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Myasthenic Globulin Enhances the Loss of

Acetylcholine Receptor Clusters

Abstract. Acetylcholine receptors are present in the sarcolemma of cultured
skeletal muscle myotubes either as large clusters or in a diffuse distribution. Both the
clustered and diffuse acetylcholine receptors are potentially removable from the
membrane. Treatment of myotubes with globulin from patients with myasthenia
gravis causes the loss of acetylcholine receptor clusters and the concomitant
appearance of acetylcholine receptor microaggregates. The rate of acetylcholine
receptor cluster loss is greater than the rate of acetylcholine receptor degradation,
indicating that acetylcholine receptors are disrupted from clusters to form microag-
gregates before being removed from the plasma membrane.

The distribution of acetylcholine re-
ceptors (AChR’s) in cultured myotubes
is not uniform. Areas of sarcolemma
containing clusters of AChR’s (‘‘hot
spots’’) and high sensitivity to ionto-
phoretically applied acetylcholine (ACh)
have been found both in vitro and in vivo
(7). Studies of AChR turnover rate moni-
tored with '*’I-labeled o-bungarotoxin
(a-BTX), a neurotoxin that binds to the
AChR essentially irreversibly, have
demonstrated that the half-life of
AChR’s in myotube cultures is 18 to 24
hours (2).

To gain a better understanding of the
process by which AChR’s are removed,
we have investigated AChR cluster mor-
phology under conditions of enhanced
AChR turnover. Antibodies to AChR
from patients with myasthenia gravis
(MG) were used to accelerate AChR
degradation (3). We used a fluorescent
conjugate of a-BTX to locate AChR
clusters (4) in cultures of rat myotubes
after incubating the cultures with anti-
bodies from MG patients. Our studies
demonstrate that the number of AChR
clusters is greatly reduced in cultures
incubated with immunoglobulin from
MG patients (MG globulin). At the same
time microaggregates (4) of AChR ap-
pear over a wide area of the sarcolemma.
Both of these events occur faster than
AChR degradation.

Experiments were carried out on cul-
tured rat myotubes (5). Cells were plated
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in Falcon tissue culture dishes contain-
ing glass cover slips. Cultures were
grown at 37°C under an atmosphere of 5
percent CO, and 95 percent air. The
receptor distribution was examined by
staining the cultures with a tetramethyl-

rhodamine conjugate of a-BTX (a-BTX-
TMR) (6). This technique is specific for
detection of AChR’s, allowing us to visu-
alize AChR clusters. Cells first incubat-
ed with unlabeled a-BTX and then with
a-BTX conjugate show a complete ab-
sence of label.

Cells were incubated for 1 hour at 37°C
with 5 X 1078M o-BTX-TMR, rinsed,
and incubated with MG globulin or nor-
mal globulin for 0 to 6 hours. Other
cultures were stained after the addition
of MG globulin or normal globulin at 37°
or at 4°C to determine (i) whether the
distribution of microaggregates is similar
to that seen when cells are stained before
the addition of immunoglobulin and (ii)
whether the redistribution of microag-
gregates can be seen when cells are
stained at 4°C.

Cells were fixed in 2 percent buffered
formaldehyde and examined in a Zeiss
microscope equipped with incident-light
fluorescence optics and with phase-con-
trast optics. Purified globulin from pa-
tients with MG that had high titers for
antibody to AChR (demonstrated with
radioimmunoassay) was used in all ex-
periments (7). The number of myotubes
containing intact AChR clusters (4) and
the number of myotubes containing mi-
croaggregates (4) were counted in ran-
dom microscopic fields. The number of
intact clusters was defined as the ratio of
the number of myotube segments con-
taining intact clusters to the number of

Fig. 1. Rat myotubes
were grown on colla-
gen-coated glass cov-
er slips, washed, and
stained with fluores-
cent o-BTX (5 Xx
1078M) for 1 hour
at 37°C. Cultures
were incubated in
normal globulin or
MG globulin, fixed
in 2 percent phos-
phate-buffered form-
aldehyde, and ob-
served and photo-
graphed with a Zeiss
fluorescent micro-
scope. All micro-
graphs were exposed,
developed, and en-
larged identically
(x400). (A) Myotube
incubated with nor-
mal globulin for 6
hours. An intensely
fluorescent intact
cluster is present. (B)
Phase-contrast image

of the myotube in (A). The fluorescent cluster seems to be localized over nuclei. (C) Myotube
incubated with MG globulin for 5 minutes and fixed in formaldehyde. A few speckles (arrows)
are close to the intact fluorescent cluster. (D) Myotubes exposed to MG globulin for 3 hours
show an AChR cluster that is no longer densely packed. (E) Myotube incubated with MG
globulin for 6 hours shows complete dissolution of the AChR cluster. Microaggregates 2 to 6 pm
in diameter (arrows) are present. Scale bar, 20 pm.
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myotubes containing either intact clus-
ters or microaggregates, or both. Myo-
tubes containing both intact clusters and
microaggregates were scored separately
for each parameter. The AChR cluster
loss was determined from the decrease in
the number of intact clusters with time.
The degradation rate of AChR in cell
culture in the presence and absence of
MG globulin was determined with '*I-
labeled a-BTX (2 x 1078M) and assayed
as described (2, 3).

Control myotubes incubated with «-
BTX-TMR at 37°C for 1 hour displayed
intensely fluorescent clusters, usually 20
to 60 wm in length. Cultures treated with
normal human globulin for 5 minutes to 6
hours show similar intact fluorescent
clusters (Fig. 1A). The clusters do not
present a smooth appearance, but rather
exhibit a series of strands (Fig. 1A), as
also reported by others (8). Fluorescent
images of AChR clusters are frequently
seen in close approximation to nuclei
viewed with phase-contrast optics (9)
(Fig. 1B). Myotubes incubated with MG
globulin show a time-dependent loss of
ACHR clusters. Five minutes after expo-
sure to MG globulin, evidence for cluster
disruption is seen (Fig. 1C); after incuba-
tion with MG globulin for 3 hours, myo-
tubes show a granular, grapelike appear-
ance (Fig. 1D); and after incubation for 6
hours, myotubes show loss of AChR
clusters, and the linear organization of
AChR clusters is no longer observed.
These cells have small (2 to 6 wm?)
microaggregates (4) that are distributed
throughout the myotube (Fig. 1E). A
similar distribution of microaggregates
was observed when cultures were
stained with o-BTX-TMR at 4°C after
exposure to MG globulin, suggesting that
the microaggregates are located on the
cell surface. The decrease in the number
of AChR clusters coincides with the in-
crease in the appearance of microaggre-
gates (Fig. 2).

The decrease in the percentage of clus-
ters was compared with the loss of 'I-
o-BTX binding sites (2). After the myo-
tubes were incubated with MG globulin
for 6 hours, 50 + 2 percent of the initial
1251.4-BTX binding sites remained in-
tact, whereas only 25 £ 9 percent of
the AChR clusters remained intact
(P < .001 by modified #-test) (10). Thus,
in the presence of MG globulin the loss
of AChR clusters is about 1.5 times the
rate of AChR degradation. This effect is
not the result of a complement-related
process, because we used purified globu-
lin. A loss of AChR clusters was also
observed in untreated cultures and cul-
tures treated with normal globulin but at
a much slower rate (Fig. 2). This redistri-
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Fig. 2. The percentage of AChR clusters
remaining after treatment with normal globu-
lin (open circles) and MG globulin (open
squares) at indicated times. Under normal
culture conditions, about half of the myotubes
contained AChR clusters. The decrease in the
percentage of myotubes containing intact
AChHR clusters after treatment with MG glob-
ulin is accompanied by an increase in the
percentage of myotubes containing microag-
gregates (closed squares). Closed circles de-
note the percentage of myotubes containing
microaggregates after treatment with normal
globulin. Each point indicates the mean
+ standard deviation (bars) determined from
20 microscopic fields in each of three cul-
tures. For each point, 30 to 40 myotubes
containing AChR clusters or AChR microag-
gregates, or both (4), were counted. The aver-
age value for the percentage of intact clusters
remaining is significantly different (P < .001)
1, 3, and 6 hours after MG globulin treat-
ment.

bution is not caused by a-BTX (1), or the
dissociation of the chromophore from
the toxin-AChR complex. Cultures fixed
before or after exposure to a-BTX-TMR
and left at 37°C for up to 24 hours show
intact intensely fluorescent clusters. Af-
ter fixation, loss of clusters was not
observed.

We have found that MG globulin not
only increases the turnover rate of
AChR’s, but also increases the rate of
AChR cluster loss. In cultures treated
with MG globulin, the calculated rate of
ACHR cluster loss is greater than the rate
of total AChR degradation, whereas in
cultures treated with normal globulin,
the rate of AChR cluster loss is less than
the rate of AChR degradation. One pos-
sible explanation is that MG antibody
disrupts the AChR clusters, thereby
leading to the appearance of microaggre-
gates (Fig. 1E). These microaggregates
may be the specialized domains of plas-
ma membrane at which internalization of
AChR rapidly occurs, perhaps via the
coated pit mechanism (/7). Another pos-
sible explanation is that the microaggre-
gates are the result of cross-linking of
diffuse AChR molecules that can migrate
in the plane of membrane (12).

Evidence for the first possibility in-
cludes the following. (i) Under normal
cuiiure conditions, 92 percent of AChR

clusters are intact rather than dispersed.
(ii) The disappearance of AChR clusters
coincides with the appearance of mi-
croaggregates and with the increased
degradation rate of AChR. (iii) The dis-
appearance of AChR clusters after MG
globulin treatment occurs faster than the
removal of total surface AChR as mea-
sured by '*I-a-BTX. Although we have
not followed individual clusters through
stages of cluster loss, our observations
indicate that cluster loss is a gradual
process. If the rate of AChR cluster loss
is sufficiently slow, AChR internaliza-
tion may occur at intact clusters, thus
explaining the observation that degrada-
tion occurs faster than cluster loss in
control cultures. Whether internalization
of the AChR-o-BTX complex takes
place at AChR clusters, or whether
AChR’s are internalized randomly
throughout the sarcolemma remains to
be determined. Our study indicates that
AChR’s are not structurally fixed in clus-
ters and that cluster disruption may pre-
cede AChR internalization when AChR
turnover is enhanced by MG antibody.
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Sex Differences in Dendritic Structure in the Preoptic Area of

the Juvenile Macaque Monkey Brain

Abstract. Quantitative analysis of Golgi
the brain of prepuberal Macaca fascicularis

-stained neurons in the preoptic area of

monkeys indicated structural differences

between males and females. Neurons of males had more dendritic bifurcations and a
higher frequency of spines. The bifurcation difference appeared in all cell types and

was concentrated in the ventrolateral preoptic area. The spine difference. was

greatest in the central region of the preoptic area. No differences in gross
measurements of this brain region were found. These results suggest that sexual

dimorphism in the function of the monkey p
in neuronal structure.

Sex differences in adult mammalian
reproductive physiology and behavior
depend largely on differences in the orga-
nization of the brain, which are activated
in the adult by circulating hormones (7).
To a great extent, these sex differences
in brain organization arise in response to
gonadal steroid hormones present in the
circulation during sensitive periods be-
fore or after birth (2). Recent research
has indicated that sexual dimorphism in
brain function may reflect differences in
brain structure. For example, the pre-
optic area of the hypothalamus, which
appears critical to male copulatory be-
havior and which is also involved in
phasic female endocrine regulation in
rodents (3, 4), exhibits sexual dimor-
phism in synaptic termination patterns
(5), regional cell size and packing density
(6), and dendritic density patterns (7).
Sex differences have also been demon-
strated in other parts of the rodent brain
(8) and in the size of certain brain nuclei
and one type of nerve cell in avian spe-
cies (9).

reoptic area may be based on differences

We know relatively little about sex

differences in the structure of the pri-
mate brain. There are sex differences in
the overall size of the brain in humans
and other primates (/0), and there is
evidence for human sex differences in
morphological brain asymmetry (/7). At
a finer structural level, the only primate
sex difference reported to date is in larg-
er nerve cell nuclei in the amygdala of
male than of female squirrel monkeys
(12). These were intact adults whose
gonads were releasing different hor-
mones. Thus the nuclear size differences
could reflect dynamic responses to circu-
lating hormones rather than a stable sex
difference (/3). Because the preoptic
area shows the greatest variety of report-
ed structural dimorphisms in rodents, it
seems a likely: site for structural dimor-
phism at the cellular level in primates.
This region is essential to normal male
sexual behavior in macaques. Although
it appears to be unnecessary for cyclic
gonadotrophin regulation in primates in
contrast to rodents (3), it probably plays

a modulatory role (/4). We used quanti-
tative measurements of Golgi-stained
neurons in the juvenile macaque monkey
preoptic area and report here evidence
for structural sexual dimorphism prior to
the age of onset of adult sex differences
in circulating hormones, which might
affect these measures (/5).

Four male and four female Macaca
fascicularis monkeys, between 8 months
and 2 years of age, were used. The
preoptic area (POA) and surrounding tis-
sue was dissected from the brain, block-
stained according to a Golgi-Cox proce-
dure (/16), embedded in celloidin, and
sectioned at a thickness of 100 wm in the
coronal plane. Each subject was as-
signed a numerical code that did not
reveal its sex. For sampling purposes,
the POA was defined as a rectilinear
solid lying under the anterior commis-
sure (/7). All well-impregnated neurons
whose processes were not grossly atten-
uated by sectioning or otherwise ob-
scured were fraced by hand at X500
magnification using a camera lucida mi-
croscope attachment. No attempt was
made to follow dendritic processes in
adjacent sections. Neurons were sub-
classified on the basis of dendritic spine
frequency (/8). (The location of each
soma with regard to the brain’s midline
and the center of the anterior commis-
sure was also recorded.) A total of 809
neurons from females and 980 neurons
from males were drawn. The drawings
were analyzed by counting and measur-
ing the projected length of each dendritic
branch. Branches were grouped in terms
of their order away from the cell body,
where first order refers to a branch from
the cell body, second order, a branch
beyond a bifurcation, and so forth. -

The POA neurons were predominantly
bipolar cells with a relatively simple den-
dritic field. Two major types of sex dif-
ferences were evident. (i) There were
approximately 20 percent more dendritic
branches per neuron in males than in
females (Table 1). The mean number of
branches in every male exceeded that in
every female. There was no statistical
difference in the number of branches

Table 1. Brain measurements. Data are expressed as weighted mean =+ standard error of the mean based on four individual subject means (/9).
Abbreviations: M, male; F, female; S, sparse; CC, corpus callosum; AC, anterior commissure; and IC, internal capsule.

Branches per neuron leDnZ?lsr(i:rCn) PeriT:;S?;:Jons Gross brain size
S
X Order Inter- CC to Midline
| 5 3 4 Total medi- Spiny AC to IC
ate (mm) (mm)
M 241 £0.04 3.05=0.12 1.26 £ 0.10 0.26 £0.05 7.02 £0.29 2994 = 13.1 32.3 442 23.5 6.31 =0.06 2.36 = 0.09
F 239002 2.64 =0.11%* 1.01 =0.10 0.14 = 0.04 6.19 = 0.27F 277.2 = 82 38.6 40.9 20.5¢ 6.16 = 0.08 2.44 * 0.10

*F(1, 6) = 6.58; P < .05. tF(1, 6) = 6.00; P < .05.

14 JANUARY 1983

i (2) = 7.4; P < .025 2I).
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