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Abstract

We have used a myasthenic serum that in adult rat muscle
is specific for acetylcholine receptors (AChRs) in the extra-
junctional membrane to characterize the AChRs at develop-
ing endplates. Immunocytochemical experiments show that
AChRs at endplates in the rat diaphragm bind the myasthenic
antibodies during the first week after birth but lose their
reactivity during the second and third postnatal weeks.
AChRs at endplates in adult rat diaphragm do not bind the
antibodies even after denervation; in contrast, AChRs at
endpiates in an adult chicken muscle (anterior latissimus
dorsi) are recognized by the antibodies. The loss of immu-
nological reactivity thus may be correlated with a change in
the channel properties of the AChR and with the appearance
of synaptic folds, two postnatal developmental changes that
occur at the endplates of rats, but not of chickens.

Formation of the mature mammalian neuromuscular junction oc-
curs in several stages during embryonic and early postnatal life
(Dennis, 1981). During this period, the acetylcholine receptor (AChR)
changes its distribution on the muscle surface, and AChRs at the
new endplates change several of their properties (Fambrough,
1979). The first sign of differentiation at the developing endplates is
the appearance of AChR clusters near the nerve terminals. In the
rat, these clusters appear at embryonic day 15, about 48 hr after
the initial functional contact between nerve and muscle (Bevan and
Steinbach, 1977; Braithwaite and Harris, 1979; Dennis et al., 1981).
The AChRs at the new endplates initially have a rapid metabolic
turnover time, like those of AChRs in the extrajunctional membrane,
but undergo metabolic stabilization just before birth (Reiness and
Weinberg, 1981). A further stage of synaptic development occurs
in the rat after birth: the mean channel open time of the AChRs
decreases (Sakmann and Brenner, 1978; Fischbach and Schuetze,
1980; Michler and Sakmann, 1980) and the postsynaptic membrane
develops folds (Teravainen, 1968; Kelly and Zacks, 1969). A com-
parison of the biochemical properties of AChRs purified from adult
endplates with those derived from the extrasynaptic membranes of
denervated or embryonic muscles shows them to be closely similar
(Brockes and Hall, 1975; Nathanson and Hall, 1979). The two can
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be distinguished, however, by antibodies in the serum of patients
with myasthenia gravis (Almon and Appel, 1975; Weinberg and Hall,
1979; Dwyer et al., 1981). We have used a highly specific myasthenic
serum to show that AChRs at developing endplates in the rat initially
resemble the AChRs in the extrasynaptic membrane but later change
their immunological properties. This change occurs at approximately
the same time as the channel properties of the AChR change and
the folds appear.

Some of these findings have been reported in preliminary form
(Hall et al., 1983).

Materials and Methods

AChR. AchRs were partially purified from normal and denervated (10
days) rat muscle on a cobra toxin affinity column as described by Froehner
et al. (1977), except that the AChR was eluted from the column in 1% Triton
X-100 instead of deoxycholate. For assay, AChRs were incubated with [2]
-a-bungarotoxin (['?*I]-a-BuTx) and toxin-receptor complex formation was
measured using a DEAE-cellulose filtration assay (Brockes and Hall, 1975).
The amount of AChR is expressed as femtomoles of toxin-binding sites.

Myasthenic antibodies. In the initial set of experiments, we used myas-
thenic sera that were provided by Dr. Peter Dau, who obtained them at
Children’s Hospital, San Francisco, during the period 1973 to 1978, using a
protocol approved by the Human Studies Committee, University of California,
San Francisco. In later experiments, we used antibodies from a plasmapher-
esis serum taken by Dr. Dau that had been stored for 4 years as a 40%
ammonium sulfate fraction. This fraction was subsequently dialyzed in our
laboratory against 0.02 M ammonium bicarbonate, lyophilized, and stored at
—20°C. Solutions were made from this stock as needed.

For immunocytochemistry experiments, a DEAE fraction was prepared as
follows. The lyophilized protein (60 mg) was taken up in 3 mt of 10 mm
potassium phosphate, pH 8.0, and passed over a 3-ml DE-52 (Whatman)
column equilibrated in the same buffer. Aliquots of the column pass-through
were then stored at —80°C for future use.

Assays. To measure inhibition of toxin binding, several microliters of each
serum were incubated overnight at 4°C with 125 fmol of AChR purified from
normal or denervated rat muscle. ["**/]-«-BuTx was added to a final concen-
tration of 10 nm in a volume of 30 ul and the incubation continued at 37°C
for 60 min. Toxin-receptor complex formation was then measured by a
filtration assay as described above.

Binding of antibodies in the serum to the AChR was measured directly by
incubating 200 fmol of AChR with serum overnight at 4°C in a solution (30
wl) containing phosphate-buffered serum (PBS) with 1% Triton X-100 and 1
mg/ml of bovine serum albumin (BSA). Fifty microliters of a 20% suspension
of immobilized protein A (IgG Sorb, The Enzyme Center, Inc.) in 40 mm NaCi,
5mmMm EDTA, 10 mm Tris, 1% Triton X-100, 0.02% NaN, (pH 8.0) were added
and the incubation continued at room temperature for 60 min, Samples were
centrifuged, and duplicate 20-ul samples of the supernatant were assayed
for remaining AChR using the DEAE filtration assay described above.

The effect of a-BuTx on binding of antibodies from the plasmapheresis
serum to the purified AChR from denervated rat muscle was measured by
incubating 91 fmol of AChR or of toxin-receptor complex with antibody at
4°C overnight in 10 mm Tris, 1% Triton X-100, 1 mg/mt of BSA, pH 7.4 (final
volume, 25 or 30 ul). After the incubation, 5 ul of 50 nM ['Z1}-a-BuTx were
added to tubes containing receptor, which were then incubated at 37°C for
60 min. PBS-BSA (75 ul) was added to all tubes, followed by 2 ul of a rabbit
antiserum raised to a DEAE fraction of the myasthenic antibodies. After
incubation at room temperature, 75 ul of immobilized protein A were added,
and the incubation continued for 30 min. The tubes were centrifuged, the
peltets were washed, and the radioactivity in the pellets was measured with
a Beckman gamma counter.
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Immunocytochemistry. Frozen sections (4 um) of rat and chicken muscle
were cut on a cryostat as described by Sanes and Hall (1979). Muscles from
young rats were sandwiched between pieces of adult diaphragm before
freezing. Muscle sections were incubated with 2 mg/ml of a DEAE fraction
of myasthenic serum prepared as above, followed by a mixture of fluorescein-
conjugated goat anti-human IgG Fab fragment (N. L. Cappel Laboratories)
and rhodamine-abeled a-BuTx. Sections were examined under fluorescein
and rhodamine optics in a Leitz Diavert fluorescence microscope. Further
details of the immunocytochemical procedures were as described (Sanes
and Hall, 1979; Bloch and Hall, 1983).

Resuits and Discussion

Patients with myasthenia gravis have two types of antibodies in
their sera: antibodies that recognize one or more determinants on
extrasynaptic AChRs that are not present on AChRs at adult syn-
apses, and antibodies that do not distinguish the two receptor types
(Weinberg and Hall, 1979). To obtain a serum that was enriched in
the first class of antibodies, we screened sera from myasthenic
patients for their ability to distinguish AChRs purified from normal
and denervated adult rat muscles. We wished to use the antibodies
as immunocytochemical reagents to study selectively the AChRs at
endplates. Therefore, we sought antibodies, similar to those de-
scribed by Dwyer et al. (1981), that would block the binding of o-
BuTx. Since the toxin-binding site is exposed on the external cell
surface, antibodies that recognize this site should be well suited for
immunocytochemistry.

Of 35 sera screened, one was remarkably specific. When tested
against AChRs from rat or mouse muscles, antibodies in this serum
recognized only AChRs from denervated or er@bryonic muscle.
Thus, the serum had no effect on the binding of ['®1]-a-BuTx to
AChRs purified from normal rat muscle, but it inhibited the binding
of toxin to AChR purified from denervated muscle (Fig. 1). Similar
resuits were obtained when AChRs prepared from adult mouse
muscle and from the myotubes of C2 (Yaffe and Saxel, 1977,
Inestrosa et al., 1983), a mouse-muscle cell line, were compared.
The antibody blocked toxin binding to C2 AChRs but not to those
from adult mouse muscle (data not shown). In the case of extrajunc-
tional AChRs from both rat (Fig. 1) and mouse, inhibition was to a
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Figure 1. Myasthenia gravis serum inhibits binding of ['®l-a-BuTx to AChR
purified from denervated rat muscle, but not from normal rat muscle. AChRs
(125 fmol) purified from normal (JR) or denervated (EJR) rat leg muscle
were incubated with the indicated amount of serum and subsequently
assayed for toxin-binding activity as described under “Materials and Meth-
ods.”
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maximum value of approxiamtely 50%. Only partial inhibition is
achieved because the antibody recognizes only one of the two
toxin-binding sites that each AChR possesses (Gu et al., 1985).

Binding of the antibodies in the myasthenic serum to the AChR
could be measured directly by incubating the AChR from denervated
muscle sequentially with the serum, with [**®]-a-BuTx to label the
AChR, and with either a second antibody or immobilized protein A
to precipitate the AChR bound to antibody (Fig 2). No binding to
AChRs from normal adult muscle was detected by this assay. When
extrajunctional AChRs were incubated with ["#*[}-a-BuTx prior to
incubation with the myasthenic antibody, the toxin blocked over
95% of the binding of antibody to the AChR (Fig. 3). Thus, virtually
the only antibodies for rat receptor present in this serum are those
that bind at or near a toxin-binding site on the extrajunctional
receptor.

We used this serum to examine the AChRs at endplates in
developing rat muscle. Cryostat sections of rat diaphragm were
exposed to the myasthenic antibodies, followed by a fluorescein-
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Figure 2. Myasthenia gravis serum binds to AChR purified from dener-
vated rat muscle (EJR), but not to AChR purified from normal rat muscle
(JR). AChRs were incubated with the indicated amount of serum, and after
precipitation with immobilized protein A, the supernatant was assayed for
AChHR as described under “Materials and Methods.”
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Figure 3. The binding of myasthenic antibodies to AChR purified from
denervated rat muscle is blocked by «-BuTx. AChR was either incubated
with myasthenic antibody followed by ["%i}-a-BuTx (Ab + T) or with ['®i}-a-
BuTx followed by myasthenic antibody (T + Ab). A rabbit antiserum to the
myasthenic antibodies was then added, followed by immobilized protein A.
The radioactivity in the precipitate was then determined. Details of the
procedure are given under “Materials and Methods.”
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Figure 4. Binding of myasthenia gravis antibody (MG Ab) to AChRs at endplates in developing rat muscle declines during the second and third postnatal
weeks. Sections of rat diaphragm muscle from postnatal rats of varying ages were viewed with fluorescein optics and rhodamine optics after incubation
with a DEAE fraction of myasthenic serum, followed by a mixture of fluorescein-conjugated second antibody and rhodamine-labeled «-BuTx. Exposure and

printing conditions were the same for all ages. The very faint residual staining seen in day 18 muscles could correspond to the faint “nonspecific” staining
of endplates that is sometimes seen with normal human sera (L. Silberstein and Z. W. Hall, unpublished observations).

conjugated second antibody. Because toxin binding was only par-
tially blocked by the serum, rhodamine-abeled «-BuTx could be
used to locate the AChRs at endplates. AChRs at endplates in
neonatal rats bound antibody, as did endplate AChRs in 6-day-old
rats. At the ages of 10 and 14 days, binding was progressively
decreased and was virtually absent at endplates of 18-day-old rats
(Fig. 4). To establish that the antibodies seen by immunocytochem-
istry have the same specificity as those that bind the solubilized
receptor (Silberstein et al., 1983), we incubated muscle sections
from 6- or 10-day-old animals with rhodamine «-BuTx before adding
the myasthenic antibody. Under these conditions, staining with
antibody was almost completely eliminated (Fig. 5a). Thus, during
the second and third postnatal weeks, AChRs at endplates undergo
an immunological transition involving a determinant at or near a
toxin-binding site on the receptor.

The change in immunological properties that occurs during de-
velopment is not synchronous with AChR clustering or with the
change in metabolic turnover time of endplate AChRs, as both of
these events occur prenatally. The immunological change is, how-
ever, temporally correlated with the change in channel properties of
the AChR and with the appearance of folds in the postsynaptic

membrane. The mean channel open time (7) of the AChR at rat
muscle endplates changes postnatally from a value of 3 to 4 msec
to one of about 1 msec. AChRs with short channel open times first
can be detected at endplates in rat diaphragm at postnatal day 6
(Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980). Their
proportion increases over the next 7 days until all endplate AChRs
have fast channels. In contrast, in the rat soleus, the channel open
time decreases between 8 and 18 days after birth, in a process that
has been estimated to occur with a half-time of 3 to 4 days (Michler
and Sakmann, 1980). During the same development period in rat
and mouse muscle in which the channel open time decreases, the
surface area of the endplate increases and deep junctional folds
begin to form (Teravainen, 1968; Kelly and Zacks, 1969).

Using a different myasthenic serum to analyze the total AChR
population in crude extracts of developing rat muscle, we previously
reported an immunological change in AChRs as early as the second
postnatal day (Reiness and Hall, 1981). Whether this discrepancy
between our previous and present results arises from different
specificities of the two sera that we have used, or represents different
sensitivities of the two methods, remains to be determined. Because
channels with adult properties had not been reported to occur at
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TABLE |
Properties of the endplate AChRs and the postsynaptic membrane in
developing and adult muscle®
AChR : AChR ;
Muscle Metabolic Pr;;?c"?cm Channel Img::;ﬁ%;w
Turnover Time® Open Time®
Neonatal rat dia- slow - long ++
phragm
Adult rat diaphragm slow + short -
Denervated adult rat fast + short +/—
diaphragm
Adult chicken anterior slow o long ++

latissimus dorsi

?Table | is from Hall et al. (1983); used with permission from Cold Spring
Harbor Laboratory, ® 1983.

" Sources: Berg and Hall, 1975; Burden, 1977; Reiness and Weinberg
(1981); Loring and Salpeter (1980); Brett et al. (1982).

¢ Sources: Teravainen (1968); Kelly and Zacks (1969); Miledi and Salter
(1969); Atsumi (1977).

?Sources: Sakmann and Brenner (1978); Michler and Sakmann (1980);
Fischbach and Schuetze (1980); Brenner and Sakmann (1983); Schuetze
(1980).

endplates as early as the second postnatal day (Sakmann and
Brenner, 1978; Fischbach and Schuetze, 1980), we previously sug-
gested that the transition in immunological properties was not related
to channel open time. According to more recent estimates, however,
endplate AChRs with altered channels can be found as early as 2
days after birth (S. M. Schuetze and S. Vicini, personal communi-
cation), so that our interpretation of the present results is not
necessarily at variance with our previous findings.

To examine further the relationship between immunological reac-
tivity and other properties, we also tested endplates in rat muscles
that had been denervated for 21 days. AChRs at these endplates
showed only faint binding of the myasthenic antibodies (fig. 5, C
and D). Synaptic folds are maintained for many weeks in denervated
rat muscles (Miledi and Slater, 1969), and the mean channel open
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Figure 5. Binding of antibody to AChRs at rat and chicken
endplates. Cryostat sections were incubated with the DEAE frac-
tion of the myasthenic serum, followed by fluorescein-conjugated
second antibody and rhodamine-labeled «-BuTx. Sections were
then photographed with fluorescein (a, c, e, and g) or rhodamine
(b, d, f, and h) optics. In a and b the sections were incubated
with rhodamine-labeled a-Butx before the antibody. In all other
cases, the sections were exposed to the myasthenic antibody
before the toxin. a and b, Sections of diaphragm from a 6-day-
old rat. ¢ and d, Sections from a denervated (21 days) rat
diaphragm. e and f, Sections from a normal rat diaphragm. g and
h, Sections from adult chicken anterior latissimus dorsi muscle.
Bar, 10 pm.

time of the AChRs remains short (Brenner and Sakmann, 1983).
However, their metabolic turnover time is changed; after denervation,
AChRs that turn over rapidly replace those that turn over slowly
(Loring and Salpeter, 1980; Brett et al., 1982). Thus, in developing
and denervated rat muscle, immunological reactivity is associated
with a lack of folds and a long mean channel open time, and is
independent of metabolic turnover time (Table I). The correlation
between synaptic folds, mean channel open time, and the immu-
nological properties of the AChR is further strengthened by exami-
nation of an adult chicken muscle, the anterior latissimus dorsi.
Endplates in this muscle lack prominent folds (Atsumi, 1977); the
mean channel open time of the AChRs (3 to 4 msec) does not
change during development (Schuetze, 1980); and, in contrast to
the rat (Fig. 5, e and f), the AChRs at adult synapses are bound by
antibodies in the myasthenic serum (Fig. 5, g and h).

During development, rat muscle AChRs undergo a postnatal
change in their pharmacology. Curare depolarizes AChRs in embry-
onic and neonatal muscle but is an antagonist in muscles taken
from animals during the second and third weeks after birth (Ziskind
and Dennis, 1978; Trautmann, 1982). This transition has so far been
demonstrated only for AChRs in the extrajunctional muscle mem-
brane. Whether it also occurs at endplates, and whether it is related
to the changes described here, is not known. AChRs at adult
endplates and the AChRs in the extrajunctional membrane of de-
nervated and developing muscles also differ in their pl (Brockes and
Hall, 1975). Because the AChRs at endplates in the diaphragms of
neonatal rats have a pl that is characteristic of the AChRs at adult
endplates (Brockes and Hall, 1975), the results presented here imply
that these receptors must represent a form that is intermediate
between the extrajunctional AChRs of embryonic muscle and those
of the adult endplate, i.e., a form with the pl of AChRs in adult
muscle and the immunological properties of AChRs in embryonic
muscle. Thus, the simple division of AChRs into junctional and
extrajunctional forms based on biochemical properties is not an
appropriate one.

The postnatal change in immunological reactivity of the AChR in
rat muscles suggests that the receptors at endplates undergo a
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developmental transition in isoforms (Caplan et al., 1983) similar to
those described for globin (Weatherall and Clegg, 1979), a-fetopro-
tein (Law and Dugaiczyk, 1981), and several other proteins (Garrels
and Gibson, 1976; Whalen et al., 1976; Perriard et al., 1978; Lowey
et al., 1982: Crow et al., 1983). One example of particular interest is
the sequential appearance in developing fast muscles in the rat of
three different isozymes of myosin heavy chain (Whalen et al., 1981).
The last step in this sequence is the replacement of a neonatal form
of myosin by the adult form. Interestingly, this transition, like that in
the immunology of the AChR, occurs during the second and third
postnatal weeks. This period is also the time during which the
multiple innervation that is characteristic of developing muscle fibers
is reduced to innervation of each fiber by a single neuron (Redfern,
1970; Brown et al., 1976). Changes in muscle activity or in the
influence of neuronal factors brought about by the loss of innervation
could provide the trigger for the biochemical changes that occur at
the endplate and elsewhere during the postnatal stage of muscle
development.
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