 
clearly reduced in the presence of 5000 
Uiml. These results are consistent with pre- 
vious observations (1, 2). 

The establishment of competence by 
PDGF is both concentration- and time- 
dependent. With an estimated PDGF con- 
centration of the order of 1 ng or 1 Uiml in 
the medium containing 10% calf serum, the 
great majority of the cells that achieve com- 
petence do so within 6 hours (7). The 
inhibition of S-phase entry as a function of 
the time of IFN addition was measured in 
order to determine the time in the cell cycle 
at which the IFN-mediated block occurred. 
3T3 cells were stimulated by the addition of 
fresh medium supplemented with 10% calf 
serum, and IFN (final concentration 5000 
Uiml) was added simultaneously or at vari- 
ous intervals after serum addition. Cultures 
were allowed to incorporate [3~]thymidine 
and the percent of cells that entered S phase 
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