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Heparin and Heparan Sulfate Partially Inhibit Induction of
Acetylcholine Receptor Accumulation by Nerve in Xenopus Culture

Yukiko Hirano and Yoshiaki Kidokoro

Jerry Lewis Neuromuscular Research Center, UCLA School of Medicine, Los Angeles, California 90024

It has been demonstrated that ACh receptors in Xenopus
nerve-muscle cultures migrate in the membrane to the nerve
contact area during junction formation (Anderson et al., 1977)
and that “diffusion trapping’ is the major mechanism for
nerve-induced receptor accumulation (Kidokoro and Brass,
1985; Kuromi et al., 1985; Kidokoro et al., 1986). A crucial
remaining question is how the nerve induces the trap for
randomly diffusing ACh receptors. In this study we examined
the effect of various glycosaminoglycans in the culture me-
dium on the nerve-induced receptor accumulation and found
that heparin and heparan sulfate partially inhibited nerve-
induced receptor accumulation, but similar molecules, chon-
droitin sulfate type A and type C, did not. By chemical mod-
ification of heparin we also showed that N-sulfate residues
and a large-molecular-weight molecule are essential for this
inhibitory effect. Heparin did not affect ACh receptor clus-
tering (hot-spot formation) in myocytes cultured without
nerve. By changing the time and duration of heparin appli-
cation, we found that heparin was effective in inhibiting nerve-
induced receptor accumulation only when it was present in
the culture medium during the period that neurites are ac-
tively forming contact with muscle membrane.

During the early period of neuromuscular junction formation
ACh receptors accumulate at the site of nerve contact. In Xen-
opus nerve—muscle cultures this is at least partly due to lateral
migration of receptors in the muscle membrane {(Anderson and
Cohen, 1977; Anderson et al., 1977). We have further shown
that receptor accumulation primarily results from “diffusion
trapping” (Kuromi et al., 1985; Kuromi and Kidokoro, 1984a,
b; Kidokoro et al., 1986): Namely, randomly diffusing ACh
receptors in the muscle membrane come into contact with the
nerve-induced trap where their migration is practically stopped,
resulting in high receptor density regions at the subsynaptic
membrane. The concept of the diffusion trap to explain receptor
accumulation at the neuromuscular junction was first proposed
by Edwards and Frisch (1976). Its plausibility was further con-
firmed by Chao et al. (1981). In chick cultures, however, pref-
erential insertion of new receptors at the junctional region has
been found to be the major mechanism for receptor accumu-
lation (Role et al., 1985).
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Receptor aggregation occurs under various conditions. Mus-
cle cells cultured alone have discrete receptor clusters (hot spots)
on the surface membrane. Nonspecific substances, such as silk
thread (Jones and Vrbova, 1974) or positively charged latex
beads (Peng et al., 1981), can cause ACh receptor accumulation
at the contact area. Electric fields also induce receptor aggre-
gation at the cathodal pole (Orida and Poo, 1978). Thus, it is
clear that the muscle cell by itself is capable of forming and
maintaining receptor aggregates.

Many of the “hot spots” in cultured muscle cells occur in
association with fragments of basement membrane (Anderson
and Fambrough, 1983). In the adult animal, aggregates of ACh
receptors occur at the old synaptic sites after regeneration of
new muscle fibers in a damaged muscle, even in the absence of
the nerve terminal (Burden et al., 1979). In this case, the base-
ment membrane that remains after nerve and muscle degen-
eration is the most likely candidate to carry information about
the synaptic site. Some identified molecules have been localized
specifically to the synaptic basement membrane (Sanes and Hall,
1979; Anderson and Fambrough, 1983; Bayne et al., 1984; Co-
vault and Sanes, 19835; Rieger et al., 1985; Chieu et al., 1986;
Moor and Walsh, 1986; Sanes et al., 1986; Reist et al., 1987).
Although the function of most of these molecules is not known,
some may play a role as a trap for ACh receptors.

In the past several years, progress has been made in the iso-
lation and characterization of molecules that promote ACh re-
ceptor accumulation (Christian et al., 1978; Podleskietal., 1978;
Bauer et al., 1981; Usdin and Fischbach, 1986; Barald et al.,
1987). To date, agrin (Godfrey et al., 1984; Wallace, 1986; Nit-
kin et al., 1987) is the best characterized molecule. Agrin is
isolated from the Torpedo electric organ and increases the num-
ber of receptor clusters in chick muscle cultures. Antibodies
against agrin stain the basement membrane at the neuromus-
cular junction of frog, chicken, and ray (Reist et al., 1987). It is
postulated that agrin is released at the motor nerve terminal
and is incorporated in nascent synaptic basal lamina, and that
it exerts its effect on ACh receptors and other molecules (Nitkin
et al., 1987).

Another molecule, heparan sulfate proteoglycan, is localized
to the basement membrane at the neuromuscular junction (An-
derson and Fambrough, 1983; Bayne et al., 1984). Cholinergic
vesicles contain heparan sulfate-related proteoglycan, chondroi-
tin sulfate, which becomes exposed on the presynaptic terminal
during neurotransmitter release (Kelly et al., 1983; Carlson and
Wight, 1987). Thus, heparan sulfate proteoglycan could serve
either as a signal or as the receptor for the signal causing ACh
receptor accumulation. To gain an insight into this process, we
included various glycosaminoglycans and their derivatives in
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the medium of Xenopus nerve-muscle cultures and examined
the effect on nerve-induced receptor accumulation. If heparan
sulfate proteoglycan is involved in receptor accumulation, then
the similar soluble molecule may interfere with this signaling
process, for example, by binding to the normal heparan sulfate
proteoglycan receptor.

We found that heparin and heparan sulfate in the culture
medium inhibited nerve-induced receptor accumulation, but
chondroitin suifates did not. Heparin was effective in inhibiting
nerve-induced receptor accumulation only when it was present
in the culture medium during the period that neurites are ac-
tively forming contact with the muscle membrane.

Materials and Methods

Cultures. Culturing procedures were the same as those published pre-
viously (Anderson et al., 1977; Kidokoro et al., 1980). Briefly, the dor-
somedial portion of Xenopus embryos at stage 23-25 (Nieuwkoop and
Faber, 1957) was dissected out with a pair of needles. The tissue was
then treated with 1 mg/ml collagenase (Worthington) in low-Ca2?* saline
for about 10 min. After this treatment myotomal tissue was easily
separated from epithelial, endodermal, notochordal, and neural tube
tissue. The muscle tissue from approximately 20 embryos was pooled
and further dissociated into individual cells in Ca2*- and Mg2*-free saline
for about 10 min. These dissociated myocytes were distributed into 4
culture dishes. One or 2 d later, about 20 neural tubes were isolated
from a new batch of embryos at stage 23-25 by the collagenase treat-
ment, pooled, further dissociated as described above, and added to 4
muscle cultures. The distribution of ACh receptor clusters was examined
a day or two later.

In some experiments neurons were plated first and myocytes were
added after neurons had extended neurites in 1- or 2-d-old cultures.
Usually myocytes attached to the substrate within 5 hr. In this manner
nerve-muscle contacts were established in a relatively short period of
time.

Visualization of ACh receptor clusters. Distribution of ACh receptor
clusters was visualized by using tetramethyl rhodamine conjugated
a-bungarotoxin (TMR-aBT). Nerve-muscle cultures were exposed to 2
uM TMR-aBT for 1 hr at room temperature, and the staining medium
was washed out with the normal culture medium. These cultures were
observed with a fluorescence microscope (IM35, Zeiss) with a 40x
water-immersion objective lens. For photography, Tri-X film (Kodak)
was used. The exposure time for fluorescence microscopy was 40-60
sec. The film was developed with Microdol (Kodak, diluted 1:3) for 6
min at 22°C.

Criteria for identification of nerve-induced receptor accumulation. When
large clusters of ACh receptors (about 1-5 um) or double band structures
(see figure 2 in Kidokoro et al., 1980) were associated with the nerve
contact area, the myocyte was classified as (+). Usually in these cases
receptor clusters outside the nerve contact region were not observed.
When a few speckles of ACh receptor clusters were associated with the
nerve contact path or when the nerve contacted the muscle along the
edge, it was classified as (£) for the following reasons: Small speckies
were often scattered over the muscle surface, and it is quite likely that
a few of them were associated with the nerve contact path, even though
the nerve was not inducing ACh receptor clusters; further, myocytes
without nerve contacts often had receptor clusters along the edge, and
it was difficult to distinguish nerve-induced clusters from those normally
found at the edge. When there were no ACh receptor clusters along the
nerve, the myocyte was classified as (—).

Counting myocytes with nerve-induced receptor clusters. First, a my-
ocyte with clear nerve contacts was chosen under phase-contrast optics
(40 x water immersion). Those cells that had nerve contacts only at the
edge were avoided. Second, the optics were switched to fluorescence
microscopy and receptor accumulation was assayed according to the
criteria described above. When a neuron contacted many myocytes,
only one of them was examined for receptor accumulation. No fewer
than 21 myocytes were assayed in one culture dish, and the percentage
of myocytes with receptor accumulation was determined. The percent-
age of myocytes with nerve-induced receptor clusters is the number of
cells belonging to a (+) category divided by the total number of cells
observed and multiplied by 100.

The percentage of inhibition was defined as (4 — B)/A(%), where A

is the percentage of myocytes with nerve-induced receptor accumulation
in control sister cultures and B is that of test cultures.

Digestion of heparin with heparinase. Low-molecular-weight heparin
(Sigma, 4000-6000 MW) was digested by heparinase (Sigma). The diges-
tion procedure was based on the protocol described by Linker and
Hovingh (1977). Briefly, heparin (1 mg/40 pl distilled water), 16 U of
heparinase in 160 ul sodium acetate (0.1 M) and 30 u! of 10 mm calcium
acetate were mixed, and the final volume was made up to 0.3 ml with
0.1 M sodium acetate. This solution was incubated at 30°C for 48 hr.
An effective cleavage of heparin was examined spectrophotometrically.
Formation of «, 8 unsaturated uronides, which have a strong absorption
maximum at 232 nm, was used to assay the effective digestion. An
aliquot of 50 ul was withdrawn from the solution and added to 1.45 ml
of 30 mm HCl and assayed in a spectrophotometer. The remaining 250
«1 of the solution was treated for 5 min at 100°C to inactivate heparinase.
This process did not affect the activity of heparin, as similarly treated
heparin (nondigested control) was effective in inhibiting nerve-induced
receptor accumulation (see Fig. 1 B). With this assay heparin was found
to be effectively digested to di-, tetra-, and hexasaccharides. A mixture
of these saccharides was used to test the effect on nerve-induced receptor
accumulation. It has been reported that more than 85% of the heparin
is digested in this protocol (Linker and Hovingh, 1977).

Biochemicals. Two types of heparin, low molecular weight (4000-
6000) and regular (15,000-25,000), heparan sulfate, de-N-sulfated hep-
arin, chondroitin sulfate type A and C, and heparinase were all pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Area measurement of hot spots. The image on the 35 mm film was
enlarged, and the area was measured on a digitizer (Summa Sketch)
using an area-measuring program (Jandel Scientific, Sausalito, CA) run-
ning on an IBM PC-XT. Some hot spots were very small (speckles),
and it was too difficult to measure their area; therefore, we only measured
hot spots larger than 43 ym?2.

Results

To examine the effect of neural cells on ACh receptor clustering,
muscle tissue was dissected from embryos at stage 23-25 and
the myocytes were dissociated in Ca>*,Mg2+-free saline. Neu-
ronal cells were added after the myocytes were in culture for 1
or 2 d, and the distribution of receptor clusters on the myocytes
was examined 1 or 2 d later by staining with TMR-aBT. A total
of 1707 myocytes with nerve contact was observed in 55 normal
cultures. Some 62.6 = 7.9% (mean * SD; » = 55, number of
cultures) of the myocytes had clear nerve-induced receptor ac-
cumulation; 9.2 + 5.6% of them belonged to the () category,
the balance (28.4 £ 7.2%) being negative. These values are
similar to those published previously (Kidokoro et al., 1986).
Since the neurons we used in these experiments were obtained
by dissociating whole neural tubes at stage 23-235, they were a
mixture of various nerve cell types, such as motoneurons and
Rohon-Beard cells. Because only cholinergic neurons induce
receptor accumulation (Cohen and Weldon, 1980; Kidokoro et
al., 1980), it is likely that some myocytes were contacted by
noncholinergic neurons and did not show nerve-induced recep-
tor accumulation.

Heparin and heparan sulfate inhibited nerve-induced ACh

receptor accumulation but chondroitin sulfate type A and C
did not.

To assay the effect of glycosaminoglycans on ACh receptor ac-
cumulation, low-molecular-weight heparin (4000-6000 MW)
was included in the medium at a final concentration of 250 ug/
ml when neurons were added to established muscle cultures.
After various periods of incubation (20.5-49 hr), cultures were
stained with TMR-oBT, and the receptor distribution was ex-
amined. Three sets of data are shown in Figure 144. The in-
cubation period (49, 20.5, and 22.5 hr) is depicted at the bottom
of each set of columns. Each set contains 2 control and 2 test
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Figure 1. A, Effect of low-molecular-weight heparin on nerve-induced
receptor accumulation. The percentage of myocytes with nerve-induced
receptor accumulation is plotted on the ordinate. Blank columns are for
control and shaded columns are for heparin-treated cultures. No less
than 21 nerve-contacted myocytes were assayed for receptor accumu-
lation in each culture, and in one set of experiments 2 control cultures
and 2 test cultures were used. ¢, Three sets of cultures. Test cultures
were incubated with 250 ug/ml low-molecular-weight heparin for the
period indicated at the bottom. Note that the extent of inhibition is not
dependent on the incubation time. b, Pooled data from a (6 cultures).
The bar at the top of each column indicates SEM. ¢, Similar data for
regular heparin (250 ug/ml). Data from 6 cultures were pooled. B, Effect
of various glycosaminoglycans on nerve-induced receptor accumula-
tion. Blank columns are for control and shaded columns are for test
cultures. The bar at the top of each column indicates the SEM. aq,
Heparan sulfate (250 ug/ml); b, chondroitin sulfate, type A (250 pg/ml).
¢, chondroitin sulfate, type C (250 upg/ml); d, de-N-sulfated heparin (250
ug/ml); e, heparinase-digested heparin (low-molecular-weight heparin,
250 pg/ml, before digestion). The third dotted column is for nondigested
heparin. Heparin was treated in exactly the same way as in the digesting
procedures except that heparinase was not added.
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cultures. In all cases the percentage of myocytes with nerve-
induced receptor accumulation (32.6, 40.7, 27.7) was smaller
than the corresponding control (59.3, 63.1, 56.0). There was no
dependency of the inhibitory effect on the incubation period
among these examples or among other sets of experiments
(summarized data are shown in Fig. 5, solid bars). On pooling
all data obtained in the same experimental protocol, the value
was 33.7 =+ 7.0% (n = 6, number of cultures) in test cultures
and 59.5 + 5.4% (n = 6) in control (Fig. 14b). These values are
significantly different (p = 0.001, Student’s ¢ test). The mean
percentage of inhibition is 43.9 + 7.3% (n = 3, number of sets).

Thus, 250 ug/ml low-molecular-weight heparin partially in-
hibited nerve-induced ACh receptor accumulation. Even in these
cultures, 33.7% of the nerve-contacted myocytes displayed nerve-
induced receptor accumulation. The extent of nerve-induced
receptor accumulation in those cells was similar to that in con-
trol cultures (Fig. 2, A, C). Heparin appears to reduce the number
of myocytes with characteristic nerve-induced receptor accu-
mulation, but heparin does not appear to inhibit the extent of
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receptor accumulation in those myocytes that exhibited nerve-
induced receptor accumulation. An example of nerve-muscle
contact without associated receptor clusters is depicted in Figure
2,B,D.

It is possible that heparin selectively kills cholinergic neurons
and thereby reduces the percentage of myocytes with receptor
accumulation, although the morphology of neurons and muscle
cells grown in the presence of heparin was indistinguishable
from that in the control culture. This possibility can be elimi-
nated based on the following observations. First, we performed
an experiment in which neurons were plated with low-molec-
ular-weight heparin (250 ug/ml) for 24 hr. The culture medium
was then replaced with normal medium and, at the same time,
myocytes were added. Approximately 1 d later, the nerve-in-
duced receptor accumulation was assayed. The percentage of
myocytes with nerve-induced receptor accumulation was 56.6
+ 2.5% (n = 3) for heparin-treated cultures and 53.1 + 4.1%
(n = 4) for controls. Thus, in these cultures, heparin did not
inhibit nerve-induced receptor accumulation. If heparin had
selectively killed cholinergic neurons, we would expect to have
found an inhibitory effect of heparin in these cultures. Second,
in nerve-muscle cultures (24 or more hours of co-incubation),
there were 633 = 96 (r = 7) neurons in control cultures and
580 = 98 (n = 5) neurons in heparin-treated cultures. If the
decrease in the number of myocytes with nerve-induced receptor
accumulation were solely due to selective death of cholinergic
neurons, the total number of neurons in heparin-treated cultures
would be expected to be about 70% of control. Therefore, it is
unlikely that cholinergic neurons were selectively killed in hep-
arin-treated cultures.

Regular heparin (MW 15,000-25,000) at 250 pug/ml, tested
in the same manner, had an inhibitory effect similar to that of
the 250 ug/ml low-molecular-weight heparin (Fig. 1A4c). The
percentage of myocytes with receptor accumulation was 29.7 +
3.7% (n = 5) for treated cultures and 64.9 + 6.1% (n = 4) for
controls. The percentage of inhibition was 54%. Since the mo-
lecular weight of regular heparin is approximately 4 times larger
than that of the low-molecular-weight heparin, the molar con-
centration of regular heparin was about one-fourth of that of
low-molecular-weight heparin. When we compared the per-
centage of inhibition by regular heparin with the same concen-
tration of low-molecular-weight heparin, the former was 2-3
times more potent.

The effect of heparin is only partial. if, for some reason, hep-
arin cannot reach the substrate-side surface of the muscle and
cannot inhibit receptor accumulation at the substrate surface,
then partial inhibition could be explained. We tested this idea
by distinguishing receptor clusters on the substrate side from
those on the upper side. We found that, even in the presence of
heparin or heparan sulfate, some myocytes had nerve-induced
receptor clusters on the upper surface (57% of nerve-induced
receptor accumulation occurred on the upper side of muscle
cells). Therefore, the partial inhibition by heparin is unlikely to
be due to inaccessibility of the substrate surface.

Heparan sulfate (250 ug/ml) also inhibited the percentage of
myocytes with nerve-induced receptor accumulation (Fig. 1Ba).
Pooled results were 33.0 = 6.1% (n = 6) for heparan sulfate-
treated cultures and 60.3 *+ 4.6% (n = 6) in controls. These 2
values are significantly different at p = 0.001. The percentage
of inhibition was 45% (Fig. 1Ba).

In contrast, 250 ug/ml chondroitin sulfate type A (Fig. 1Bb)
and type C (Fig. 1B¢) did not have an inhibitory effect. Pooled
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Figure 2. Distribution of ACh receptor clusters in Xenopus myocyte cultures in the presence of regular heparin (250 ug/ml). 4 and B are phase-
contrast and C and D are corresponding fluorescence micrographs showing the distribution of ACh receptor clusters. In 4 and C, receptors localized
along the path of nerve contact; in B and D, receptor clusters are not associated along the nerve contact. The vertical bar at the center corresponds

to 10 um.

data gave 63.8 + 4.7% (n = 6) for chondroitin sulfate (type A)-
treated cultures and 64.3 + 13.1% (n = 4) for controls. Those
for chondroitin sulfate (type C) were 62.4 = 7.9% (n = 7) and
63.3 £ 15.0% (n = 4) for controls. These values for treated
cultures are not significantly different from control cultures.

Heparin and heparan sulfate are similar to chondroitin sulfate
except that the latter does not have N-sulfate residues while the
former molecules do. To examine whether the N-sulfate residues
play a role in this inhibitory effect, we used heparin without
N-sulfate residues. As shown in Figure 1Bd, this form of the
molecule (250 pg/ml) did not have the inhibitory effect. The
percentage of myocytes with nerve-induced receptor accumu-
lation for treated cultures was 62.5 + 4.3% (n = 6) and 60.3 £
8.9% (n = 6) in the control. These values are not different. Thus,
it appears that N-sulfate residues are important in heparin’s
inhibitory action.

Heparinase digests heparin into smaller saccharides. When
low-molecular-weight heparin (250 ug/ml) was digested into
di-, tetra-, and hexasaccharides (see Materials and Methods), a
mixture of these oligosaccharides no longer had an inhibitory
effect. Two kinds of control experiments were carried out. In
one, heparin (250 ug/ml) was treated with the same protocol for
digestion, except heparinase was not added (nondigested con-
trol). The other was a regular control with 250 pg/ml low-mo-
lecular-weight heparin (control).

The pooled percentage of myocytes with nerve-induced re-
ceptor accumulation was 66.0 + 2.5% (n = 4) for digested hep-

arin (shaded column in Fig. 1 Be), 62.7 + 5.1% for control (blank
column in Fig. 1Be), and 36.3 = 3.6% (n = 4) for nondigested
control (45% inhibition, dotted column in Fig. 1Be). Thus,
digestion by heparinase, but not other treatment during the
digestion procedure, eliminated the inhibitory effect of heparin.
The effect of low-molecular-weight heparin and heparan sul-
fate was dose dependent, as shown in Figure 3. The lowest
effective concentration was 25 pug/ml for heparin. Concentra-
tions higher than 500 pg/ml could not be tested because of its
effect on cell viability. The potency of these 2 glycosaminogly-
cans was similar, and the inhibitory effect was always partial.
Reversibility of the heparin effect was tested in 4 sets of cul-
tures. Nerve—muscle cultures were incubated for 1 d with me-
dium containing low-molecular-weight heparin (250 ug/ml). Re-
ceptor staining was done when the culture medium was switched
to the normal medium without heparin. After about 24 hr in
normal medium, the percentage of myocytes with nerve-induced
receptor accumulation was assayed. The percentage of inhibi-
tion varied between 2 and 54% in the 4 sets of cultures. On
pooling the data, the percentage of myocytes with nerve-induced
receptor accumulation in heparin-treated cultures was 48.6 +
16.0% (n = 6) and 65.2 £ 4.7% (r = 7) in control cultures. The
percentage of inhibition was 25%. Thus, some inhibition was
still observed. The recovery seemed partial after 24 hr. It is
plausible that neurites grew after the normal medium was re-
stored and developed nerve-induced receptor accumulated re-
ceptor accumulation de novo, even though heparin blocked re-
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Figure 3. Dose-response relation for low-molecular-weight heparin
(open circles) and heparan sulfate (filled circles). The percentage of in-
hibition is defined under Materials and Methods. The concentration is
plotted logarithmically on the abscissa.

ceptor accumulation irreversibly at the nerve-muscle contacts
that had formed in the presence of heparin. To test this possi-
bility we identified 54 nerve-contacted myocytes without nerve-
induced receptor accumulation in 4 cultures shortly after re-
moval of heparin (low molecular weight) from the medium (the
percentage of myocytes with nerve-induced receptor accumu-
lation was 34.3 + 7.6% after heparin treatment, indicating the
inhibitory effect of heparin). We then reexamined those nerve
contacts a day later and found that a great majority of these
contacts (46 contacts, 85%) did not develop nerve-associated
receptor clusters and only 6 nerve-contacted myocytes exhibited
receptor accumulation along the path of nerve contact (11%).
If the heparin effect were reversible, we would expect that about
40% of these contacts to develop receptor accumulation. There-
fore, the effect of heparin appears to be mostly irreversible.

Heparin does not affect hot-spot formation in muscle cultures

Myocytes cultured without neural cells did not have recogniz-
able hot spots shortly after plating (about 5 hr) but did develop
hot spots within 24 hr. Thus, these hot spots were formed de
novo in culture. We tested the effect of heparin in hot-spot
formation. Myocytes were plated in the presence of low-molec-
ular-weight heparin (250 ug/ml). These cultures were stained 48
hr later and the number, as well as area, of hot spots were
measured. As shown in Figure 4, heparin and heparan sulfate
did not affect the number of hot spots in muscle cultures. The
area of hot spots (average of hot spots >43 um?) was measured
in 82 cells in 4 cultures treated with heparin and in 100 cells in
4 control cultures. These values were 72.3 £ 36.3 um? (n = 82)
in heparin-treated cultures and 76.1 = 56.0 um? (n = 100) in
control cultures. Therefore, heparin did not affect the ability of
myocytes to cause receptor aggregation.

Timing and duration of the heparin-sensitive period

It is likely that heparin and heparan sulfate affect the signaling
process between nerve and muscle during receptor accumula-
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Figure 4. Effect of low-molecular-weight heparin (250 ug/ml) and hep-
aran sulfate (250 ug/ml) on receptor cluster formation (hot-spot for-
mation) in muscle cultures without neuronal cells. 4, Percentage of
myocytes with a given number of hot spots is plotted on the ordinate.
The number of hot spots is plotted on the abscissa. The blank columns
are for the control; the shaded columns, heparan sulfate-treated cultures;
and dotted columns, heparin-treated cultures. Each point represents an
average of the percentage in one culture. In each culture more than 76
myocytes were assayed. B, Average numbers of hot spots per cell. The
blank columns are the control; shaded columns, heparan sulfate-treated
cultures; and dotted columns, heparin-treated cultures.

tion. Hence, by examining the timing and duration of the hep-
arin or heparan sulfate effect, we might be able to determine
the timing of the induction signaling process. In most cases,
these glycosaminoglycans were added at the time of addition of
neurons to the muscle cultures. In the following cases (sum-
marized in Fig. 5), heparin or heparan sulfate was added to
muscle cultures at different times and for different durations.
Low-molecular-weight heparin (250 ug/ml) was added to culture
medium 16.5-23.5 hr after addition of neuronal cells. Myocytes
were then stained with TMR-aBT and observed after 20-30.5
hr of incubation with heparin. The percentage of myocytes with
nerve-induced receptor accumulation was 62.0 £ 6.4% (n = 6)
in heparin-treated cultures and 64.5 + 6.0% (n = 6) in control
(experiments 13—15 in Fig. 5). Heparin did not have the inhib-
itory effect, nor were heparin (experiments 12 and 17 in Fig. 5)
and heparan sulfate (experiment 16 in Fig. 5) effective when
applied prior to addition of the nerve. In these experiments at
the time of nerve addition, the culture medium containing hep-
arin or heparan sulfate was replaced with normal medium, and
nerve-induced receptor accumulation was assayed 2348 hr lat-
er. In contrast, when 250 ug/ml of low-molecular-weight heparin
was added 10 hr after addition of neural cells (experiment 10),
and when 250 ug/ml regular heparin was added 5 hr after nerve
addition (experiment 2), inhibition was evident in both cases.
The percentages were 38% for the low-molecular-weight hep-
arin-treated cultures and 65.6 and 59.5% for controls (experi-
ment 10). The percentages were 31.6% for regular heparin-treat-
ed cultures and 69.5% for the corresponding control (experiment
2). Thus, if heparin is interfering with the signaling process, the
signal for receptor accumulation may be expressed transiently
during this period and may no longer be expressed or effective
after 16.5 hr of coculture. When heparin was added 13.5 hr after
addition of nerve, the extent of inhibition was intermediate
(experiment 11 in Fig. 5), whereas when heparin or heparan
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sulfate was present between 10 and 16.5 hr after neural cell
addition, the maximal inhibitory effect was observed. This is
the period when neurites are actively extending and making new
contacts with muscle cells. Thus, it appears that heparin and
heparan sulfate are effective only when present in the culture
medium while contact formation between nerve and muscle is
in progress.

Discussion

When heparin or heparan sulfate was present in the culture
medium, it partially inhibited nerve-induced receptor accu-
mulation, but similar molecules, chondroitin sulfate type A and
type C, did not inhibit nerve-induced receptor accumulation,
nor did de-N-sulfated heparin. Digestion of heparin into smaller
oligosaccharides eliminated the inhibitory effect of heparin. For
a precise interpretation of these results we must wait for further
elucidation of the chemical nature of nerve-muscle interactions.
We were intrigued to find that heparin partially inhibited nerve-
induced receptor accumulation and that receptor accumulation,
when it occurred in these heparin-treated cultures, seemed iden-
tical in its extent to that in the control cultures. Although more
quantitative comparisons should be made between nerve-in-
duced receptor accumulation in the heparin-treated cultures and
in controls, it appears as though there are 2 classes of neurons
that are capable of causing receptor accumulation in myocytes.
Only one of them has a heparin-sensitive step in the receptor
accumulation process. It will be interesting to examine the effect
of heparin on nerve-induced receptor accumulation in other
systems, such as chick nerve-muscle cultures. In other systems,
heparin might completely inhibit nerve-induced receptor ac-
cumulation or it might be completely ineffective.

We also found that heparin did not interfere with “hot-spot”
formation in muscle cultures. Our interpretation of this finding
is that heparin does not interfere with the interaction between
the trap and ACh receptors. Other interpretations, however, are
also plausible. Hot-spot formation may have a different mech-
anism for receptor clustering from nerve-induced receptor ac-
cumulation.

The recently isolated protein agrin is a good candidate for the
signal the nerve terminal sends to the muscle cell. Agrin does
not affect the appearance of new ACh receptors on the surface
membrane and increases the number of receptor clusters by
redistribution of old receptors (Wallace, 1987). The effects of
heparin on agrin-induced receptor accumulation would be in-
teresting to study for similarities to those on nerve-induced
receptor accumulation.

Recently, Anderson (1988) demonstrated the removal of
preexisting proteoglycans on the muscle surface prior to accu-
mulation of heparan sulfate proteoglycans along the course of
nerve contact. If this process is essential for receptor accumu-
lation, heparin or heparan sulfate in the culture medium might
interfere with this proteolytic process and inhibit receptor ac-
cumulation.

The heparin-sensitive step is found to appear transiently be-
tween 10 and 16.5 hr after the addition of neuronal cells. This
suggests that the signal is transmitted only during this period,
either secreting the signal molecule during this period or pre-
senting the signal on the neuronal surface. Alternatively, the
signal might become inaccessible or insensitive to heparin dur-
ing the period outside of this window. During early embryo-
genesis various growth factors play an important role for mor-
phogenesis and many growth factors are known to bind to heparin
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Figure 5. Timing and duration of the heparin- or heparan sulfate-
sensitive period. Experiments are listed in the order of the extent of
inhibition (the experiment number is given at the far left). The per-
centage of inhibition is defined under Materials and Methods. At the
point with an upward arrow, nerve was added to 1- or 2-d-old muscle
cultures. Each experiment represents data from a set of cultures that
included 2 control cultures and 2 test cultures. Thick bars (broken,
dotted, and solid) indicate the onset and duration of heparin or heparan
sulfate application. At the end of the bar, the normal culture medium
was restored, and the percentage of myocytes with nerve-induced re-
ceptor accumulation was assayed at the time indicated by downward
arrows. Solid bars are for low-molecular-weight heparin (250 pg/ml);
broken bars, heparan sulfate (250 wg/ml); and dotted bars, regular hep-
arin (250 ug/ml).

In most cases, heparin or heparan sulfate was included in the culture
medium at the time when neuronal cells were added to muscle cultures
(bars starting at the time zero). These glycosaminoglycans were kept in
the medium for various lengths of time (20—49 hr). Note the extent of
inhibition does not depend on the length of incubation period. Three
bars (experiments 12, 16, and 17) are for sets of muscle cultures treated
with low-molecular-weight heparin (solid bars) and with heparan sulfate
(broken bar) before addition of nerve. In these 3 sets no significant
inhibition was observed. Three solid bars (experiments 13-15) indicate
sets of cultures in which heparin was added later than 16.5 hr after the
addition of the nerve. None of these cultures showed inhibition. Two
bars (experiments 2 and 10) were for sets in which heparin was added
5 or 10 hr after addition of nerve. Maximal inhibition was observed.
Finally, experiment 11 represents a set of cultures in which low-molec-
ular-weight heparin was added to nerve-muscle cultures 13.5 hr after
nerve addition. Only partial inhibition was observed.

(Woodland and Jones, 1988). Using heparin and related gly-
cosaminoglycans as a tool, we might be able to approach the
induction mechanism at the molecular level.
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