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Myogenic Defect in Acetylcholinesterase Regulation in

Muscular Dystrophy of the Chicken

Abstract. To determine whether inherited muscular dystrophy of the chicken
is neurogenic or myogenic in origin, limb buds from homozygous normal and
dystrophic chick embryos were exchanged prior to muscle differentiation and
innervation. Biceps muscles of hatched chicks, in which muscle of the donor was
innervated by nerves of the host, were analyzed for embryonic properties of
muscle acetylcholinesterase and for fiber diameter, two distinctive markers for
expression of the dystrophic gene. The results indicate that muscular dystrophy
of the chicken is caused by an initial biochemical lesion in the limb and its
muscle rather than in its innervating nerve.

Recently there has been much inter-
est in whether inherited muscle abnor-
malities, particularly the muscular dys-
trophies, are myogenic or neurogenic
in origin (/). Inherited muscular dys-
trophy of the chicken is one of the
models that has been studied to deter-
mine the nature of the primary bio-
chemical defect and its cellular site of
expression. This disorder is a progres-
sive abnormality involving a single co-
dominant gene, and affecting mainly
fast twitch, glycolytic muscle fibers (2,
3). Many of the properties that are
altered in dystrophic chick muscle are
known to be regulated by neural activi-
ity. A good example is the enzyme
acetylcholinesterase (AChE); embry-
onic properties of muscle AChE that
disappear after hatching in normal
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muscle are maintained in dystrophic
chick muscles and return with denerva-
tion but not tenotomy of normal chick
muscles (3). This report presents
evidence that nerves of genetically
dystrophic chickens are capable of reg-
ulating muscle AChE and that dys-
trophic muscle cells lack the ability to
respond normally to their nerves (4).

The experimental approach used was
limb bud transplantation in which
primordial limb regions were exchanged
at an early embryonic age between
genetically different embryos, produc-
ing muscles of one genotype inner-
vated by nerves of another genotype
(5). In the experiments reported here,
right wing limb buds were removed
from stage-19 to stage-20 embryos (32
days of incubation) and replaced by

limb buds of the same or different geno-
type. Normal limb buds were grafted
onto normal hosts and dystrophic
hosts;  dystrophic limb buds were
grafted onto normal hosts. Only birds
with morphologically normal, healthy
wings were used for analysis. Trans-
plants were done before the motor
nerve axons had reached the primordial
limb tissue (6) so that muscles of the
transplanted wings became innervated
by neurons of the host and subject to the
host’s systemic regulation. Chicks were
killed 5 to 14 weeks after hatching,
and biceps muscles of the donor and
host limbs were examined for AChE
activity and muscle fiber diameter. In
the 15 birds analyzed, AChE-positive
motor end plates and spindle fibers
were seen in all transplant muscles,
no fiber degeneration was observed,
and chicks could voluntarily contract
muscles in their transplanted wings.

The strain of dystrophic chickens
used in this study exhibits pronounced
muscle fiber hypertrophy in afflicted
muscles, making this parameter a use-
ful marker for expression of the dys-
trophic gene (7). The AChE proper-
ties studied differ greatly between nor-
mal and dystrophic chick muscle.
Adult dystrophic muscle maintains
high levels, extrajunctional localization,
and small molecular weight isozymes
of AChE characteristic of embryonic
muscles; normal muscle has low levels,
no extrajunctional localization, and
only a single high molecular weight
isozyme of AChE (2).

The act of transplantation did not
affect AChE activity or fiber diameters
of either normal or dystrophic muscles.
Both parameters were unchanged when
normal muscles were transplanted to
normal hosts (Table 1). When trans-
plants were made between genetically
different embryos, the transplanted
muscles retained the properties of their
origins and did not take on the charac-
teristics of their hosts. Dystrophic
muscle in a normal host had high levels
of AChE activity and large muscle
fiber diameters, and normal muscle in
a dystrophic host had low AChE and
normal muscle fiber diameters.

The cytochemical distributions of
AChE and the number of AChE iso-
zymes in transplanted muscles con-
firmed that normal and dystrophic
muscle transplants retained the AChE
properties characteristic of their geno-
types (Fig. 1). In the birds studied,
dystrophic muscle, whether of host or
transplant origin, always had high ex-
trajunctional AChE activity, and em-
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Table 1. Acetylcholinesterase activity and fiber diameter of donor and host biceps muscles.
Specific AChE activities in homogenates of biceps muscles from donor (right) and host
(left) wings were determined as described (2), with the use of acetylthiocholine substrate
and iso-OMPA (tetraisopropyl-pyrophosphoramide, Sigma, St. Louis, Missouri), an inhibitor
of nonspecific cholinesterase. Values are averages, = standard deviations. Numbers of birds
and their ages are given in parentheses. Fiber diameter values, = standard deviations, are
averages from two birds; minimum diameters of 100 fibers in each biceps were measured
in cryostat cross sections and combined for statistical analysis.

Fiber diameter

Combination Limb AChE activity*
(um)

Normal limb, Donor 1.50 = 0.96 333=* 93
normal host Host 1.03 = 033 33.0x 13
(4; 6 to 10 weeks)

Dystrophic limb, Donor 16.6 = 13.1% 56.6 = 15.2+
normal host Host 1.16 = 0.29 270+ 55
(6; 6 to 14 weeks)

Normal limb, Donor 2.06 = 0.707 25,6 = 3.7%
dystrophic host Host 13.1 = 47 457 = 11.1

(5; 5 to 6 weeks)

* Acetylcholinesterase activity is the change in absorbancy at 412 mu per minute per gram wet weight.
+ Significant differences (P < .001) between donor and host muscles, determined by Student’s
distribution.

mals. Most likely the lesion is in the
muscle fibers themselves (although

bryonic isozyme forms. Normal mus-
cle, whether of host or transplant

origin, had high AChE activity only
at motor end plates, and a single iso-
zyme form.

The results demonstrate that the de-
fect in AChE regulation and the mus-
cle fiber hypertrophy of dystrophic
chick muscles are properties of the
limb tissues, not of the nerves or sys-
temic functions of the dystrophic ani-

theoretically the experiments do not
exclude expression of the gene in other
limb tissues). Analysis of host and
donor muscles for other properties
which are altered in dystrophic chick
muscle leads to the same conclusion
(8).

Cosmos and Butler transplanted
muscle minces between normal and

Fig. 1. Acetylcholinesterase localization and isozyme pattern of donor and host biceps
muscles. Acetylcholinesterase activity appears as dark staining in cross section of muscle;
as opaque, white bands in polyacrylamide gels. (A) Dystrophic limb transplanted onto
a normal host, shows extrajunctional AChE localization (a) in many fibers and high
activity at motor end plates (m). Three AChE isozyme forms are present. (B) Normal
unoperated host limb has AChE activity only at motor end plates, and only one iso-
zyme. (C) Normal limb transplanted onto a dystrophic host resembles the normal host
limb. (D) Dystrophic unoperated host limb shows extrajunctional activity and three
isozymes. Biceps muscles of normal limbs transplanted onto normal hosts (not shown)
had AChE localization and isozyme patterns indistinguishable from those of normal
host biceps. Acetylthiocholine substrate and iso-OMPA were used to demonstrate AChE
activity, as described (2). Acetylcholinesterase isozymes were electrophoretically sepa-
rated on 10 percent polyacrylamide gels, pH 8.5. Bar represents 100 um. Electrophoretic
migration is toward the cathode, bottom.
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dystrophic chicks after hatching (9).
Although dystrophic muscle minces
failed to regenerate well in normal hosts,
normal muscle minces regenerated in
dystrophic hosts and retained normal
lipid distribution and succinic dehy-
drogenase activity. Because dystrophic
muscles did not regenerate well, the
results supported but did not prove that
muscular dystrophy of the chicken was
myogenic in origin. Cell culture stud-
ies have not revealed any clear-cut bio-
chemical differences between normal
and dystrophic chick embryo cells (10).

The myogenic and/or neurogenic
origins of muscular dystrophies of
mammals are unclear. Studies involv-
ing the degree and nature of inner-
vation and transplants of muscles or
muscle fragments between animals have
had difficulty distinguishing between
clear-cut expressions of the dystrophic
genotypes and other effects such as
those due to degeneration, regeneration,
and incomplete or abnormal develop-
ment of the muscles (7, 11).

To date, the evidence indicates that
dystrophy of the chicken is due to a
defect in neurally mediated muscle
maturation (2, 3, 12). The results of
this study show that dystrophic muscle
is unable to respond to neural influ-
ences that regulate the maturation of
the muscle. It is still possible that
nerves of the dystrophic chicken may
become abnormal at a later time owing
either directly to expression of the dys-
trophic gene or secondarily to action
of the dystrophic muscle. The mecha-
nisms of nerve-muscle interaction dis-
rupted by the dystrophic gene remain
to be determined. Perhaps they involve
an inability of the muscle to respond
to acetylcholine, or to contractile ac-
tivity, or to other unknown ‘“neuro-
trophic factors” proposed to be in-
volved in neural regulation of muscle
(13).

T. A. LINKHART

G. W. YEE, B. W. WIiLsON
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(Excerpta Medica,

Nitrogen Fixation in Marine Shipworms

Abstract. Nitrogen fixation is associated with four shipworm species. A bac-
terium capable of fixing nitrogen under anaerobic conditions and of liquefying
cellulose in culture has been isolated from the gut of one species. High fixation
rates (up to 1.5 micrograms of nitrogen per milligram dry weight per hour), which
resulted in a doubling of cellular nitrogen in as little as 1.4 days, was associated
with Teredora malleolus from the Sargasso Sea. Three species from coastal waters
were assayed, and of these juveniles showed the highest fixation rates. Nitrogen
fixation activity appeared to be inversely related to the ability of shipworms to
obtain combined-nitrogen compounds in their diet. It could be a significant source
of nitrogen for shipworms and perhaps other oceanic organisms that ingest ter-

restrial plant material.

Wood is notoriously low in com-
bined-N compounds, and this presents
a nutritional problem to any organism
feeding on it. Woody plant tissue con-
tains only 0.03 to 0.10 percent N, and
the C : N ratio of most wood species is
about 300 to 500 (7). In contrast, the
C : N ratio of phytoplankton, the major
food of herbivores in the sea, is about
5 to 10 (2).

Table 1. Nitrogen fixation rates, dry weights,
and lengths of nine individuals of Teredora
malleolus collected from a 30-m-long pine log
in the Sargasso Sea, September 1973. Three of
the shipworms assayed (17, 18, and 38 mm
long) had no measurable N, fixation. On later
inspection it was noted that these worms had
been damaged on extraction from the log.

wle)ig) t Length I~(12 gﬁ’r‘:g_‘}“
( (mm) as
mg) hour-?)
11.2 12 1.56
114 9 0.57
21.7 15 1.51
58.9 23 0.21
151.3 29 0.0003
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Shipworms are bivalve mollusks (fam-
ily Teredinidae), the adults of which
are obligatory wood borers and cellulose
metabolizers (3). They have a func-
tional gill (ctenidium) capable of filter-
ing plankton for food (4); however,
shipworms have been raised to sexual
maturity on wood in filtered seawater
with no plankton available for feeding
(5). Since cellulose constitutes a major
portion of the shipworm diet, and ju-
venile shipworms can grow extremely
rapidly [from 0.2 mm to 6 cm in length
in 1 month (6)], how they obtain com-
bined-N compounds sufficient for pro-
tein metabolism is puzzling. We pre-
sent data showing that N, fixation is
associated with shipworms and suggest
that this process may contribute to the
nitrogen metabolism of these organisms.

Nitrogen fixation was demonstrated
in juveniles and adults of four ship-
worm species (Fig. 1, Table 1). The
acetylene reduction technique (7) was
used to assay for N, fixation (8). Three

species, Psiloteredo megotara, Lyrodus
pedicellatus, and Teredo navalis, were
obtained from wood held in a running
seawater system in Woods Hole, Massa-
chusetts. The fourth species, Teredora
malleolus, typically found inhabiting
floating wood in offshore waters, was
obtained from a pine log found floating
at 32°18’N, 60°21’W in the Sargasso
Sea in September 1973.

For the three coastal species, N, fixa-
tion was inversely related to shipworm
dry weight (Fig. 1). All individuals
weighing less than 2.0 mg and 65 per-
cent of those weighing more than 10
mg had measurable N, fixation rates.
The relation between shipworm body
weight and rate of N, fixation fits an
inverse hyperbolic curve. On a log-
arithmic plot (Fig. 1) the data exhibit
a statistically significant linear relation
(P < .05) with a correlation coefficient
of .76. Juvenile shipworms had the
highest N, fixation rates: one L. pedi-
cellatus juvenile fixed up to 81 ng of
N, per milligram dry weight per hour:
and three L. pedicellatus and one T.
navalis juveniles, each less than 600 ;g
(dry weight), averaged 31 ng mg—?
hour—'. The only larvae tested, those
of L. pedicellatus, had no associated
N, fixation.

Adult Teredora malleolus from the
Sargasso Sea had N, fixation rates of
up to 1.5 ug mg—! hour—!, exceed-
ing the fixation rates of coastal ship-
worms by a factor of almost 20 (Table
1). These data suggest an N, fixing
system which assumes greater impor-
tance when there is a dietary deficiency
of combined N, for example, in areas
of low phytoplankton density like the
Sargasso Sea (9), or when the animals
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Fig. 1. Rate of nitrogen fixation associated
with three coastal shipworm species.
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