
usage, the child was given a ball to throw 
and a crayon with which to draw. In 
none of the 150 individuals was there 
any difficulty in assignment to the dex- 
tral or nondextral group. Data on race, 
age, and best-fitting shoe size were also 
recorded, but none of these variables 
showed any tendency to be associated 
with foot asymmetry, so subjects were 
collapsed over these categories. 

Table 1 shows the number of dextral 
and nondextral male and female subjects 
having no foot-size asymmetry, or hav- 
ing a larger left or larger right foot. 
Among dextrals there is a significant 
association between sex and the direc- 
tion of foot asymmetry [X2 (2) = 45.0, 
P < .0001]. Though the number of non- 
dextrals is small, there is again an associ- 
ation between sex and foot asymmetry 
(5), but in the opposite direction. The 
mean asymmetry scores were 1.2 + 0.2 
for dextral males and -0.9 + 0.2 for 
dextral females [t (125) = 8.4, P < .0001]. 
The mean scores for nondextrals were 
-1.1 + 0.3 for males and 1.4 + 0.2 for 
females [t (21) = 5.8, P < .0001]. The 
pattern of results in childen under age 6 
was identical and, if anything, was even 
more extreme than for the rest of the 
sample; this result rules out the possi- 
bility that pubertal hormones induce 
asymmetric foot growth. The absolute 
asymmetry scores, ignoring sign, did not 
differ as a function of sex or handedness 
nor, for subjects having asymmetric feet, 
as a function of which foot was larger. 
For the group as a whole, the absolute 
asymmetry score was 1.3 + 0.1, and for 
those with asymmetric feet (114 subjects) 
was 1.7 + 0.1 (that is, somewhat more 
than a quarter shoe size). 

The observations reported here offer 
strong evidence for the action of gene 
products of X- or Y-linked loci in pro- 
moting asymmetric development of the 
feet, the direction of the asymmetry 
within sexes being governed by the same 
factors that determine handedness. 
Thus, our hypothesis, based on the re- 
sults of Reid (3) that the male genome is 

invariably associated with enhanced 
right-sided development and the female 
genome with enhanced left-sided devel- 
opment, was disconfirmed. Even in 
young children under the age of 6 the left 
foot was larger in females and the right 
foot larger in males only in dextral sub- 
jects, the reverse pattern being seen in 
nondextrals. Apparently, though there is 
a strong effect of sex on the development 
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ally determined by handedness in the lat- 
ter case. Although for both asymmetric 
brain maturation and foot growth the 
critical role of genes on the sex chromo- 
somes seems certain, the mechanisms by 
which these genes realize their effects 
evidently differ for the two body regions. 

JERRE LEVY 

Department of Behavioral Sciences, 
University of Chicago, 
Chicago, Illinois 60637 

JEROME M. LEVY 
301 South Main Avenue, 
Demopolis, Alabama 36732 

References and Notes 

1. D. Kimura, Can. J. Psychol. 23, 445 (1969); D. 
A. Lake and M. P. Bryden, Brain Lang. 3, 266 
(1976); H. Lansdell, Nature (London) 194, 852 
(1962); J. Levy and M. Reid, Science 194, 337 
(1976); J. McGlone and W. Davidson, Neuro- 
psychologia 11, 105 (1973); T. Marcel and P. Ra- 
jan, ibid. 13, 489 (1975). 

2. S. F. Witelson, Science 193, 425 (1976). 
3. M. Reid, in preparation. 

ally determined by handedness in the lat- 
ter case. Although for both asymmetric 
brain maturation and foot growth the 
critical role of genes on the sex chromo- 
somes seems certain, the mechanisms by 
which these genes realize their effects 
evidently differ for the two body regions. 

JERRE LEVY 

Department of Behavioral Sciences, 
University of Chicago, 
Chicago, Illinois 60637 

JEROME M. LEVY 
301 South Main Avenue, 
Demopolis, Alabama 36732 

References and Notes 

1. D. Kimura, Can. J. Psychol. 23, 445 (1969); D. 
A. Lake and M. P. Bryden, Brain Lang. 3, 266 
(1976); H. Lansdell, Nature (London) 194, 852 
(1962); J. Levy and M. Reid, Science 194, 337 
(1976); J. McGlone and W. Davidson, Neuro- 
psychologia 11, 105 (1973); T. Marcel and P. Ra- 
jan, ibid. 13, 489 (1975). 

2. S. F. Witelson, Science 193, 425 (1976). 
3. M. Reid, in preparation. 

4. J.M.L. has had over 50 years experience in fit- 
ting shoes, and although, because the magnitude 
of pedal asymmetry is typically less than half a 
shoe size, his classification had to be partially 
subjective, we are confident that no subject clas- 
sified as asymmetric was symmetric. It is pos- 
sible, however, that a few subjects classified in 
the symmetric category may have deserved a 
rating of ? 1. It should be mentioned, also, that 
customer cooperation in the project was easily 
secured, both because J.M.L. has lived in 
Demopolis all his life and is known by most of 
the townspeople, and because the town is small 
and a spirit of cooperation prevails. 

5. The exact probability of finding a distribution as 
unlikely as the one observed is only 3.18 x 10-5, 
and we may confidently conclude that in non- 
dextral individuals the distribution of males and 
females differs with respect to foot-size asym- 
metry. 

6. We express our appreciation to the participants 
in this study who, though they only sought to be 
fitted for shoes, graciously gave of their time to 
make this investigation possible. Perhaps in con- 
sequence of our finding that in three-fourths of 
all people the two feet are of unequal size, it 
may someday be possible to buy left and right 
shoes separately, thus securing more comfort- 
able footwear. This work was partially supported 
by NSF grant BNS 75-23061, a Spencer Founda- 
tion grant, and a biomedical grant from the Uni- 
versity of Chicago. 
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Substances Moved by Axonal Transport and Released by Nerve 

Stimulation Have an Innervation-Like Effect on Muscle 

Abstract. Substances which have an innervation-like effect on the cholinesterase 

activity of organ-cultured rat extensor digitorum longus muscles are moved in nerve 

by axonal transport, are released from nerve by stimulation, and are present in in- 
nervated muscle but apparently absent from denervated muscle. Substances which 
increase the acetylcholine sensitivity of cultured muscles behave similarly. 
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Innervation exerts a profound influ- 
ence on many of the properties of skele- 
tal muscle (1-3). The evidence available 

suggests that the influence of nerve on 
muscle is mediated in part by the activity 
(electrical or mechanical, or both) gener- 
ated in muscle by nerve (4), and in part 
by mechanisms that are independent of 
muscle activity (5-7). To account for the 

activity-independent influence of nerve 
on muscle it has been postulated that 
muscle properties are influenced by 
trophic substances (8) delivered to 
muscle by nerve (1, 3, 5, 9, 10). Several 
studies have shown that denervation-like 
changes occur in muscle when sub- 
stances that block axonal transport are 

applied to nerve (10). The interpretation 
of this finding is controversial (11), but 

proponents of the trophic substance hy- 
pothesis have interpreted it to mean that 
substances which normally influence 
muscle are moved by axonal transport. 
Musick and Hubbard (12) have present- 
ed evidence that indicates that protein is 
released concurrently with acetylcholine 
(ACh) at the mouse neuromuscular junc- 
tion and have suggested that this protein 
might mediate the trophic influence of 
nerve on muscle. 
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If the activity-independent influence of 
nerve on muscle is mediated by trophic 
substances then one would predict that 
substances with an innervation-like ef- 
fect on muscle (i) should be present and 
moved by axonal transport in nerve, (ii) 
should be present in innervated muscle 
(within intramuscular nerve and possibly 
within muscle itself) but should be ab- 
sent or present in reduced concentration 
in denervated muscle, and (iii) should be 
released from nerve. We have tested 
each of these predictions examining two 
muscle properties, cholinesterase (ChE) 
activity and ACh sensitivity, which are 
dramatically influenced by innervation. 
In adult rat muscle, innervation main- 
tains both junctional and extrajunctional 
ChE activity (13) and suppresses extra- 
junctional ACh sensitivity (2, 5, 14). 
There is evidence that, during develop- 
ment, innervation causes an activity-in- 
dependent aggregation of ACh receptors 
from the extrajunctional into the junc- 
tional region (15). Innervation probably 
continues to be involved in maintaining 
high junctional ACh sensitivity in adult 
muscle, but the extent of this influence is 
uncertain. Berg and Hall (16) have pre- 
sented data, incidentally and without dis- 
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cussion, which may reasonably be inter- 
preted to mean that the number of slowly 
decaying junctional ACh receptors de- 
creases 37 percent 5 days after denerva- 
tion. Frank et al. (17), on the other hand, 
using a different method in rat soleus 
found only a slow diminution in the num- 
ber of junctional ACh receptors after de- 
nervation. 

To assay putative trophic substances 
influencing muscle ChE activity and 
ACh sensitivity, we denervated in vivo 
the extensor digitorum longus (EDL) 
muscles of male Wistar rats (100 to 200 
g) and after 2 or 3 days removed the 
EDL muscles and cultured them for 1 to 
3 days in Trowell's T8 medium supple- 
mented in various ways. The ChE activi- 
ty of cultured muscles was measured ac- 

cording to a modification (7) of the meth- 
od of Ellman et al. (18), and their ACh 
sensitivity was measured by ACh ion- 
tophoresis (see legends to Figs. 1 to 3). 

To determine whether putative trophic 
substances in nerve are moved by axonal 
transport we took advantage of the fact 
that substances moved by axonal trans- 
port accumulate in a cut nerve in the re- 
gion just proximal to the site of section 
(19). The sciatic nerves on both sides of 
12 rats were sectioned, segments of con- 
trol nerve were removed, and the ani- 
mals were allowed to recover. Four days 
later, nerve enriched in substances 
moved by axonal transport was obtained 
by removing the 2.5-mm segment of 
nerve just proximal to the site of section 
from each sciatic nerve. Figure 1 shows 

that both ChE activity and ACh sensitiv- 
ity were significantly higher in muscles 
cultured in enriched as opposed to con- 
trol nerve extract (20). 

To determine whether innervated 
muscle contains putative trophic sub- 
stances which are absent or present in 
reduced concentration in denervated 
muscle, we cultured EDL muscles in the 
extract of normally innervated muscle or 
in the extract of muscle which had been 
denervated for 3 to 7 days (21). The ChE 
activity of muscles cultured in medium 
supplemented with denervated muscle 
extract (1.33 ? 0.06) was essentially the 
same as that of muscles cultured in T8 
medium alone (1.33 ? 0.04) but, as 
shown in Fig. 2, innervated muscle ex- 
tract significantly increased the ChE ac- 

Fig. 1 (left). The influence of substances 1.6 
moved by axonal transport on the ChE activi- 1.6 - a 
ty and ACh sensitivity of cultured muscles. In a 
each experiment both EDL muscles of one rat 1.56 i 0.05 1.5 - 
were denervated in vivo for 3 days; one 14 

1.53 0.06 
muscle was then cultured for 2 days in control (27) 
nerve extract and the other was cultured for 2 > 

> 1.4 
days in the extract of nerve enriched in sub- . 
stances moved by axonal transport (see text 1.2 
for details). In all experiments except two, 0.5 - i --i 
mg/ml of control and enriched nerve extract 3 1.33 ? 0.06 
(20) was used; in the remaining two experi- 1.0 (27) 
ments, on ACh sensitivity, 0.1 mg/ml was (7) 
used. Whole muscle ChE activity was mea- 1.2 
sured by a modification (7) of the method de- 8 - 
scribed by Ellman et al. (18) and is expressed 400 
as micromoles of acetylthiocholine hydro- 1.1 - 

lyzed per minute per gram of muscle. The 
ACh sensitivity was measured iontophoreti- b 10 b 
cally and is expressed in millivolts of depolar- 
ization per nanocoulomb of charge delivered J 347 ? 35 
(mV/nC) (5). To make this measurement, 9/6) - 15 
paired muscles cultured in control and en- > 300 12/72)) 
riched nerve extract were mounted side by > 
side in a chamber perfused continuously with . E 
oxygenated rat Ringer solution (mM: NaCI, 250 6 
135.0; KCI, 5.0; MgCl2, 1.0; CaCI2, 2.0; NaH- = 254 + 28 > 
CO3, 15.0; Na2HPO4, 1.0; glucose, 11.0). To ' (9/61) 
avoid bias in the measurement of ACh sensi- Q 200 

40 - 49 ?8 
tivity the measurement was obtained blind c c (11/76) 
with regard to the media in which muscles had < 
been cultured. ACh sensitivity was measured 20 
alternately in fibers from the two muscles by 150 
using the same iontophoretic pipette and mea- 
suring in the same region of each muscle. In o - ____ 
these experiments measurements were made 100 - Innervated Denervated 
on the superficial surface of the distal third of "Enriched" Control muscle muscle 
the muscle. The iontophoretic pipettes used nerve extract nerve extract extract extract 
contained 0.5 g of acetylcholine chloride per milliliter and had resistances between 150 and 400 megohms. The ACh was delivered by current 
pulses of 1 to 50 msec and the resulting depolarization was measured intracellularly by means of conventional glass microelectrodes containing 
3M KC1. Supplements which increase ACh sensitivity tend to have an innervation-like (hyperpolarizing) effect on the resting membrane potential 
of muscle (28). To eliminate any contribution that this might make to increased ACh sensitivity, we corrected the ACh sensitivity (AS) measured 
in each fiber to the value expected if its resting membrane potential were -78 mV: AS_78 mV = (ASRMP obs)(78 - 15)/(RMPobs - 15), where RMPobs 
was the resting membrane potential observed at the time ACh sensitivity was measured and -15 mV was taken as the reversal potential for ACh 
(29). Values shown are means + standard error. Numbers in parentheses are the number of muscles and, in the case of ACh sensitivity, the 
number of fibers examined. (a) P < .001 by Student's t-test with respect to muscles cultured in control nerve extract. (b) P < .05 by Student's t- 
test with respect to muscles cultured in control nerve extract. Fig. 2 (right). The influence of innervated and denervated muscle extract on the 
ChE activity and ACh sensitivity of cultured muscle. Rat EDL muscles were denervated in vivo for 2 days and were then cultured in the extract 
of normal innervated diaphragm muscle (10 mg/ml) or in the extract of diaphragm muscle (10 mg/ml) which had been denervated for 3 to 7 days 
prior to extraction (21). Muscles in which ChE activity was measured were cultured 2 to 3 days and muscles in which ACh sensitivity was 
measured were cultured for 3 days. Both ChE activity and ACh sensitivity were measured as described in Fig. 1. Values shown are 
means + standard error. Numbers in parentheses are the number of muscles and, in the case of ACh sensitivity, the number of fibers examined. 
(a) P < .03 by Student's t-test with respect to muscles cultured in denervated muscle extract. (b) P < .01 by Student's t-test with respect to 
muscles cultured in denervated muscle extract. 
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tivity of cultured muscles; ACh sensitivi- tion releases putative trophic substances 
ty was also significantly higher in mus- we conditioned (see legend to Fig. 3) T8 
cles cultured in innervated as opposed to medium with sciatic nerve-EDL muscle 
denervated muscle extract (22). preparations in which the nerve was 
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Fig. 3. The effect of medium conditioned with neurally stimulated EDL muscles on the ChE 
activity and ACh sensitivity of cultured muscle. In all of the experiments on ChE activity and in 
four of the experiments on ACh sensitivity the following procedure was used to condition me- 
dia. The sciatic nerve and EDL muscle were dissected, washed with rat Ringer solution, and 
placed in 5 ml of oxygenated (95 percent 02 and 5 percent CO2) T8 medium. The sciatic nerve 
was stimulated supramaximally through platinum stimulating electrodes at 7 Hz for 15 minutes, 
and the preparation was then allowed to rest for 5 minutes. The cycle of 15 minutes stimulation 
and 5 minutes rest was repeated until the preparation had been stimulated for a total of 30 to 60 
minutes. The contralateral EDL muscle was used to condition 5 ml of T8 medium in identical 
fashion except that the muscle was not stimulated. The media conditioned with neurally stimu- 
lated and unstimulated EDL muscles were diluted to 20 ml with normal T8 medium in order to 
be tested. In some experiments 0.5 to 1.5 mg of d-tubocurarine (dTC) or 10.0 mM MgCl2 per 
liter was added to the T8 bathing both stimulated and unstimulated muscles. In these experi- 
ments stimulation at 7 Hz did not begin until contraction in response to nerve stimulation had 
ceased (usually 30 to 60 minutes), but the procedure was otherwise identical. In six of the 
experiments on ACh sensitivity a different procedure was used to condition media. The sciatic 
nerve and EDL muscle were dissected and then perfused for 30 minutes with oxygenated (95 
percent 02 and 5 percent CO2) rat Ringer solution. The Ringer solution was removed and 5 ml of 
T8 medium were added for 15 minutes during which the muscle was unstimulated. The "un- 
stimulated" medium was saved, the muscle was perfused rapidly with rat Ringer solution for 5 
minutes, the Ringer solution was removed, and 5 ml of T8 medium were added for 15 minutes 
during which the nerve was stimulated supramaximally at 7 Hz. The "stimulated" medium was 
then saved and the muscle again perfused rapidly for 5 minutes with rat Ringer solution. The 
entire cycle (rest-perfusion-stimulation-perfusion) was performed four times generating 20 ml of 
T8 medium conditioned with unstimulated EDL muscle and 20 ml of medium conditioned with 
neurally stimulated EDL muscle. No dramatic difference was detected in media collected by the 
two procedures so the data obtained were pooled to give the ACh sensitivity data shown in Fig. 
3. To test these media we denervated EDL muscles for 3 days in vivo and then cultured the 
muscles in 20 ml of oxygenated (95 percent 02 and 5 percent CO2) T8 medium conditioned with 
either neurally stimulated EDL muscles or with unstimulated EDL muscles (media were filtered 
prior to culturing to remove bacteria). Muscles in which ChE activity was measured were cul- 
tured for 1 day, and muscles in which ACh sensitivity was measured were cultured for 3 days. 
Both ChE activity and ACh sensitivity were measured as described in Fig. 1. Numbers in paren- 
theses are the number of muscles and, in the case of ACh sensitivity, the number of fibers 
examined. (+EP and -EP indicate the presence or absence of end plates.) (a) P < .001 by 
Student's t-test with respect to muscles cultured in identical medium conditioned with unstimu- 
lated EDL muscle. (b) P < .001 by Student's t-test with respect to muscles cultured in T8 
medium conditioned with neurally stimulated EDL muscle. (c) P < .04 by Student's t-test with 
respect to fibers in the +EP region cultured in T8 medium conditioned with unstimulated EDL 
muscle. 
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to 60 minutes. As a control we used T8 
medium conditioned with unstimulated 
EDL muscles. Figure 3 shows that ChE 
activity was significantly increased by 
substances released by nerve stimula- 
tion. Postsynaptic blockade of neuro- 
muscular transmission with d-tubocura- 
rine (0.5 to 1.5 mg/liter) did not reduce 
the release of the substances which in- 
creased ChE activity, but presynaptic 
blockade of the vesicular release of 
transmitter with Mg2+ (10 mM) did signif- 
icantly reduce the release of these sub- 
stances (Fig. 3). These observations 
strongly suggest that substances which 
increase muscle ChE activity are re- 
leased from synaptic vesicles along with 
ACh. Nerve stimulation also released 
substances which significantly increased 
the ACh sensitivity of cultured muscles. 
In these experiments ACh sensitivity 
was measured not only in the distal re- 
gion as in previous experiments (Figs. 1 
and 2) but also in the proximal region 
where end plates usually are found. The 
increase in ACh sensitivity occurred in 
both regions but was larger and more sig- 
nificant in the proximal region where end 
plates normally are found. 

In these experiments we have supple- 
mented T8 medium in several ways in an 
effort to demonstrate trophic substances. 
To avoid being misled by nonspecific in- 
fluences of the supplements on the para- 
meters being measured we prepared and 
tested control media that were, as much 
as possible, identical to the experimental 
media except for the absence of putative 
trophic substances. We also examined 
the ChE activity and the ACh sensitivity 
of muscles cultured in T8 medium alone. 
The ChE activity of muscles that had 
been denervated for 3 days and then cul- 
tured in T8 medium alone was the same 
or slightly lower than that of muscles cul- 
tured in control media, so the significant 
innervation-like effect of supplemented 
media on the ChE activity of cultured 
muscles was also evident when com- 
parison was made with muscles cultured 
in T8 alone (23). The ACh sensitivity of 
muscles cultured in T8 medium alone 
was, in each case (Figs. 1 to 3), higher 
than that of muscles cultured in control 
media and, as a result, the increase in 
ACh sensitivity caused by supplemented 
media ceased to be significant when 
comparison was made with muscles cul- 
tured in T8 medium alone (24). The use 
of appropriate control media was, there- 
fore, unimportant in demonstrating the 
effect of putative trophic substances on 
ChE activity but was critical in demon- 
strating their effect on ACh sensitivity. 

The supplemented media used in these 
experiments had ChE activity, so the in- 
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crease in ChE activity observed in cul- 
tured muscles could conceivably have 
been due to ChE molecules in the media 
which became bound to the cultured 
muscles (25). If this were the case one 
would expect the increase in the ChE ac- 
tivity of cultured muscles to be accom- 
panied by a decrease in the ChE activity 
of the culture media. In 12 experiments 
we measured the ChE activity of media 
conditioned with neurally stimulated 
EDL muscles before and after muscles 
were cultured. In all of these experi- 
ments muscle ChE activity increased; 
but in nine of these experiments the ChE 
activity of the culture medium also in- 
creased, so the binding of ChE mole- 
cules in the supplemented media to cul- 
tured muscles probably does not account 
for the increase in muscle ChE activity 
observed. 

In the present experiments substances 
moved by axonal transport and released 
by nerve stimulation increased ChE ac- 
tivity and ACh sensitivity in a remark- 
ably parallel manner (Figs. 1 to 3). The 
substances found to influence ChE activ- 
ity are almost certainly to be involved in 
the normal maintenance of muscle ChE 
activity by innervation. The physiologi- 
cal function of the substances found to 
increase extrajunctional ACh sensitivity 
is less obvious because innervation nor- 
mally suppresses extrajunctional ACh 
sensitivity. Our working hypothesis is 
that the substances which, in these ex- 
periments, increased ACh sensitivity 
when applied globally to denervated cul- 
tured muscle are substances which, in 
vivo, are involved in the maintenance of 
junctional ACh sensitivity. In vivo, these 
substances are presumably delivered in 
highest concentration to the junctional 
region, and this, coupled with the gener- 
alized suppression of ACh receptor syn- 
thesis by muscle activity (26), could con- 
tribute to the pattern of high ACh sensi- 
tivity restricted to the junctional region 
which is characteristic of innervated 
adult muscle. 

Previous studies have shown that ChE 
activity, ACh sensitivity, and several 
other muscle properties can be influ- 
enced in cultured muscle by a variety of 
nerve-related substances (27). These 
studies are of great interest because they 
suggest that cultured muscle can be used 
to assay trophic substances which are 
normally delivered to muscle by nerve. 
The difficulty in interpreting these stud- 
ies is that the changes observed in them 
could have been caused by nonspecific 
factors and not lty physiologically rele- 
vant trophic substances. The emphasis 
in our experimentation has been to es- 
tablish that the innervation-like change 
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which we have induced in cultured mus- 
cles is due to substances which are nor- 
mally delivered to muscle by nerve. Our 
data indicate that substances with a sub- 
stantial and highly significant innerva- 
tion-like influence on ChE activity are (i) 
moved in nerve by axonal transport, (ii) 
released from nerve by stimulation, and 
(iii) present in innervated muscle but ap- 
parently absent from denervated muscle. 
These results provide very strong evi- 
dence that muscle ChE activity is nor- 
mally maintained, in part, by substances 
delivered to muscle by nerve. The re- 
sults of parallel experiments on ACh sen- 
sitivity suggest that substances delivered 
to muscle by nerve may also be involved 
in the maintenance of junctional ACh 
sensitivity. 
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