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Abstract 

The developmental mechanisms involved in the formation of stable arrays of postsynaptic 
neurotransmitter receptors near sites of neurotransmitter release are essentially unknown. However, 
several recent studies have shown that cells or tissues of neural origin produce macromolecular 
factors which induce an increase in the number of acetylcholine (ACh) receptors or the number of 
receptor aggregates on cultured embryonic myotubes. 

We have tested primary cultures of embryonic neurons and other cell types for the release of an 
ACh receptor aggregation factor. Conditioned medium from the cultures was applied to cultures of 
embryonic rat myotubes for 1 day; ACh receptors on the myotubes were stained with tetramethyl- 
rhodamine-labeled a-bungarotoxin and ACh receptor aggregation activity, defined as the change in 
the number of receptor aggregates per myotube, was assayed. Aggregation activity with a molecular 
weight I 50,000 was released by cultures of neurons from sympathetic ganglia, dorsal root ganglia, 
spinal cord, and cerebellum. Little or no activity was released by glial or other non-neuronal cultures. 
Release of aggregation activity by different neuronal cell types varied by up to an order of magnitude; 
however, this variation was not well correlated with the differences in ACh synthesis. The factor(s) 
in neuronal cell conditioned medium induced a rearrangement of pre-existing receptors at the cell 
surface, and its action was not dependent on new protein synthesis. 

The results of this study are consistent with the idea that one or more receptor aggregation factors 
secreted by neurons are involved in the organization of neurotransmitter receptors during synapse 
formation in vivo. 

Embryonic skeletal muscle fibers at early stages of 
development are sensitive to acetylcholine (ACh) along 
their entire length and exhibit an essentially uniform 
distribution of ACh receptors in their plasma mem- 
branes. With further development, both ACh sensitivity 
and the distribution of receptors become restricted to the 
area of the neuromuscular junction (Diamond and Mi- 
ledi, 1962; Bevan and Steinbach, 1977; Burden, 1977a). 
This spatial restriction of receptors is followed by a 
marked increase in the metabolic stability of the recep- 
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tors (Chang and Huang, 1975; Berg and Hall, 1975; 
Devreotes and Fambrough, 1975; Burden, 1977b; Michler 
and Sakmann, 1980) as well as, in some species, a change 
in the ion channel properties of the receptors (Michler 
and Sakmann, 1980). Synaptic localization of ACh sen- 
sitivity also has been demonstrated in parasympathetic 
neurons of the frog interatrial septum (Harris et al., 
1971). 

Receptor localization to regions of nerve contact has 
been described in developing systems in vitro. Acetyl- 
choline receptor clusters have been identified at nerve- 
muscle synapses in co-cultures of embryonic chick spinal 
cord and muscle (Cohen and Fischbach, 1977; Frank and 
Fischbach, 1979). Rat skeletal muscle cells from the 
clonal line L6 exhibit increased acetylcholine sensitivity 
on areas of the membrane where they are in contact with 
nerve cells from the mouse neuroblastoma clone N18 
(Steinbach et al., 1973). In co-cultures of Xenopus em- 
bryonic spinal cord or neural tube cells and muscle, ACh 
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receptors are redistributed so as to be localized along 
points of contact between the two cell types (Anderson 
and Cohen, 1977; Anderson et al., 1977; Cohen and Wel- 
don, 1980). 

The mechanisms whereby innervation leads to recep- 
tor localization are unknown. It is possible that receptors 
are synthesized preferentially and inserted at the end- 
plate region in response to nerve contact or to soluble 
factors released by the nerve. Another possibility, not 
exclusive of the first, may involve a redistribution of 
receptors already present in the plasma membrane in 
response to the influence of the nerve. 

Soluble factors which increase the number of ACh 
receptors and the number of receptor aggregates on 
cultured muscle cells have been found in cell-free extracts 
of fetal rat and chick nervous tissue (Podleski et al., 1978; 
Jessell et al., 1979). Christian et al. (1978) identified a 
high molecular weight ACh receptor aggregation factor 
in the medium of cultured neuroblastoma x glioma hy- 
brid cells. That such a factor may be neural specific was 
suggested by the finding that the aggregation factor was 
released by the parent neuroblastoma but not the parent 
glioma cell line. The activity of this factor was indepen- 
dent of new receptor synthesis. If such a factor is oper- 
ating in vivo, it should be released by embryonic neurons 
during the period of synaptogenesis. In this study, we 
present evidence that several types of rat embryonic 
neurons in cell culture produce a high molecular weight 
factor which causes the aggregation of ACh receptors in 
the plasma membrane of cultured myotubes. This activ- 
ity appears to be specific to neurons and occurs in the 
absence of protein synthesis. 

Materials and Methods 
Muscle cultures. Rat myotube cultures were prepared 

by a modification of the methods of Nelson et al. (1976). 
Minced muscle from the hindlimbs of 20-day-old 
Sprague-Dawley rat embryos (Taconic Farms, German- 
town, NY) was dissociated for 30 min at 37°C in 0.2% 
trypsin (three times crystallized and lyophilized; Milli- 
pore Corp., Bedford, MA), 0.01% DNase (Type I, Sigma, 
St. Louis, MO), and 1% glucose in calcium- and magne- 
sium-free Dulbecco’s phosphate-buffered saline (CMF- 
PBS). Cells were resuspended in 80% Dulbecco’s minimal 
essential medium (DMEM; Gibco, Grand Island, NY), 
10% fetal calf serum (North American Biologicals, Inc., 
Miami, FL), and 10% horse serum. The cell suspension 
was passed through a Nitex filter (pore size, 120 pm2) to 
remove large pieces of tissue, incubated for 20 min at 
37°C in lOO-mm plastic Petri dishes to allow for the 
preferential adhesion of fibroblasts, and plated in 1.5 ml 
of the same medium in 35-mm collagen-coated plastic 
tissue culture dishes (Falcon, Becton-Dickinson, Cock- 
eysville, MD). After 3 to 4 days, the medium was replaced 
with 90% DMEM, 10% horse serum, and 10 PM cytosine 
arabinoside (ara-C, Sigma) to kill dividing cells. Cytosine 
arabinoside was removed after 2 to 3 days and the 
cultures were fed twice weekly. Cultures were incubated 
in a humidified atmosphere with 10% COZ and 90% air at 
36°C. 

Sympathetic neuron cultures. Superior cervical ganglia 
(SCG) were removed from 18- to 20-day-old Sprague- 
Dawley rat embryos, cut in pieces, and dissociated for 30 

min at 37°C in CMF-PBS containing 0.1% trypsin, 0.01% 
DNase, and 1% glucose. Cells were resuspended in SCG 
medium (see below). Clumps were removed by low speed 
centrifugation or by passing the suspension through Ni- 
tex (pore size, 120 pm’). Cells were plated in 0.5 ml of 
SCG medium into collagen-coated 16-mm plastic tissue 
culture wells (Costar, Cambridge, MA) at a density of 8 
to 10 x lo4 cells/well. Methocel (hydroxypropyl methyl- 
cellulose, Dow Chemical Co., Midland, MI) was added to 
increase the viscosity of the medium and enhance the 
attachment of neurons to the substrate (Bray, 1970). 
Medium was replaced every 2 days. “Adrenergic” cul- 
tures (SCG-AIR) were grown in SCG medium according 
to a modification of the method of Mains and Patterson 
(1973). The SCG medium consisted of L15 (Leibowitz 
medium, Microbiological Associates, Bethesda, MD) sup- 
plemented with 28 mM (5 gm/liter) glucose, 36 PM (5 mg/ 
liter) p-aminobenzoic acid (Sigma), 0.5 PM (0.4 mg/liter) 
coenzyme A (Sigma), 0.9 mu (60 mg/liter) imidazole 
(Sigma), 5% fetal calf serum, 5% rat serum (Microbiolog- 
ical Associates), 0.4 to 0.6% Methocel, and 100 rig/ml of 
nerve growth factor (NGF; kindly supplied by Dr. Gordon 
Guroff, National Institutes of Health, Bethesda, MD). 
Cultures were maintained in a humidified air atmosphere 
at 36°C. Although non-neuronal cells did not proliferate 
extensively in medium without sodium bicarbonate, it 
was sometimes necessary to add 10 PM ara-C for 1 to 2 
days after the cells had been in culture for 1 week. 
“Cholinergic” cultures (SCG-C02) were prepared in a 
manner similar to that described for adrenergic cultures 
with the following exceptions. SCG medium minus NGF 
was supplemented with 26 mM (2.2 gm/liter) sodium 
bicarbonate and conditioned by incubation with rat my- 
otube cultures. Conditioned medium (CM) then was di- 
luted with fresh medium to give a final concentration of 
60% CM and supplemented with 100 rig/ml of NGF. SCG 
cells were plated in this medium with Methocel to yield 
cholinergic cultures (Patterson and Chun, 1977). Cyto- 
sine arabinoside was added to the cultures 4 to 5 days 
after plating and removed after 2 days. Cultures prepared 
in this manner were essentially free of non-neuronal cells 
(Fig. la). 

SCG glial cultures were obtained by omitting Methocel 
and NGF from SCG medium. Muscle cultures used for 
CM, cholinergic neuronal cultures, and glial cultures were 
maintained in a humidified atmosphere with 5% CO2 and 
95% air at 36°C. 

Co-culture of rat myotubes and SCG neurons. Muscle 
cells were prepared as described above. A cell suspension 
of 7.5 x lo5 SCG neurons in 90% DMEM, 5% horse 
serum, 5% fetal calf serum, 100 rig/ml of NGF, and 10 
PM ara-C was added to lo-day muscle cultures and co- 
cultured for a 4-day period. 

Dorsal root ganglion cultures. Dorsal root ganglia 
(DRG) were removed from 16-day-old rat embryos. Cul- 
tures were prepared in a manner identical to cholinergic 
SCG neurons except that they were grown in noncondi- 
tioned medium. Cytosine arabinoside was added 4 to 5 
days after plating to obtain cultures free of non-neuronal 
cells (Fig. Id). 

Cerebellar cultures. Cerebella were removed from 12- 
to 15-day-old Sprague-Dawley rat embryos and disso- 
ciated by vigorous trituration followed by passage 
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Figure 1. Cultures of dissociated primary neurons from (a) superior cervical ganglia, (b) cerebellum, (c) spinal cord, and (d) 
dorsal root ganglia, typical of the cultures used as sources of neuronal CM. In a, b, and d, very few non-neuronal cells are present. 
These are phase contrast photomicrographs. Bar, 100 pm. 

through a Nitex falter (pore size, 120 pm’). Approximately 
5 x lo5 cells were plated per collagen-coated 16-mm 
plastic tissue culture well (Costar or Linbro, Linbro Di- 
vision, Flow Laboratories, Inc., Hamden, CT) in 0.5 ml of 
80% DMEM, 10% fetal calf serum, and 10% horse serum. 
Medium was supplemented with an additional 31 mu 
(5.5 gm/liter) glucose (final glucose concentration, 56 mu 
(10 gm/liter)) and 80 units/liter of insulin (crystalline, 
bovine pancreas; Sigma) according to Sotelo et al. (1980). 
After 5 days, the medium was replaced with DMEM 
containing 10% horse serum and 10 PM ara-C. After 4 to 
5 days, cultures were fed the same medium without ara- 
C. Cultures were maintained in a humidified atmosphere 
with 10% COP and 90% air at 36°C. A typical culture is 
shown in Figure 1 b. 

Spinal cord cultures. Spinal cords were removed from 
lZday-old Sprague-Dawley rat embryos, stripped of dor- 
sal root ganglia and meninges, and dissociated in CMF- 
PBS containing 0.02% trypsin and 0.01% DNase. Cells 
were resuspended in 80% DMEM, 10% horse serum, and 
10% fetal calf serum. The medium was supplemented 
with 28 mM (5 gm/liter) glucose and 18 mM (1.5 gm/liter) 

sodium bicarbonate (Ransom et al., 1977). Cells were 
plated in 1.5 ml of medium into 35-mm collagen-coated 
dishes at a density of 1.2 x lo6 cells/dish. After 4 to 5 
days, the medium was replaced with 90% DMEM, 10% 
horse serum, 10 pM fluorodeoxyuridine (Sigma), and 100 
PM uridine (Sigma). The fluorodeoxyuridine was removed 
after 2 days. A typical culture is shown in Figure lc. 
Spinal cord glial cultures were obtained by incubating l- 
week-old cultures with AzBs, a neuron-specific cytotoxic 
antibody (Eisenbarth et al., 1979) in the presence of 
guinea pig complement (Cappel Laboratories, Inc., Coch- 
ranville, PA). Antibody was added under saturating con- 
ditions at a final concentration of 7 pg/ml. Glial cultures 
were grown in 90% DMEM and 10% horse serum supple- 
mented as above. 

Spinal cord cultures enriched for small neurons and 
containing very low levels of choline acetyltransferase 
activity were prepared as described elsewhere (Schnaar 
and Schaffner, 1981) and grown in a manner identical to 
whole dissociated spinal cord (nonseparated) neuronal 
cultures. All spinal cord cultures were grown in a humid- 
ified atmosphere with 10% CO2 and 90% air at 36°C. 
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Other non-neuronal cell cultures. Conditioned me- 
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dium was obtained from cultures of adult rat skin fibro- 
blasts and adult peritoneum courtesy of Dr. George Ei- 
senbarth, Duke University Medical Center, Durham, NC. 

Conditioned medium. Conditioned medium (CM) from 
neuronal and non-neuronal cell cultures was removed 
sterilely every 2 days, centrifuged at 1,200 x g for 5 min, 
decanted, and frozen at -20°C. Before application to 
muscle cultures, CM was thawed, recentrifuged, and 
pooled. Conditioned medium to be concentrated was 
pooled and placed in a 50-ml Amicon filtration cell 
(Amicon Corp., Lexington, MA) fitted with an XM50 
membrane (nominal molecular weight cutoff, 50,000). 
The medium was concentrated at 4°C and this process 
required 2 to 4 hr for each sample. Both the retentates 
and their respective ultrafiltrates were passed through a 
0.45~pm Millex filter wetted with medium (Millipore 
Corp.) and refrigerated until use, usually within 16 hr. 
Serial dilutions of concentrated CM were made by the 
addition of appropriate volumes of fresh medium. 

Bioassay. Conditioned medium was applied to 12-day- 
old muscle cultures and removed after 24 hr. Cultures 
were rinsed twice for 5 min in DMEM and 10% fetal calf 
serum and stained for 1 hr at 36°C with tetramethyhho- 
damine-labeled a-bungarotoxin (TMR-aBTx; kindly sup- 
plied by Dr. Zvi Vogel, Weizmann Institute of Science, 
Rehovot, Israel) in the same medium. Cultures were 
rinsed for 10 min in DMEM and 10% fetal calf serum and 
twice for 10 min in DMEM buffered with 25 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid, 
Gibco), pH 7.4, in the absence of serum. Then cultures 
were fixed for 30 min in 2% formaldehyde, 0.1 M sodium 
phosphate buffer, pH 7.4, at 4”C, rinsed twice for 30 min 
in 0.1 M sodium phosphate buffer at 4”C, and placed in 
80% ethanol at -20°C. Cultures were examined with a 
Zeiss Photomicroscope II equipped with epi-illumination. Figure 2. Embryonic rat skeletal myotubes, 12 days in cul- 
Light from an HBO W/4 mercury arc lamp was passed ture, exposed to spinal cord CM for 24 hr and subsequently 

through BP546/9 and KP600 excitation filters and a stained with tetramethylrhodamine cr-bungarotoxin to reveal 

Kodak 23A barrier filter. The appearance of the my- the distribution of ACh receptors. a, Phase contrast; 6, fluores- 

otubes under these conditions is shown in Figure 2. To cence photomicrographs. Seven receptor aggregates and nine 

quantify the effects of CM, each concentration or dilution myotube segments are evident. The arrows indicate examples 

of CM was added to duplicate cultures. Twenty-five fields 
of three receptor aggregates. The asterisks mark areas where 

(at least 100 myotube segments) in each culture were 
there is fluorescent debris. Bar, 50 pm. 

viewed and the number of fluorescent ACh receptor 
aggregates (A) was divided by the number of myotube incubation medium of 0.30 to 1.00 Ci/mmol was added to 
segments (M). A myotube segment was defined as any the cultures for 16 to 20 hr. [3H]Acetylcholine was ex- 
continuous length of myotube visible in the field. The tracted by incubating washed cultures with 0.5 to 1 ml of 
length of myotube segments did not change noticeably an ice cold mixture of 85% acetone, 15% 1 N formic acid 
under the various conditions and cultures were always at 0°C for 10 min. The extract was dried in air and 
viewed at the same final magnification. The average resuspended in 150 4 of acetone/formic acid, and 25 ~1 
A/M of duplicate cultures exposed to CM was divided was applied to chromatography paper and subjected to 
by the average A/M of control cultures exposed to fresh high voltage electrophoresis. The electrophoresis buffer 
medium to give an A/M ratio. In almost all cases, dupli- contained 1.5 M acetic acid and 0.75 M formic acid, pH 
cate plates gave A/M values which differed by <15%. 1.8. ACh spots were identified by running a standard of 

Biochemical determinations. Total cell protein in cul- 0.1 M ACh and 0.1 M choline with each sample and 
tures used as sources of CM was determined by a micro- exposing the paper to crystalline iodine vapors. ACh 
modification of the method of Lowry et al. (1951) after spots were cut out and counted in a liquid scintillation 
washing the cultures three times at 4°C with CMF-PBS. counter. 
Acetylcholine synthesis in the cultures was determined 
by a modification of the method of Hildebrand et al. Results 

(1971). Fifty to 140 no [3H]choline chloride (New Eng- Effect of SCG and DRG neurons on ACh receptor 
land Nuclear, Boston, MA) with a specific activity in the aggregation. Rat myotubes co-cultured with SCG neu- 
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rons for 4 days exhibited a 5%fold increase in the A/M 
over myotubes cultured in the absence of neurons. To 
determine if physical contact between nerve and muscle 
cells was a prerequisite for ACh receptor (AChR) aggre- 
gation, 12-day myotube cultures were incubated for 24 
hr with medium which had been conditioned previously 
by exposure to SCG neuronal cultures (Table I, experi- 
ments 1 and 2). Conditioned medium from SCG cultures, 
grown under adrenergic or cholinergic conditions, elicited 
increases in the A/M of 2.6 and 3.4, respectively. Condi- 
tioned medium from SCG glial cultures caused a 3.0-fold 
decrease in the A/M. Sixty-percent muscle CM, used to 
induce cholinergic development of SCG neurons, had no 
effect on the A/M ratio nor did fresh medium supple- 
mented with ara-C or NGF. Aggregation activity of SCG 
CM from cholinergic cultures was reduced to 1 or control 
levels after an &fold dilution with fresh medium. The 
inhibitory action of glial CM was lost after a 2-fold 
dilution with fresh medium. It is possible that the inhib- 
itory effect produced by SCG glial cells could modulate 
the effect of SCG neurons in uivo. However, in these in 
vitro studies, both the SCG-AIR and SCG-CO2 cultures 
were virtually free of background cells and the number 
of glial cells used to make glial CM far exceeded that 
found in neuronal cultures. 

Preliminary results using CM from glia-free DRG neu- 
ronal cultures suggested that these neurons did not 
release an aggregation factor. However, it was possible 
that the aggregation factor was released in quantities too 
low to be detected by the bioassay. For this reason, the 
high molecular weight components of DRG CM were 
concentrated up to lo-fold by Amicon filtration, serially 
diluted, and compared to CM prepared in a similar 
manner from adrenergic and cholinergic SCG neuronal 
cultures (Fig. 3; Table I, experiment 3). Each 16-mm well 
contained approximately 0.23 to 0.33 mg of cell protein. 
Undiluted CM from both types of SCG cultures caused 
approximately a 4- to 5-fold increase in the A/M. In 
order to elicit the same increase, DRG CM had to be 
concentrated lo-fold. In this study, the A/M ratio of 
cultures exposed to SCG CM approached 1 or control 
levels only after a 16-fold dilution of CM. When ACh 
synthesis in the three types of neuronal cultures was 
compared, it was evident that, although SCG neurons 
grown under adrenergic conditions contained about one- 
tenth the amount of ACh measured in cultures grown 
under cholinergic conditions, both undiluted CM from 
adrenergic and cholinergic SCG cultures had comparable 
aggregating activity. Acetylcholine was not detected in 
cells cultured from dorsal root ganglia. 

Effect of CM from fetal cerebellar cultures. Condi- 
tioned medium was collected from cultures of fetal cere- 
bellum and compared to CM from SCG cultures (grown 
in medium containing sodium bicarbonate) and DRG 
neuronal cultures (Fig. 4; Table I, experiment 4). CM 
from both SCG and fetal cerebellar cultures caused a 
marked increase in the A/M at a range of concentrations 
from 10 times starting material to a dilution of 0.5. Dorsal 
root ganglion cell CM, on the other hand, elicited a 
smaller increase in the A/M and only when concentrated 
5 and 10 times. It was possible that, at the higher con- 
centrations, high molecular weight constituents in the 

serum were inducing AChR aggregation. To test this 
possibility, fresh L15 medium with 10% serum was con- 
centrated by Amicon filtration and then serially diluted. 
This medium indeed caused a 2-fold increase in the 
A/M, but only when concentrated 10 times (Fig. 4). Ul- 
trafiltrates from the concentration of DRG, SCG, and 
fetal cerebellar CM also were tested for aggregating 
activity (Table I, experiment 4). None of the ultrafiltrates 
caused an increase in the A/M, suggesting that aggregat- 
ing factors smaller than 50,000 daltons were not present 
in CM from these sources. The ultrafiltrates from SCG 
CM, in fact, caused a decrease in the A/M, indicating 
that lower molecular weight factors present in condi- 
tioned medium may inhibit AChR aggregation or cause 
dispersal of receptor aggregates. 

Effect of spinal cord conditioned medium. Since an- 
terior horn cells of the spinal cord normally innervate 
skeletal muscle, embryonic rat spinal cord cultures were 
examined for their ability to release aggregation factor. 
Conditioned medium was collected from cultures of 
spinal cord cells containing relatively few glial cells and 
from cultures of spinal cord glia. The glial cultures were 
depleted of neurons by plating them at low density and 
allowing the non-neuronal cells, most of which had the 
morphology of glia (see, for example, Ransom et al., 1977; 
Raff et al., 1979), to grow to confluency. Spinal cord cells 
also were separated on a density gradient (Schnaar and 
Schaffner, 1981) and two fractions containing small (III) 
and medium size (II) neurons with very little choline 
acetyltransferase (CAT) activity were grown in culture. 
Conditioned medium from these two fractions was com- 
pared to CM from cultures of spinal cord glia and from 
cultures of whole dissociated spinal cord cells not sepa- 
rated on a density gradient (Fig. 5; Table I, experiment 
5). While CM from nonseparated cord cultures elicited a 
striking increase in the A/M ratio, CM from the two 
density gradient fractions with low CAT activity had a 
lesser effect and CM from glial cultures had a very small 
effect. The small amount of aggregating activity seen at 
a 5-fold concentration of “glial” cell CM could have been 
due to the presence of a small number of neurons which 
remained in the cultures from the initial plating. There- 
fore, in a second experiment, CM from nonseparated 
spinal cord cultures again was compared to CM from 
glial cell cultures prepared by the use of AzBs, a neuron- 
specific, cytotoxic antibody (Eisenbarth et al., 1979). 
After a 30-min incubation with the antibody, neuronal 
cell bodies appeared shrunken, while the background 
cells appeared morphologically unaltered by the anti- 
body. After CM was collected, the cultures were incu- 
bated with tetanus toxin which then was visualized by 
indirect immunofluorescence (Raff et al., 1979). The ab- 
sence of specific staining suggested that neurons had 
indeed not survived treatment with the specific cytotoxic 
antibody and complement. Conditioned medium from 
glial cultures had very little aggregating activity even 
when concentrated 5-fold (Table I, experiment 6; Fig. 6). 
The small increase in the A/M seen in concentrated glial 
CM could be due to a small population of neuroblasts 
which did not bind tetanus toxin. There is also the 
possibility that some non-neural elements synthesize an 
aggregation factor at low levels. Conditioned medium 
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TABLE I 
The effect of conditioned medium from neuronal and non-neuronal cell cultures on receptor 

aggregation 

Expt. mg ProterrV pmol AChb 
No. Source of CM Rel. Cont. CM A/M Ratio Culture mg Protern 

1. SCG-CO, 1 3.4 0.13 2,280 

SCG-AIR 1 2.6 0.05 680 

SCG glia 1 0.3 0.05 20 

2. SCG-CO, 1 9.6 0.28 1,710 
Rat skin fibroblasts 1 0.7 N.D c ND 

Rat peritoneum 1 0.2 N.D. N.D 

3. SCG-CO, 

SCG-AIR 

DRG 

1 4.9 

1 4.8 

10 4.5 
5 1.9 
1 1.8 

ultrafrltrate 1.0 

0.33 1,810 

0.23 230 
0.28 0 

4. SCG-CO, 

Cerebellum 

DRG 

5. Rat spinal cord 

Not separated 

II flow CATILDHId 

III (low CAT/LDHjd 

Glia 

6. Rat spinal cord 

Not separated 

Glia 

7. Chrck spinal cord 

I (high CAT/LDHjd 

II (low CATILDHjd 

III (low CATILDHId 

10 9.0 

5 5.2 

1 4.4 
ultrafiltrate 0.3 

10 8.1 

5 5.3 
1 4.5 

ultrafiltrate 0.9 

10 5.4 

5 3.7 

1 0.7 
ultrafiltrate 1.0 

0.21 710 

0.10 0 

0.12 0 

5 3.6 

1 3.0 

5 1.7 

1 1.8 

5 2.4 
1 1.4 

5 1.5 
1 1.2 

0.28 12 

0.12 0 

0.05 0 

0.74 0 

5 4.3 
1 2.6 

ultrafiltrate 1.2 

5 1.4 

1 0.8 

ultrafiltrate 1.1 

0.48 48 

0.60 13 

1 2.4 N.D. N.D. 
1 1.3 N.D. N.D. 
1 1.5 N.D. N.D. 

a Cultures in experiments 1 to 4 were plated on 16-mm-diameter Costar wells and, in experiments 
5 to 7, on 35-mm-diameter Falcon plates. 

* [3H]Acetylcholine accumulated over an 1%hr period. 

’ N.D., not determined. 
d As determined previously for fractions obtained by Met&amide density gradient centrifuga- 

tion (see Schnaar and Schaffner, 1981). Fraction I contains large cells with a high choline 

acetyltransferase (CAT) to lactate dehydrogenase (LDH) ratio. Fractions II and III contain 
medium size and smaIl cells, respectively, and both fractions have a low CAT to LDH ratio. 
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Figure 3. The ACh receptor aggregating activity of original 
strength and diluted CM from cholinergic (SCGC02, 0) and 
adrenergic (SCG-AIR, 0) SCG neuronal cultures compared 
with concentrated CM from DRG neuronal cultures (m). The 
A/M is defined as the number of ACh receptor aggregates per 
myotube segment. A/M experimental/A/M control is referred 
to in the text as the A/M ratio. Each data point represents the 
average A/M of duplicate CM-treated cultures divided by the 
A/M of duplicate cultures treated with the appropriate noncon- 
ditioned medium. The value of the average A/M in SCG 
medium without sodium bicarbonate (SCG-AIR) was 0.42 and, 
in SCG medium with sodium bicarbonate (SCG-C02, DRG), 
was 0.55. 

21 / P 

Oiilll 1 L.-L 

0.05 0.1 
,,; ‘; l--i . . Lz’j. .;b 

RELATIVE CONCENTRATION OF CM 

Figure 4. The ACh receptor aggregating activity of concen- 
trated and diluted CM from SCG neuronal cultures (O), DRG 
neuronal cultures (M), and cerebellar neuronal cultures (A). 
The effect of concentrated, fresh L15 medium with 10% serum 
(0) is shown also. In this experiment, SCG cultures were grown 
with nonconditioned bicarbonate supplemented medium. The 
value of the average A/M in cultures exposed to the appropriate 
nonconditioned medium was 0.13 (SCG and DRG) and 0.09 
(cerebellum). The A/M ratio of control cultures is defined as 1 
(dashed line). 

from nonseparated spinal cord cultures, on the other 
hand, produced a marked increase in the A/M even at a 
dilution of 0.5 times starting material (Table I, experi- 
ments 5 and 6; Fig. 6). No activity was detected in the 
ultrafiltrates after concentration of either glial or neu- 
ronal CM. 

Conditioned medium from chick spinal cord cells sep- 
arated on gradients also was tested (Table I, experiment 
7). A fraction enriched for large neurons with high levels 
of CAT activity (I) elicited a 2.4-fold increase in the 
A/M of rat myotube cultures. Conditioned medium from 
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Figure 5. The ACh receptor aggregating activity of concen- 
trated and diluted CM from cell cultures of nonseparated spinal 
cord (O), spinal cord glia (O), and cultures of small (A) and 
medium size (A) spinal cord neurons. Small and medium size 
neurons were obtained by density gradient centrifugation of 
whole, dissociated spinal cord. These neurons contain very little 
CAT activity as determined previously (Schnaar and Schaffner, 
1981). Glial cultures were obtained by low density plating of 
dissociated spinal cord cells. The value of the average A/M in 
cultures exposed to nonconditioned medium was 0.70. 
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Figure 6. The ACh receptor aggregating activity of concen- 
trated and diluted CM from cell cultures of nonseparated spinal 
cord (0) and spinal cord glia (0). Glial cultures were obtained 
by incubating spinal cord cultures with AzB5, a neuron-specific, 
cytotoxic antibody in the presence of complement. The value 
of the average A/M in cultures exposed to nonconditioned 
medium was 0.77. 

two fractions with smaller neurons and negligible CAT 
activity (II and III) caused increases in the A/M of 1.3- 
and l.Sfold, respectively. 

Effects of other non-neuronal cell CM. Two additional 
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sources of non-neuronal cell CM were tested for AChR 
aggregating activity (Table I, experiment 2). These in- 
cluded CM from cultures of rat skin fibroblasts and rat 
peritoneum. Conditioned medium from fibroblast cul- 
tures decreased the A/M, while CM from peritoneal 
cultures had no effect. 

Morphology of AChR aggregates. There did not ap- 
pear to be a significant difference in the size of aggregates 
formed in the presence of CM and those which sponta- 
neously appeared on myotubes from control cultures. In 
both cases, “patch” aggregates (those seen on the bottom 
surface of myotubes in contact with the culture dish) 
were visible, but more aggregates appeared on the sides 
of myotubes exposed to CM. 

Mechanism of action of the aggregation factor. To 
determine whether the soluble factor released by SCG 
and spinal cord neurons aggregated AChRs already pre- 
sent in the cell membrane, myotube cultures were labeled 
with TMR-aBTx 1 hr before the application of CM. In 
this way, receptors inserted into the plasma membrane 
during CM treatment would not be labeled. The A/M 
and A/M ratio of the prelabeled cultures were compared 
to those of cultures labeled after the 24-hr incubation 
period (postlabeled). In both cases, similar A/M ratios 
were seen (Table II). This result indicated that the factor 
was causing aggregation of AChRs already present on 
the cell surface and that its action did not depend directly 
upon the insertion of new receptors. 

To determine whether protein synthesis was necessary 
for aggregation, myotube cultures were incubated with 
100 pg/ml of cycloheximide during the 24-hr exposure to 
CM. It should first be noted that the A/M of control 
cultures exposed to cycloheximide alone was lower than 
the A/M of controls not exposed to the protein synthesis 
inhibitor. Cycloheximide may have caused dispersal of 
AChR aggregates or reduced the total number of recep- 
tors as a result of degradation without replacement. The 
A/M of cultures incubated with both cycloheximide and 
CM was similar to the A/M in prelabeled or postlabeled 
cultures (Table II). This resulted in a much higher A/M 
ratio for cultures exposed to both cycloheximide and CM, 
suggesting that CM may have stabilized AChRs or AChR 
aggregates in the presence of cycloheximide. Christian et 

TABLE II 
Mechanism of action of the aggregating factor(s) in conditioned 

medium 

Experiment 1: SCG-AIR Experiment 2: Spinal 
Cord 

A/M A/M Ratio A/M A/M Ratio 

Postlabeled 1.21 2.1 2.62 3.4 

Control 0.57 0.77 

Prelabeled 0.92 2.1 2.82 3.7” 

Control 0.44 

Cycloheximide 1.04 6.9 3.09 5.5 

Control 0.15 0.56 

(L This value is based on the postlabeled control value. Since the 
A/M in prelabeled controls tends to be less than postlabeled controls, 
probably due to some receptor turnover, this value would be a conserva- 
tive estimate of the A/M ratio. Each value for A/M is an average of 

the A/M in duplicate cultures. 

al. (1980) found that CM from neuroblastoma cells 
slowed the rate of AChR degradation and increased the 
rate of AChR insertion into myotube membranes. 
Clearly, blockade of protein synthesis does not block the 
effect of CM. 

Discussion 
In this study, we have demonstrated that conditioned 

medium from cultures of embryonic mammalian neurons 
contains an AChR aggregation factor. The phenomena 
of factor production by neurons and receptor aggregation 
in the muscle are not dependent on physical contact 
between the two cell types since medium conditioned by 
neuronal cultures elicits the effect. The aggregation fac- 
tor appears to be neuron specific since none of the non- 
neuronal cells tested caused more than a barely detect- 
able increase in the A/M. In fact, several of these cell 
types caused a decrease in the A/M, indicating that they 
may release factors which inhibit aggregation or possibly 
disperse or destabilize AChR aggregates. The presence 
of an AChR aggregation factor in the CM from neuronal 
cultures is most simply explained by synthesis and release 
of the factor by the neurons. However, since serum was 
present in the culture medium used in the experiments 
reported here, it is possible that the factor was produced 
by the action of neurons on one or more high molecular 
weight serum components. In preliminary experiments 
(data not shown), marked AChR aggregating activity 
was detected in medium from SCG neuronal cultures 
maintained for 1 month in the absence of serum, sug- 
gesting that the factor is released by neurons and acts 
independently of serum components. 

It appears that several types of embryonic neurons, to 
varying degrees, are able to generate a factor which 
aggregates AChRs. However, the relationship between 
this ability and the expression of cholinergic properties 
is not clear. Conditioned medium from DRG neuronal 
cultures has low aggregating activity which is clearly 
detected only after concentrating the medium lo-fold. 
The presence of ACh, ACh esterase, and CAT in low 
amounts has been demonstrated in dorsal root ganglia 
(Phillis, 1970; Karczmar et al., 1980) of vertebrates, es- 
pecially neonates. However, electrophysiological and 
neuropharmacological studies indicate that spinal ganglia 
are not cholinergic and that these “cholinergic” sub- 
stances may play a role not related to neurotransmission. 
Synaptic connections have not been detected in co-cul- 
tures of DRG neurons and muscle (Fischbach, 1972; 
Obata, 1977). SCG neurons grown under adrenergic con- 
ditions synthesize small but measurable amounts of ACh. 
Conditioned medium from these cultures elicited an ef- 
fect on a per milligram of (cell) protein basis comparable 
to CM from SCG neuronal cultures which were grown 
under cholinergic conditions and synthesized 10 times as 
much ACh. It is interesting to note that, in co-cultures of 
L6 myotubes and N18 neuroblastoma cells, localization 
of AChR on the muscle cells occurs in the absence of 
ACh release by the nerve (Steinbach et al., 1973). Syn- 
thesis and release of ACh by sympathetic neurons both 
in viva and in vitro have been well documented (De- 
Feudis, 1974; Krnjevid, 1974; Patterson and Chun, 1977; 
Burnstock, 1981). Conditioned medium from fetal cere- 
bellar neuronal cultures also has a marked aggregating 
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effect. The reasons for the marked aggregating activity 
found in the CM of a system generally thought to be 
noncholinergic are not clear. Only very low levels of CAT 
activity have been found in the cerebellar cortex and 
synthesis of ACh has not been demonstrated unequivo- 
cally in uiuo (DeFeudis, 1974; Krnjevic, 1974). Pharma- 
cological studies indicate that a proportion of the fibers 
of deep nuclear neurons in the cat cerebellum may be 
cholinergic (Phi%, 1970; DeFeudis, 1974); however; syn- 
aptic connections have not been detected in vitro be- 
tween cerebellar neurons and skeletal muscle (Obata, 
1977). Since the cerebella are removed from embryos at 
a time when this portion of the brain is relatively unde- 
veloped, with the different neuronal populations un- 
dergoing mitosis, migration, and differentiation (Jacob- 
son, 1978), it is possible that some of the cells are neu- 
roblasts and consequently are pleuripotent. It would be 
interesting to determine whether other neurotransmitter 
receptor types, such as those found on the cells inner- 
vated by cerebellar neurons, would be induced to aggre- 
gate by cerebellar or other neuronal CM. Significant 
aggregating activity also was detected in spinal cord 
cultures. The spinal cord is the source of the motoneu- 
rons which normally innervate skeletal muscle and pro- 
vides a classic model of cholinergic neurotransmission. 

It is interesting to compare the results found in mam- 
malian systems with the recent work on the co-culture of 
skeletal muscle with different nerve cell tissue types in 
the chick (Hooisma et al., 1980) and amphibian (Cohen 
and Weldon, 1980). In both nonmammalian systems, co- 
culture of muscle and spinal cord explants induced the 
formation of AChR aggregates. In Xenopus, many of the 
newly formed aggregates were localized to the areas of 
nerve-muscle contact. However, in both species, when 
muscle cells were co-cultured with explants from dorsal 
root ganglia or superior cervical ganglia, very few aggre- 
gates were formed, if any, and the aggregates were found 
most often at noncontacted areas of the muscle mem- 
brane. The failure of DRG neurons to induce receptor 
aggregation in co-cultures might be explained by the 
relatively low aggregation activity found in our system. 
It is not clear why SCG neurons from the chick or 
amphibian were not able to induce AChR aggregation in 
co-cultures, while SCG neurons from the rat are effective. 
In this regard, it may be significant that SCG neurons 
from the rat are capable of forming synapses with cul- 
tured rat skeletal myotubes (Nurse and O’Lague, 1975). 
However, there is no evidence for the formation of func- 
tional synapses between chick or amphibian SCG neu- 
rons and muscle (Grinnell and Rheuben, 1979; Obata, 
1977). It is possible that the capacity to produce factors 
capable of inducing ACh receptor aggregation is more 
widespread among mammalian than amphibian or avian 
embryonic neurons. Additionally, muscle cells from cer- 
tain species may have more stringent requirements for 
the induction of AChR aggregation. A third possibility is 
that different culture conditions for the various verte- 
brate systems are more or less conducive to synthesis 
and release of neuronal aggregation factors or affect the 
muscle’s response to such factors. It is also possible that 
the aggregation factor detected in vertebrate neuronal 
cultures has functions unrelated to the establishment of 
cholinergic synapses. 

The characteristics of the AChR aggregation factor 
from primary cultures of embryonic neurons appear very 
similar to those described in the neuroblastoma x glioma 
hybrid cell line NGlOB-15 (Christian et al., 1978). The 
results of Amicon filtration of primary neuronal cell CM 
suggested that the factor has a molecular weight greater 
than 50,000 since none of the ultrafiltrates tested had any 
aggregating activity, and the activity was concentrated 
quantitatively above the filter. The macromolecules re- 
sponsible for aggregation ao not appear to take the form 
of large particulates because activity passes through a 
0.2-m Millipore filter. Preliminary biochemical charac- 
terization of the factor produced by NGlOB-15 cells sug- 
gested that it had a molecular weight of 150,000 to 200,000 
(Bauer et al., 1981). The time course of aggregation also 
appears to be similar in the two systems. Undiluted CM 
from NGlOB-15 cell cultures and primary neuronal cell 
cultures elicits greater than a 2-fold increase in the A/M 
of myotube cultures within 24 hr. Conditioned media 
from hybrid cells, SCG neurons, and spinal cord neurons 
are all able to effect aggregation in the absence of protein 
synthesis and appear to cause aggregation of receptors 
already present on the muscle cell surface. 

These findings differ in several aspects from the prop- 
erties described for an aggregation factor isolated by 
Jessell et al. (1979) from chick neural tissue. This factor 
had a molecular weight of about 2,000 and required an 
incubation period of several days to cause an increase in 
the number of receptor aggregates. This increase was 
accompanied, with approximately the same time course, 
by a 4.8-fold increase in the number of cllBTx binding 
sites. In the present study, the possibility of a long term 
effect of neuronal CM on receptor number was not tested. 
However, it was shown recently that CM from NG108-15 
cell cultures contains one or more factors which decrease 
the turnover rate and increase the rate of ACh receptor 
insertion in cultured rat myotubes (Christian et al., 1980; 
Hasegawa et al., 1980). Podleski et al. (1978) have re- 
ported a factor or factors with a molecular weight greater 
than 100,000 from rat neural tissues which increased both 
receptor density and aggregates on L6 myotubes. Thus, 
it is likely that neurons and other cells from neural tissues 
produce more than one factor which can influence both 
the number and distribution of ACh receptors. The abil- 
ity of primary neurons and neuronal cell lines to release 
soluble factors which aggregate and, in some cases, sta- 
bilize AChRs on muscle suggests that these substances 
may play an integral role in the initiation and mainte- 
nance of functional synaptic connections during devel- 
opment. Further work will be required to demonstrate 
the role of receptor aggregation factors in Go. 
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