
iance within groups. We therefore see 
little possibility that pupillary response is 
appropriate for use as a physiological 
measure of intelligence. 

Task-evoked pupillary responses thus 
appear to index the processing load im- 
posed on the nervous system in the per- 
formance of mental activities (4). The 
magnitude of the physiological response 
systematically increased with task com- 
plexity or difficulty. Over all levels of 
problem difficulty for which correct per- 
formance was possible, more intelligent 
individuals showed smaller pupillary di- 
lations than did their less intelligent 
counterparts. This result argues for more 
efficient and automatic information pro- 
cessing in individuals of higher psycho- 
metrically defined intelligence. These re- 
sults provide evidence that physiological 
differences between individuals of dif- 
fering psychometric intelligence emerge 
during mental activity (9). 
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Striated skeletal muscle is capable of 
rapid and widespread regeneration (1). 
In view of the established postmitotic na- 
ture of the nuclei in syncytial myofibers, 
the source of the regenerating cells in 
adult muscle has been considered to be 
the mononucleated satellite cells (1, 2, 
2a) that lie beneath the external (basal) 
lamina of myofibers (2a, 3). Investiga- 
tions in vitro have demonstrated that sat- 
ellite cells recapitulate the normal em- 
bryonic development of skeletal muscle 
through proliferation and fusion to give 
rise to cross-striated, contractile myo- 
fibers (4). Therefore, on a functional 
basis, satellite cells are developmentally 
indistinguishable from embryonic myo- 
blasts in that both serve as myogenic 
precursors. 

When grown under established culture 
conditions (5), satellite cells become 
myoblasts by faithfully repeating the se- 
quence of muscle cytodifferentiation as it 
is observed in vivo. However, if grown 
in less than optimal conditions, or in an 
environment simulating that of diseased 
muscle, the developmental expression of 

Fig. 1. Adjacent thick and j 
thin sections of rat tibialis 
anterior muscle showing the ;V, 
same cultured myogenic cell 
48 hours after implantation. ?<:s 
The thick-section radio- 
autograph (inset) shows sil- 
ver grains over implanted 
cell (x 1300). Electron mi- 
crograph (below inset) of the 
same cell illustrates typical 
cytology of a rat myoblast 
(x7400). 
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these muscle precursors is reversibly al- 
tered (6). As a result of this modulation, 
the myogenic cells assume fibroblast or 
adipocyte morphology and behavior as 
long as they are grown in the altered en- 
vironment. 

Do satellite cell-derived myoblasts 
grown in vitro under optimal or less than 
optimal culture conditions truly reflect 
the developmental behavior of satellite 
cells in intact tissue, or are the cultured 
cells merely responding to an artificial 
growth environment? As a first step to- 
ward answering this question, the fate of 
satellite cells must be studied in vivo. To 
identify the developmental potential of 
satellite cells, experiments have been 
carried out by others (2a, 7) to label in- 
tact muscle tissue with [3Hjthymidine 
and injure the labeled muscle in situ or 
transplant it into different hosts. Al- 
though these studies suggest that satel- 
lite cells participate in the normal regen- 
erative response, the muscle used in 
these investigations is composed of a 
heterogeneous population of labeled 
cells that include satellite cells, fibro- 
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Abstract. Radioisotopically labeled satellite cells from clonal cultures were im- 
planted into normal muscle of the original donor. Implanted cells invariably retained 
their myogenic potential by participating in the regeneration of damaged myofibers 
or in the development of existing fibers. 
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blasts, endothelial cells, Schwann cells, 
and other migratory cells such as leuko- 
cytes and monocytes. Moreover, one 
cannot rule out the possibility that during 
muscle regeneration, cells recruited from 
distant sources migrate through the tis- 
sue or are delivered to the site of injury 
by the circulatory system (2, 2a, 8). To 
identify the potential of satellite cells to 
differentiate, one must accurately assess 
the developmental fate of a pure popu- 
lation of these myogenic cells. This re- 
port presents the results of a new pro- 
cedure in which cultured satellite cells 
are implanted to permit accurate iden- 
tification of their fate in normal muscle 
(9). 

In the experiments described below, 
myogenic cells were obtained from juve- 
nile rat and quail muscle tissue and from 
adult quail muscle tissue. In rapidly 
growing juvenile muscle, some embryon- 
ic myoblasts may still be present; how- 
ever, identical results were obtained 
with adult tissue in which no myoblasts 
had been identified. Therefore, it is rea- 
sonable to assume that whether they are 
derived from juvenile or adult tissue, the 
myogenic cells in this culture-implant 
system accurately reflect the develop- 
mental potential of satellite cells. 

In studies with rats, enzymatically dis- 
sociated cells from excised hamstring 
muscles (10) were inoculated at clonal 
densities and grown in complete culture 

medium (5) containing [3H]thymidine 
(0.4 /xCi/ml). Myoblast colonies, se- 
lected on the basis of cell morphology 
(6), were encircled with rings of Tygon 
tubing. Cells within the rings were re- 
leased from the dish with trypsin (11) and 
the suspension was pelleted by mild cen- 
trifugation (600g). Immunological rejec- 
tion was avoided by incubating the pellet 
in defined media (12) to ensure removal 
of any horse serum or chick embryo ex- 
tract components that might have ad- 
hered to the plasmalemma of the cul- 
tured cells. The cell pellet was then im- 
planted beneath the connective tissue 
fascia of the exposed tibialis anterior 
muscle of the original donor. The rats 
were killed after 2 to 7 days and the im- 
planted areas were processed for elec- 
tron microscopy. Developed autoradio- 
graphs prepared from thick sections 
were photographed and the prints used 
as guides in identifying labeled nuclei in 
adjacent thin sections (13). 

Rat cells are capable of undergoing on- 
ly 8 to 12 divisions in cell culture. To ob- 
tain greater yields of labeled satellite 
cells, we used Japanese quail (Coturnix 
coturnixjaponica) muscle, since it has a 
greater proliferative capacity in vitro 
(14). Wing muscle tissue was enzymati- 
cally dissociated and filtered and the re- 
sulting single-cell suspension was plated 
at mass culture density (100,000 cells in a 
100-mm gelatin-coated culture dish). Af- 

ter 24 hours, secondary cultures were 
plated with myoblasts selectively re- 
leased from the primary culture by 
trypsinization (5). Secondary cultures 
containing 99.9 percent myoblasts (6) 
were given [3H]thymidine-labeled medi- 
um on day 4, trypsinized on day 6, and 
the liberated cells subsequently pelleted. 
After incubation in defined medium, the 
pellet was implanted into the breast mus- 
cles of the original donor. After 2 to 12 
days, the muscle implant was prepared 
for light and electron microscopic radio- 
autography. 

The fate of more than 120 labeled rat 
and quail cells were identified in muscle 
that was fixed 2 to 12 days after implan- 
tation of the cell pellets. No structural or 
functional differences were noted in the 
development of the implanted cultured 
cells in either rat or quail muscle. Within 
48 hours after implantation, labeled cells 
were primarily found within the inter- 
stitial connective tissue and myofibers of 
the muscle. Many cells underwent exten- 
sive migration away from the injection 
site and were cytologically indistinguish- 
able from normal embryonic myoblasts 
(Fig. 1) (6). By day 4, most of the labeled 
cells penetrated the basal lamina of in- 
tact myofibers. Some labeled nuclei were 
in satellite fibers, short myofilament-con- 
taining cells in the parent fiber's external 
lamina but not fused with the parent 
myofiber (Fig. 2, a, b, and c). By day 7, 

Fig. 2. Adjacent thick and thin sections showing the fate of culture-implant rat satellite cells. (a) Thick-section radioautograph shows heavy 
deposits of silver grains (arrow) over a [3H]labeled myogenic cell (D) (x 1200). (b) In an adjacent thin section, the exact position of the labeled 
nucleus (D) in (a) can be identified by using landmarks A, B, and C (x 1200). (c) At higher magnification the labeled cell can be identified as a 
satellite fiber. The cell, which contains myofibrils (*), is situated between the external lamina and plasmalemma of the parent muscle fiber but 
remains separated by an interspace (arrows) that is devoid of external lamina material (x7400). 
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nearly all labeled nuclei were incorporat- 
ed within the syncytial architecture of 
the original fibers (Fig. 3a). Labeled 
myofibers resulted from a fusion of la- 
beled cells with preexisting myofibers. 
This is documented by the presence of 
both labeled and unlabeled nuclei within 
single well-differentiated syncytial fibers 
(Fig. 3b). Although more than 95 percent 
of the labeled nuclei were eventually 
found with existing parent fibers, there 
was a modest development of apparently 
new interstitial fibers that were primarily 
evident in areas of extensive structural 
damage (such as the incision and injec- 
tion site). These cytologically immature 
fibers may have arisen in situ from the 
implanted cells or they may represent re- 
generation of damaged fibers in which 
the implanted cells took part. However, 
in areas away from the implantation site, 
labeled nuclei were present only within 
existing mature myofibers. 

When the developmental potential of 
the cultured cells was challenged by im- 
planting the pellet into a nonmuscular, 
subcutaneous site, the labeled cells ex- 
clusively gave rise to new myofibers. Al- 
though the resulting tissue was relatively 
disorganized, the new myofibers pos- 
sessed the typical cytodifferentiative fea- 
tures of skeletal muscle. The implants 
had a connective tissue matrix derived 
from recruited (unlabeled) fibrogenic 
cells. Even under such unusual condi- 

tions, none of the cultured satellite cells 
resembled fibrogenic cells. However, 
this negative evidence does not rule out 
the possibility that under other circum- 
stances, satellite cells may reversibly 
change into fibroblasts. Although the mi- 
gratory nature of the labeled cells was re- 
vealed in these experiments, labeled 
cells from the subcutaneous implants did 
not penetrate the coarse epimysium. 
Still, satellite cell migration through ma- 
jor connective tissue septa is a possi- 
bility. 

The results clearly demonstrate that 
labeled, satellite-derived myogenic cells 
reintroduced into normal muscle tissue 
exclusively retain their developmental 
potential and recapitulate the normal 
growth and development of embryonic 
muscle. Despite their association with 
existing fibers, some of the implanted 
cells participated in the formation of new 
interstitial fibers. That the fate of satellite 
cells was predetermined was supported 
by the fact that no labeled fibrogenic, 
endothelial, or other nonmuscle cells 
were observed. 

After their reintroduction in pellet 
form into the muscle, the labeled cells 
rapidly dispersed and migrated away 
from the injection site until neither an in- 
tact pellet nor a labeled cell mass re- 
mained within the muscle. However, 
when the pellet of satellite cells was 
placed into a nonmuscular site, the cells 

Fig. 3. (a) Thick-section radioautograph of cultured satellite cells implanted in adult quail 
muscle. Nuclei with silver grains (arrows) indicate the fate of labeled cells that migrated from 
the implantation site to fuse with mature fibers. Nuclei of the original fibers are unlabeled (ar- 
rowheads) (x520). (b) Adjacent labeled and unlabeled nuclei within the syncytium showing 
mosaic nature of a mature myofiber. Grains over one of the nuclei reveal the fate of a satellite- 
derived myogenic cell (x2500). 
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essentially remained intact. In that case, 
host cells invaded the cell pellet and par- 
ticipated in the deposition of a connec- 
tive tissue matrix. 

It has been reported (15) that the basal 
lamina is an impenetrable connective tis- 
sue sheath that restricts the migratory 
behavior of the enclosed satellite cells. 
This supposition, however, is con- 
tradicted by the "homing" behavior of 
the transplanted cells. Clearly, the endo- 
mysial sheath did not restrict the migra- 
tion and penetration of labeled cells; nor 
did it interfere with their subsequent fu- 
sion with intact myofibers. The ability of 
satellite cells to pass through the ex- 
ternal lamina and to undergo extensive 
migration may be significant in normal 
regenerative behavior. It has been sug- 
gested (16) that the small population of 
satellite cells could not account for the 
rapid regeneration of injured muscle. 
However, our observations suggest that 
after an injury, satellite cells associated 
with undamaged myofibers may leave 
their ensheathing external lamina, mi- 
grate to the site of injury, and participate 
in the regeneration of new myofibers. 

BRUCE H. LIPTON 
EDWARD SCHULTZ 

Department of Anatomy, 
University of Wisconsin, 
Madison 53706 
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