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Continued Expression of Neonatal Myosin Heavy
Chain in Adult Dystrophic Skeletal Muscle

Abstract. The expression of myosin heavy chain isoforms was examined in normal
and dystrophic chicken muscle with a monoclonal antibody specific for neonatal
myosin. Adult dystrophic muscle continued to contain neonatal myosin long after it
disappeared from adult normal muscle. A new technique involving western blotting
and peptide mapping demonstrated that the immunoreactive myosin in adult
dystrophic muscle was identical to that found in neonatal normal muscle. Immuno-
cytochemistry revealed that all fibers in the dystrophic muscle failed to repress
neonatal myosin heavy chain. These studies suggest that muscular dystrophy inhibits
the myosin gene switching that normally occurs during muscle maturation.

Myosin heavy chain (MHC) has been
shown to undergo an isoform transition
from embryo to neonate to adult in a
variety of muscle systems (/). Since
these MHC isoforms appear to be prod-
ucts of separate genes, a precise program

Fig. 1. Analysis by ELISA of myosins with
2E9A antibody. Myosins were plated on 96-
well microtiter dishes at 0.5 pg per well (A
and B) or as indicated (C). Wells were subse-
quently blocked with 2 percent horse serum
and incubated with 50 wl of 2E9A antibody for
30 minutes at 37°C. Wells were washed three
times with phosphate-buffered saline (PBS)
and bound antibody was detected with the
Vectastain screening kit (Vector Labora-
tories). Absorbance at 495 nm was measured
in a microtiter plate reader. Data points are
the averages of duplicates. (A) Myosin (0.5
wg) from the PM of 12-day normal embryos
(O), 20-day normal chicks (@), 1-year normal
adults (O), and control wells containing no
myosin () was reacted with 2E9A antibody
diluted 1:4 in PBS. (B) Myosin (0.5 pg) from
the PM of 20-day normal chicks (@), 6-month
normal chickens (M), 1-year normal chickens
(0), 6-month dystrophic chickens (&), and 1-
year dystrophic chickens (A) was reacted

of gene switching must be maintained
during normal muscle development. Avi-
an muscular dystrophy, like Duchenne’s
muscular dystrophy, is a single-gene dis-
order of myogenic origin (2). Muscles in
dystrophic individuals often have many

Absorption at 495 nm

28 24 20 28
Antibody dilution

characteristics of immature muscle (3),
suggesting that the disease is a failure of
normal developmental regulation. To ex-
plore this possibility, I prepared a mono-
clonal antibody that reacts with the neo-
natal MHC but not the embryonic or
adult MHC of the chicken pectoralis
major (PM). I found that virtually all
fibers in the PM of 6-month and 1-year-
old dystrophic chickens reacted with this
antibody, while no fibers in the PM of
normal birds of these ages reacted. Fur-
thermore, by using an ‘‘immunofinger-
printing”’ technique, I was able to dem-
onstrate that the immunoreactive myosin
in the adult dystrophic PM was identical
to that in the neonatal normal PM.
Myosin from 20-day-old normal chicks
was prepared and MHC was electropho-
retically eluted from a sodium dodecyl
sulfate-polyacrylamide gel (4). The
MHC was mixed with Freund’s com-
plete adjuvant and injected intraperito-
neally into BALB/c mice, and hybrid-
omas were prepared from the spleens of
immunized mice (5). One clone that
arose from this fusion (subsegently re-
ferred to as 2E9A) produced an antibody
that reacted with myosin from the PM of
neonatal chicks but not with myosin
from the PM of embryonic or adult
chickens. Solid-phase enzyme-linked im-
munoassay (ELISA) demonstrated that
2E9A reacted with myosin from the PM
of 20-day-old chickens but not with myo-
sin from the PM of 12- to 13-day-old
embryos or with myosin from the PM of
1-year-old chickens (Fig. 1A). Immuno-
reactive myosin first was detectable
shortly before hatching, increased to a
maximum by 3 weeks, and then de-
creased until becoming undetectable by

- . .
(]
Ly
“ L]
A
= A
° A
- A
2
2
g o [s] al
m
éél anl . 1 1 1 1 1
24 20 0.1 03 05 0.7 O.9

Myosin (ug)

with 2E9A antibody diluted in PBS. (C) Myosin from the PM of 20-day normal chicks (@), 6-month normal chickens (W), 1-year normal chickens
(0), 6-month dystrophic chickens (A), and 1-year dystrophic chickens (A) at the indicated concentration was reacted with 2E9A antibody diluted
1:4 in PBS. The results demonstrate that 2E9A antibody reacts only with neonatal myosin during development of the PM in normal chickens but
continues to react with myosin from the PM of adult dystrophic chickens.
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Fig. 2. Western blot analysis of myosins with
2E9A antibody. Myosins were subjected to
electrophoresis on 5 percent sodium dodecyl
sulfate-polyacrylamide gels. Replicate gels
were electrophoretically transferred to nitro-
cellulose (10) and one was stained with amido
black (A) while the other was reacted with
2E9A antibody (B). Bound antibody was de-
tected with horseradish peroxidase—conjugat-
ed rabbit antibody to mouse immunoglobulin
G (Dako Laboratories). (A and B) Lane 1,
myosin from 12-day normal embryo PM; lane
2, myosin from 20-day normal chick PM; lane
3, myosin from l-year normal chicken PM;
lane 4, myosin from 12-day dystrophic em-
bryo PM; lane 5, myosin from 20-day dystro-
phic chick PM; and lane 6, myosin from 1-
year dystrophic chicken PM. (C) MHC pep-
tide maps were prepared from myosins in the
PM of 20-day normal chicks and from myo-
sins of the PM of 1-year dystrophic chicks,
transferred to nitrocellulose, and reacted with
2E9A antibody as in (B). Lane 1, MHC pep-
tide map of myosin from 20-day normal chick
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PM cleaved with 25 ng of Staphylococcus aureus V8 protease; lane 2, MHC peptide map of myosin from the PM of 1-year dystrophic chicken
cleaved with 25 ng of S. aureus V8 protease; lane 3, MHC peptide map of myosin from the PM of 20-day normal chick cleaved with 50 ng of S. au-
reus V8 protease; and lane 4, MHC peptide map of myosin from the PM of 1-year dystrophic chicken cleaved with 50 ng of S. aureus V8 protease.
The arrow indicates the position of undigested MHC. The fact that the 2E9A determinant is on identical cleavage fragments in both samples
suggests that the same MHC is present in the 20-day normal chicken and the 1-year adult dystrophic chicken.

ELISA at 4 months. These results are
consistent with previous observations on
the appearance of neonatal MHC iso-
form (1), and they demonstrate a mono-
clonal antibody specific to the neonatal
myosin.

Myosin from the PM of 6-month and 1-
year dystrophic chickens (6) reacted
with 2E9A, while myosin from age-
matched control birds did not. Figure 1B
shows that myosins from the PM of 6-
month and 1-year dystrophic birds react-
ed identically with 2E9A at different anti-
body dilutions. At antibody saturation,
myosin from dystrophic muscle was 60
percent as reactive as myosin from neo-
natal normal muscle. As before, myosin
from 6-month and 1-year normal muscle
did not react significantly with 2E9A.
Similar results were obtained when the
concentration of antigen was varied (Fig.
1C). These results suggest that myosin
from adult dystrophic muscle contains
the antigenic determinant detected by
2E9A, which is present on the neonatal
MHC. The fact that myosin from dystro-
phic muscle is not as reactive as myosin
from neonatal muscle may mean that
other nonreactive myosins are present in
dystrophic muscle or that a different
MHC is present in dystrophic PM that
contains a similar but not identical deter-
minant.

The reactivity of 2E9A with Western
blots of myosin samples from normal and
dystrophic chickens of different ages is
shown in Fig. 2, A and B. Antibody
reacted with MHC of 20-day normal
chicks but not with MHC of embryonic
or adult normal chickens. As expected,
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2E9A reacted with MHC from the PM of
adult dystrophic chickens in addition to
reacting with myosin from 20-day neona-
tal dystrophic chicks. No reaction was
observed with MHC from embryonic
dystrophic  chickens. While equal
amounts of MHC were transferred to
nitrocellulose, it appeared that the reac-
tion with adult dystrophic myosin was
less than the reaction with MHC from
20-day normal or 20-day dystrophic PM.

Many monoclonal antibodies have
been shown to react with more than one
myosin isoform (7). Thus the same anti-

genic determinant may be found in close-
ly related isozymes. To determine
whether 2E9A was reacting with the
same myosin in 20-day normal PM and in
1-year dystrophic PM, I prepared pep-
tide maps of the MHC from the 20-day
normal PM and the 1-year dystrophic
PM by a peptide mapping procedure that
I have previously used to characterize
many MHC isoforms. The maps were
transferred to nitrocellulose by Western
blotting and subsequently reacted with
2E9A antibody. By this procedure only
those cleavage products that still con-

Fig. 3. Immunocytochemical analysis of the PM of normal and dystrophic chickens with 2E9A
antibody. PM’s from dystrophic and aged-matched normal chickens were frozen side by side in
liquid Freon and 10-um sections were cut and air-dried for 30 minutes. Sections were reacted
with 2E9A antibody for 1 hour at 37°C after blocking with 2 percent horse serum. Bound
antibody was reacted with Vectastain ABC reagents as described in the legend to Fig. 1. Bound
antibody was visualized with diaminobenzidine. (A) Low-power magnification of PM from 6-
month normal (N) and 6-month dystrophic (D) chickens. (B) Higher power view (x200) of the
area in the rectangle in (A). (C) PM from 20-day normal (N) and 20-day dystrophic (D) chicks
(%200). In the muscle from 6-month dystrophic chickens all the fibers were stained with 2E9A,
while no fibers were stained in the muscle from 6-month normal chickens. The small dark spots
in the normal muscle are due to contraction artifacts during staining. All fibers in 20-day muscle
of 20-day normal and dystrophic chicks reacted with 2E9A antibody.
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tained the 2E9A determinant would be
detected. I previously showed that pep-
tide maps of MHC from adult dystrophic
PM contained many peptides in common
with neonatal MHC but were not abso-
lutely identical to the peptide map of
MHC from 20-day chick PM (8). Howev-
er, as shown in Fig. 2C, the peptides
detected by 2E9A are identical in the
peptide maps of MHC’s from 20-day
normal PM and 1-year dystrophic PM at
two different Staphylococcus aureus V8
protease concentrations. This strongly
suggests that 2E9A was reacting with the
same myosin in both samples and not
with a closely related isoform.

The distribution of neonatal MHC in
adult dystrophic muscle fibers was then
determined by immunocytochemistry.
As shown in Fig. 3, 2E9A reacted with
virtually all fibers in adult dystrophic
muscle but with no fibers in adult normal
muscle. All fibers of normal and dystro-
phic PM from 20-day chicks reacted with
2E9A. Thus all fibers of the dystrophic
PM continued to express neonatal MHC.
In a previous report I suggested from my
analysis of MHC peptide maps that adult
dystrophic PM contained predominantly
neonatal MHC in addition to other myo-
sins. Now, having developed a monoclo-
nal antibody specific to the neonatal
MHC, I have been able to confirm the
presence of this isoform in all fibers of
dystrophic PM. The present results also
suggest that other myosins are present in
dystrophic PM. However, since other
monoclonal antibodies that will react
specifically with embryonic or adult
MHC'’s are not available, these myosins
cannot now be identified.

While it is widely assumed that degen-
eration and regeneration is occurring in
dystrophic muscle, there is little direct
evidence of this. Since the amount of
atrophy or hypertrophy varies in differ-
ent dystrophic lines depending on back-
ground genes (6), regenerative processes
are probably secondary effects of muscu-
lar dystrophy. In my study, virtually all
muscle cells of the dystrophic PM, irre-
spective of fiber size, reacted with 2ESA.
Thus dystrophic muscle fibers continue
to accumulate neonatal MHC and fail to
undergo the isoform transition from neo-
nate to adult that is characteristic of
normal muscle. This makes it unlikely
that regeneration per se is responsible
for the continued expression of imma-
ture isoforms, although the occasional
cell that does not react with 2E9A may
represent a regenerating fiber that has
been shown to contain embryonic myo-
sin (9). It should be pointed out that
neonatal MHC has not been found in
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regenerating muscle (9), and if all the
fibers in a 6-month-old dystrophic chick-
en are regenerating fibers (an unlikely
situation), this would probably be the
first demonstration of neonatal myosin in
such fibers.

While other isozyme changes have
been shown to be inhibited in dystrophic
fibers (3), myosin is, to my knowledge,
the only muscle protein that undergoes a
transition from embryo to neonate to
adult. Since the first isoform change oc-
curs normally in dystrophic muscle,
these results indicate a subsequent block
in maturation 1 month after hatching.
The product of the dystrophic gene has
not yet been identified, but its action is
consistent with its being a regulator of
the expression of many gene families.
One would predict that such a regulator
would be present at very low levels,
which may- explain its elusive nature.
Our knowledge of the regulation of mul-
tigene families in which different genes
are expressed at different ages is very
limited. It remains possible that the pro-
cesses involved in turning genes on and
off during normal development are im-
paired in dystrophic muscle, resulting in
the variety of isozyme abnormalities that
have thus far been identified.

Note added in proof: 1 have now pro-
duced a monoclonal antibody specific for
the adult MHC and found a small amount
of this isoform to be present in adult
dystrophic PM.

EVERETT BANDMAN
Department of Food Science and
Technology, University of California,
Davis 95616
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Prolactin Stimulation of Maternal Behavior in Female Rats

Abstract. Inexperienced, hypophysectomized female rats treated with steroids
were used in experiments to investigate the roles of the pituitary gland and prolactin
in the expression of maternal behavior. Administration of ovine prolactin or
treatment with ectopic pituitary grafts, which release prolactin into the circulation,
stimulated maternal care in these females toward rat young. Steroid treatment
alone, while stimulating maternal behavior in rats with intact pituitary glands, did
not facilitate maternal responsiveness in hypophysectomized females. These findings
indicate a stimulatory behavioral role for pituitary prolactin in the establishment of
maternal care and suggest that exposure to prolactin during pregnancy helps to
stimulate the immediate onset of maternal behavior at parturition.

Studies of the relation between endo-
crines and behavior have indicated that
changes in hormonal status during preg-
nancy contribute to the expression of
maternal care at parturition in mammals
(1). While the steroids estradiol and pro-
gesterone have been shown to stimulate
maternal responsiveness in behaviorally
inexperienced females, evidence for a

role of pituitary hormones—most nota-
bly prolactin, which is secreted in large
amounts during early and late stages of
pregnancy (2)—in the induction of ma-
ternal behavior in mammals is equivocal.
The early finding of Riddle et al. (3) that
repeated injections of prolactin stimulat-
ed maternal behavior in female rats led
to the suggestion that prolactin was a
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