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Hereditary muscular dystrophies in man 
and animals are characterized by progres- 
sive weakness accompanied by physi- 
ological, biochemical, and morphological 
changes in the affected muscles. Evidence 
from both human and animal studies has 
led to the suggestion that the primary le- 
sion in the diseases is expressed in the ner- 
vous system, and that changes in the mus- 
cles are secondary to an abnormal neu- 
rotrophic influence (1-4). A general mem- 
brane defect has also been postulated (5). 
In most of the investigations on animals, 
genetically normal muscle has been in- 
nervated with genetically dystrophic 
nerves, and vice versa, the experiments in- 
volving either transplantation of muscle, 
(2, 6), parabiosis (7), or culture of muscle 
and nerve tissue (3, 8). Not all the results 
have agreed on the significance of a periph- 
eral nerve influence (2-4, 6-8). We have 
found that neural tubes from dystrophic 
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chicken embryos transplanted into normal 
chicken embryos induce a high level of 
thymidine kinase activity in the genetically 
normal host muscles. This high activity is 
characteristic of dystrophic muscle at that 
stage of development. Transplantation of 
normal neural tubes had no such effect. We 
propose that these results may be due to an 
early irreversible inductive effect of the 
neural tube on the developing musculature. 

Experiments with muscle transplanta- 
tion designed to test extramuscular in- 
fluences on the progress of dystrophy have 
shown that, when muscle is transplanted 
from dystrophic embryos as young as 
12 days in ovo to normal chicks, the pheno- 
typic expression of dystrophy in the donor 
muscle is unaltered (9). However, these 
experiments have not taken into account 
the possibility that the defective gene 
might act extramuscularly at a much ear- 
lier state of embryonic development than 
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Fig. 1. Diagram of procedure used for trans- Donor embryo Host embryo 

planting neural tubes. The donor embryo was 
removed from the egg and washed in saline; the 
number of somites was then determined. The 
spinal cord between somites 16 to 21 was re- 
moved, washed in 0.25 percent trypsin to re- 
move adherent mesenchyme, and subsequently 
washed in soybean trypsin inhibitor. It was then 
stored in Eagle's minimal essential medium buf- .16 l X16 
fered with N-2-hydroxyethylpiperazine-N'-2- ^ 
ethanesulfonic acid (HEPES) (25 mM) while 21- o 21 
the host animal was being prepared. The host \ 
embryo was exposed by drilling a small window 
in the shell directly over the embryo, the vitel- 
line membrane above the brachial region was re- 
moved, and the spinal cord cut out with a fine 
steel knife. Care was taken not injure the somites or the underlying notochord. The donor cord was 
dropped in place from a Pasteur pipette and was oriented by means of a fine tungsten needle under 
visual control both anteroposteriorly and dorsoventrally. The egg was sealed with sterile Parafilm 
and incubated with the window side up for a further 16 days. 
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12 days in ovo. The direct test of the role of 
the nervous system in the pathogenesis of 
hereditary muscular dystrophy is to trans- 
plant the nervous system between dystroph- 
ic and normal animals before the muscles 
have been influenced by nerves of their own 
genotype. To this end we transplanted a 
neural tube from dystrophic to normal 
chickens at a time during ontogeny before 
the first known inductive neuronal influ- 
ences are expressed on the development of 
the somites (10), and preceding muscle 
differentiation and innervation (11) [stage 
13 in (12)]. We determined the effect of the 
transplanted neural tubes on an enzyme 
activity in the embryonic muscles that is 
characteristically higher in dystrophic than 
in normal muscles during development. 

Muscular dystrophy in chickens is inher- 
ited as an autosomal codominant. The dis- 
ease affects fast twitch glycolytic muscle fi- 
bers and particularly the superficial pector- 
al muscles that are innervated by the bra- 
chial plexus (13). The spinal cord region 
destined to give rise to the brachial plexus 
was located by reference to the adjacent 
somites and was transplanted isotopically 
to the host embryo (Fig. 1). The operation 
was performed as early as was anatomical- 
ly possible: that is, as soon as the 21st so- 
mite was clearly demarcated from the un- 
segmented somitic tissue. At this stage of 
development the differentiation of muscle 
from the host somites has not occurred and 
innervation has not been established. 

Initial experiments were done to con- 
firm the integrity and location of this type 
of graft, by transplanting quail neural 
tubes into chicken embryos. Quail cells can 
readily be distinguished from chicken cells 
by their large conspicuous nucleoli (14). 
The brachial motor neurons in the resul- 
tant embryos (quail-White Leghorn) were 
clearly of quail origin. In both quail-chick- 
en and chicken-chicken chimeras no mac- 
roscopic evidence of discontinuity between 
host and donor was observed, and histo- 
logical examination of the spinal cord at 
the junction of the transplant and host tis- 
sue showed that the graft was anatomically 
continuous with the host tissue. 

Of 65 chicken-chicken transplants, 14 
embryos survived to 18 days in ovo. Of 
these eight had received a neural tube from 
normal embryos (N - N) and six from 

dystrophic embryos (am -~ N). Most em- 
bryonic deaths were attributed to surgical 
trauma and occurred within 3 days of the 
operation. A second peak in embryonic 
mortality occurred at 12 to 13 days in ovo 
and may have resulted from the mechani- 
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Thymidine kinase activity in the pector- 
al muscles of dystrophic chicken embryos 
at 18 days in ovo is significantly higher 
than in the pectoral muscles of normal em- 
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Dystrophic Spinal Cord Transplants Induce Abnormal 

Thymidine Kinase Activity in Normal Muscles 

Abstract. The role of the neural tube in the pathogenesis of muscular dystrophy was 
tested directly. Neural tubes from chicken embryos with hereditary muscular dystrophy 
and from genetically normal embryos were transplanted into normal recipient embryos. 
Dystrophic neural tissue induced in muscles of normal hosts high thymidine kinase activi- 
ty characteristic of dystrophic muscle; normal neural tubes did not. We propose an early 
inductive effect of the neural tube on the presumptive myoblasts that sets their subsequent 
course of development, either normal or dystrophic. 
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bryos at this stage of development (16). Be- 
cause of the very high mortality at hatch- 
ing after this type of operation, we exam- 
ined the pectoral muscles of embryos at 18 
days in ovo for the expression of this dif- 
ference in thymidine kinase activity. Con- 
trol muscles from unoperated normal and 
dystrophic 18-day embryos were also as- 
sayed. The thymidine kinase activity of the 
muscles was determined by a modification 
(16, 17) of the methods of Weissman et al. 
(18) and Brietman (19). Our results (Fig. 2) 
show that genetically dystrophic neural 
tubes induce a significantly higher thymi- 
dine kinase activity in normal muscles 
(am - N) compared with normal unoper- 
ated embryos (N), or with normal embryos 
that had received a normal neural tube 
(N - N) (P < .01). The high thymidine ki- 
nase activity of normal muscles innervated 
by dystrophic neural tissue is the same as 
that in unoperated dystrophic embryos 
(am) (P > .2). Thus, the nervous system is 
providing an abnormal influence that re- 
sults in this feature of muscle pathology 
being expressed. Although this elevation of 
thymidine kinase activity is the earliest en- 
zyme change reported in the muscles of 
chickens with muscular dystrophy, its pre- 
cise significance is unknown. However, 
thymidine kinase is reported (17) to be a 
rate-limiting enzyme that regulates the 
synthesis of thymidine phosphate pre- 
cursors of DNA. The high activity of this 
enzyme in dystrophic muscles may, there- 
fore, be related to the increased density of 
nuclei that has been described in these 
muscles (20) and so be directly related to 
the pathological changes. 

If limb buds or muscles are transplanted 
between normal and dystrophic chickens, 
the nervous system appears to have no in- 
fluence on the subsequent development of 
the muscle pathology (21). However, these 
transplant studies were not done as early in 
development as the neural tube transplants 
reported here. Cosmos and Butler (22) 
have suggested the possibility that nerves 
"imprint" dystrophic features on the 
muscle when they are first innervated. We 
suggest a modification of their "imprint" 
hypothesis, and propose that the neural 
tube itself plays an important but as yet 
undefined inductive role in differentiation 
of muscle tissue and that dystrophic neural 
tube is abnormal in this respect. 

An inductive role for the neural tube is 
already described for differentiation of the 
mesonephric tubules and the vertebral col- 
umn (23). In each case, the induction is in- 
dependent of innervatinc. The inductive 
activity of the neural tube is expressed be- 
tween 2 and 4 days in ovo during which 
time a number of potential inductors such 
as collagen (10) and glycosaminoglycans 
(24) are elaborated by the neural tube. This 
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critical inductive period occurs after the 
stage at which the neural tube transplants 
are done, but prior to limb bud formation, 
If dystrophic features can be irreversibly 
induced at a very early stage in cells that 
will give rise to muscles, experiments done 
after this critical period would support a 
primary myogenic origin of muscular dys- 
trophy, and would not reveal the influence 
of the nervous system. This could explain 
why limb bud transplants between normal 
and dystrophic chicken embryos retained 
the characteristics of the donor animals 
(21). These experiments were done 36 to 48 
hours later than the neural tube trans- 
plants reported here and after the critical 
time during which the neural tube exerts its 
inductive influence (10, 24). 

The role of the nervous system in the 
pathogenesis of murine muscular dys- 
trophy is also controversial. Many workers 
using mice in which muscles were already 
innervated have found evidence of a myo- 
genic defect (7-9). However, experiments 
with mouse embryos have indicated that 
here too the disease has an extramuscular 
pathogenesis (25). Our hypothesis of an 
early irreversible inductive effect of the 
neural tube on the developing musculature 
could also explain the discrepancy in the 
mouse results. 

Our results demonstrate an early induc- 
tion in genetically normal chicken muscles 
of an abnormally high thymidine kinase 
activity by neural tubes from dystrophic 
chickens. A high thymidine kinase activity 
has been shown by Weinstock and Dju (16, 
17) to be characteristic of dystrophic 
chicken muscles and is the earliest enzyme 
change reported in this disease. We pro- 

a: 40- 

30 - 

E 20 - T T 

a - c m K 

+ 

N am N--N am-N 

Fig. 2. Thymidine kinase activity of experimen- 
tal and control pectoral muscles of 18-day 
chicken embryos expressed as nanomoles of 
thymidine phosphorylated per gram (wet 
weight) of superficial pectoral muscle per 120 
minutes. Mean values + standard error of the 
mean. The values for N and N -? N are not dif- 
ferent (P > .2) (Student's t-test), and the values 
for am and am - N are also not different 
(P > .2). However, both am and am --. N are 
significantly different from N and N -- N 
(P < .01). Abbreviations: N, normal muscle 
from unoperated embryos (n = 8); am, dys- 
trophic muscles from unoperated embryos 
(n = 10); N -, N, normal muscles that had been 
innervated by neural tubes from normal em- 
bryos (n = 8); am - N, normal muscles that 
had been innervated by neural tubes from 
dystrophic embryos (n = 6). 

pose that an early interaction between neu- 
ral tube and somites sets the presumptive 
myoblasts on a specific course of differ- 
entiation. Once this interaction is com- 
plete, the muscle that develops retains its 
induced characteristics even when placed 
in a different environment. 
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