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Specific Down-Regulation of the a-Bungarotoxin Binding Component
on Chick Autonomic Neurons by Ciliary Neuronotrophic Factor
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Chick ciliary ganglion neurons have a cholinergic membrane
component that binds a-bungarotoxin with high affinity but
has no known function. The component is different from the
nicotinic ACh receptor on the neurons that mediates cholin-
ergic transmission through the ganglion. Ciliary neurono-
trophic factor (CNTF) has been shown to enhance the sur-
vival of ciliary ganglion neurons in cell culture and has been
postulated to act as a target-derived trophic factor for the
neurons in vivo. We show here that a factor indistinguishable
from CNTF specifically down-regulates a-bungarotoxin bind-
ing sites on the neurons while increasing cell growth and
the number of ACh receptors on the cells. Similar effects,
though reduced in magnitude, are seen with chick sympa-
thetic neurons. CNTF has no effect on the number of ACh
receptors found on chick myotubes in culture. The down-
regulation of a-bungarotoxin binding sites on neurons caused
by CNTF occurs with a half-time of about 19 hr and is largely
reversed within a 4 d period following CNTF removal. It is
distinct from the down-regulation caused by cholinergic ag-
onists. Nerve growth factor and fibroblast growth factor have
no apparent effect on the number of a-bungarotoxin binding
sites on the neurons, though fibroblast growth factor does
stimulate neuronal growth. The results indicate that the ef-
fects of CNTF on the a-bungarotoxin binding component are
both novel for a growth factor and specific, and they suggest
a relationship between the component and the regulation of
growth by the target tissue.

It is well established that the snake venom protein a-bungaro-
toxin («-Bgt) binds with high affinity to the nicotinic acetylcho-
line receptors (AChRSs) of muscle and electric organ (for review,
see Fambrough, 1979). There is also increasing evidence that
«-Bgt binds with high affinity to a major class of functional
AChRs in insect nervous systems (Hanke and Breer, 1986; Pin-
nock et al., 1988) and may in some cases bind to functional
AChRs on vertebrate neurons (Marshall, 1981; De La Garza et
al., 1987). Many classes of neurons in both the vertebrate central
and peripheral nervous systems, however, have membrane com-
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ponents that bind «-Bgt (Clarke et al., 1985; for review, see
Lindstrom et al., 1987), and in most instances, the function of
the component remains unknown. Not only does «-Bgt usually
fail to block neuronal AChR function (in contrast to its effects
on muscle and electric organ AChRs), but the a-Bgt binding
component on neurons appears to be wholly distinct from func-
tional AChRs on the same cells. This has been shown most
conclusively for the rat pheochromocytoma cell line PC12 (Pat-
rick and Stallcup, 1977), chick ciliary ganglion neurons (Jacob
and Berg, 1983; Smith et al., 1985; Halvorsen and Berg, 1987),
and bovine adrenal chromaffin cells (Higgins and Berg, 1987,
1988), where receptor-specific antibodies have been used to dis-
tinguish the functional AChR from the a-Bgt binding compo-
nent on the cells.

The «-Bgt binding component on neurons is cholinergic in
the sense that common nicotinic ligands compete with a-Bgt
for binding to it. Purification of the component from chick brain
has revealed a subunit composition comparable to that of AChRs
from muscle and electric organ, and the amino-terminal amino
acid sequence of the smallest subunit shows considerable ho-
mology with muscle AChR a-subunits (Conti-Tronconi et al.,
1985). While in most cases the «-Bgt binding component on
vertebrate neurons does not appear to mediate the fast, depo-
larizing membrane response characteristic of AChRs, it is likely
to have evolved from a common ancestral gene of AChRs and
may transduce a form of cholinergic signaling yet to be iden-
tified.

Chick ciliary ganglion neurons have «-Bgt binding sites that
exceed the total number of AChRs in the ganglion by a factor
of 5-10 (Smith et al., 1985). Unlike AChRs on the surface of
the neurons, which are concentrated primarily in postsynaptic
membrane (Jacob et al.,, 1984; Loring and Zigmond, 1987),
«-Bgt binding sites are located predominantly in extrasynaptic
membrane (Jacob and Berg, 1983; Loring et al., 1985). Both
preganglionic denervation and postganglionic axotomy of ciliary
ganglia in newly hatched chicks specifically reduce the number
of a-Bgt binding components in the ganglion (Jacob and Berg,
1987). The reduction occurs more rapidly in each case than does
the decrease in ganglionic AChRs under the same conditions.
The results suggest that cell-cell interactions may be important
for maintaining the «-Bgt binding component on the neurons.

Celi culture provides an opportunity to examine regulatory
mechanisms mediating cell—cell interactions. Previous experi-
ments have shown that eye tissue, which includes all the synaptic
targets of the ciliary ganglion, contains several factors that can
influence the fate of chick ciliary ganglion neurons in cell culture.
One is ciliary neuronotrophic factor (CNTF), a 20-28 kDa pro-
tein that can increase neuronal survival in culture (Barbin et al.,
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1984; Rudge et al., 1987). Others include a growth-promoting
activity (GPA) that enhances neuronal growth in culture and a
choline acetyltransferase-stimulating activity (CSA) that stim-
ulates choline acetyltransferase levels in culture without chang-
ing neuronal growth (Nishi and Berg, 1981). Gel filtration in-
dicates that GPA migrates as a species of about 2 x 10* and
CSA as a species of about 4 x 10* (Nishi and Berg, 1981). The
findings support the hypothesis that the target tissue normally
supplies factors that guide the growth and development of in-
nervating neurons.

The fact that postganglionic axotomy produces a rapid and
specific decline in the amount of a-Bgt-binding component in
the ganglion raises the possibility that a factor from the synaptic
target tissue is necessary for maintenance of the component.
Axotomy would prevent retrograde transport of such a factor
from the periphery to the neuron soma in a situation analogous
to that occurring with nerve growth factor in sympathetic and
sensory neurons (Nja and Purves, 1978, Korsching and Thoe-
nen, 1983). We have examined fractions of embryonic eye ex-
tract for a factor of this type and have found instead one that
produces a specific down-regulation of the «-Bgt binding com-
ponent while coordinately increasing neuronal growth and AChR
levels. The factor is indistinguishable from CNTF.

Materials and Methods

Cell cultures. Freshly isolated ciliary ganglia from 8 d chick embryos
were dissociated with trypsin and grown at 37°C in a 5% CO,/95% air
atmosphere on a substratum of collagen and lysed fibroblasts as pre-
viously described (Nishi and Berg, 1981). Cultures were prepared with
0.6~1.0 x 10* neurons (1-1'2 ganglion equivalents) in 16 mm wells.
The basal culture medium consisted of Eagle’s minimal essential me-
dium containing 10% (vol/vol) heat-inactivated horse serum, 50 units/
ml penicillin, and 50 pg/ml streptomycin. The medium was adjusted
to a final concentration of 25 mm KCI (unless otherwise indicated) and
was replaced at 2 d intervals. These conditions provide for the long-
term survival of essentially all chick ciliary ganglion neurons in culture
(Nishi and Berg, 1981).

Cultures of dissociated sympathetic neurons were prepared from 9 d
embryonic chick sympathetic chain ganglia at an initial plating density
of 10° cells per 16 mm well and maintained in basal medium (with 5.3
mum KCI) supplemented with 0.4 gg/ml 7S NGF. Skeletal muscle myo-
tube cultures were prepared from 11 d embryonic pectoral muscle and
maintained as previously described (Nishi and Berg, 1977), plating 10°
cells/well and growing them in basal medium (with 5.3 mm KCl) sup-
plemented with 2% embryo extract.

Growth factors. GPA was isolated from eye extract prepared from 17—
19 d chick embryos as previously described (Nishi and Berg, 1981).
Briefly, eye extract (ca. 2 mg protein/ml) was concentrated 10-fold using
an Amicon concentrator with a PM-10 filter (10,000 MW cutoff). The
concentrated eye extract (2 ml) was loaded onto a 2.1 x 42 cm column
of LKB ACA 44 Ultragel equilibrated in PBS (0.1 m NaCl and 0.01 m
NaPO,, pH 7.4). (Similar results were obtained with a Bio-Gel P200
column as originally described.) Fractions (3 ml) were collected, filtered
for sterility, and assayed for stimulation of neuronal growth as previ-
ously described (Nishi and Berg, 1981). Active fractions were combined
to produce a pool of GPA (ca. 0.1 mg/ml protein), which was stored at
-70°C.

To isolate CNTF, a modification of previously published procedures
(Barbin et al., 1984) was used. Several GPA pools were combined,
dialyzed against 0.01 m NaPO,, pH 7.0, and loaded onto a 2.5 ml column
of DEAE cellulose (Whatman). The column was rinsed with 100 ml of
0.01 M NaPO,, pH 7.0, followed by 20 ml of 0.01 m NaPO,, pH 7.0,
containing 0.07 M NaCl. The column was eluted with 5 mi of 0.01 M
NaPO,, pH 7.0, containing 0.25 M NaCl to obtain a fraction containing
40% of the original GPA and 7% of the original protein. The fraction
was concentrated 25-fold in a Centricon C-10 unit and stored in 10%
glycerol, 0.0005% bromophenol blue, 1% SDS, 0.02 M 2-mercaptoeth-
anol, and 0.125 M Tris-HC], pH 6.8. The active component was purified
further with preparative SDS-PAGE tube gels at room temperature using
5% polyacrylamide in the stacking gel and 12% in the separation gel

(Laemmli, 1970; Barbin et al., 1984). Prestained molecular-weight
markers (BRL) were electrophoresed at the same time in adjacent tubes.
After electrophoresis, the gels were cut into 1 mm slices and incubated
overnight in basal medium (1 ml/slice) at 4°C to elute material, which
was then sterile-filtered and assayed for activity. Active eluates were
pooled and represented about 60% of the activity applied to the gel.
Dose~response curves indicated that the pooled material (CNTF) in-
duced half-maximal effects at a concentration of 0.1-0.2% (vol/vol).
Concentrations of 5% (vol/vol) were used routinely when maximal ef-
fects were desired.

Binding assays. Binding assays on cells in culture were initiated by
replacing the culture medium with 0.20 ml fresh medium (5.3 mm KCl)
containing either 10-8 M '3I--Bgt or § x 10-% M I-mAb 35. After
60 min at 37°C, the reaction was terminated by removing the medium
and rinsing the cells 4 times with 1 ml aliquots of HEPES solution (137
mMm NaCl, 5.4 mm KCl, 0.8 mm MgSO,, 0.9 mm NaPO,, 0.4 mMm K,PO,,
1.8 mm CaCl,, 2 mg/ml BSA, and 10 mm HEPES, pH 7.4). The cells
were solubilized in 0.15 ml of 0.5% Triton X-100 containing 50 mm
NaCl and 5 mm NaPO,, pH 7.4 and measured for radioactivity with a
model 1191 Tracor gamma counter. Data represent the mean + SE
from triplicate culture wells unless otherwise stated. Specific binding
was calculated as the difference between total binding and nonspecific
binding, where nonspecific binding was taken to be that occurring in
the presence of 10-¢ M unlabeled «-Bgt for '251-a-Bgt and in the presence
of 0.5 x 10-¢ M unlabeled mAb 35 for '»I-mAb 35.

Lactic acid dehydrogenase assay. Lactic acid dehydrogenase (LDH),
a constitutive cytoplasmic enzyme, was assayed as a means of comparing
relative cell volume among cultures as previously described (Nishi and
Berg, 1981). LDH activity was determined in aliquots of cell extracts
by following spectrophotometrically the conversion of NADH to NAD
in the presence of sodium pyruvate. One unit of LDH activity was
defined as a decrease of 1 OD unit/min in the absorption of light at 340
nm using a pathlength of 1 cm.

Materials. White leghorn chick embryos were obtained locally and
maintained at 39°C in a humidified incubator. Tissue extracts and cul-
ture media were prepared as previously described (Nishi and Berg,
1981). «-Bgt was purified from Bungarus multicinctus venom as pre-
viously described (Ravdin and Berg, 1979) and radioiodinated to a
specific activity 0of 0.5-0.7 x 10'® cpm/mol using a modified chloramine
T method previously described for antibodies (Lindstrom et al., 1981).
mAb 35 was purified and radioiodinated to a specific activity of 2-3 x
10'® cpm/mol as previously described (Smith et al., 1985). The hybrid-
oma cell line secreting mAb 35 was generously provided by Dr. J.
Lindstrom (Salk Institute). CNTF purified from rat sciatic nerve was
the generous gift of Drs. M. Manthorpe and S. Varon (UCSD), and
B-FGF was the generous gift of Dr. P. Walicke (UCSD Medical School).
Other materials were obtained as previously indicated (Halvorsen and
Berg, 1986, 1987).

Results

Extracts prepared from embryonic chick eye tissue contain fac-
tors that enhance the survival, growth, and cholinergic devel-
opment of chick ciliary ganglion neurons in cell culture (Adler
et al., 1979; Nishi and Berg, 1981). Surprisingly, the extracts
appear to depress selectively the number of «-Bgt binding sites
on the neurons (Smith et al., 1983). To examine this further,
extracts were fractionated by gel filtration, and individual frac-
tions were assayed for effects on neuron growth and «-Bgt bind-
ing levels in cell culture. Two peaks of activity were apparent
(Fig. 1). The first, which appeared in the excluded volume (in-
dicating a size greater than 100 kDa), stimulated neuronal growth
and increased the amount of a-Bgt binding in parallel. The
second, which migrated with a size of about 25-30 kDa, also
stimulated neuronal growth but reduced the amount of o-Bgt
binding on the neurons to a third of that obtained in control
cultures. The reduction did not arise from competition between
extract components and «-Bgt for binding. Acute exposure of
the cells to eye extract (Smith et al., 1983) or to the 25-30 kDa
fraction for several hours had no effect on '**I-o-Bgt binding
(see below). Moreover, Scatchard analysis indicated that the
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Figure 1. Fractionation of eye extract by gel filtration. Eye extract was
prepared from 17-19 d chick embryos, concentrated with an Amicon
unit, and fractionated using ACA 44 Ultragel column filtration. The
fractions were tested for regulatory effects on neuronal growth and «-Bgt
binding sites in culture. Cells were plated at ~6500 cells/well in basal
medium, and after 1 d received fresh medium supplemented with the
indicated fractions at 2% (vol/vol). On day 3 the cultures received a
second change of medium, and on day 5 they were taken for assay of
LDH activity and a-Bgt binding. Each point represents the mean value
of triplicate cultures; variation among determinations was <10% of the
mean. Control cultures grown 5 d in basal medium had 5.4 (+0.2) fmol/
culture of a-Bgt binding and 0.046 (+£0.003) units/culture of LDH ac-
tivity. The arrows, from left to right, indicate the elution positions of
blue dextran (2000 kDa), BSA (68 kDa), ovalbumin (43 kDa), soybean
trypsin inhibitor (21.5 kDa), cytochrome C (12.5 kDa), and L-tyrosine
(0.18 kDa). Similar results were obtained in 2 other experiments in
which separate columns and preparations of eye extract were used, and
the complete column profile was analyzed in each case. GPA was gen-
erated 17 additional times, using a separate preparation of eye extract
in each case, and assays of the isolated material yielded activities entirely
consistent with those shown here.

decline in '2°I-«-Bgt binding observed for cells grown in the 25-
30 kDa fraction of eye extract resulted from a decrease in the
number of sites rather than from a decrease in the affinity of
the sites (Fig. 2).

The peak of activity that reduced the number of a-Bgt binding
sites coincided on the gel-filtration column with the peak of
activity stimulating growth, previously termed growth-promot-
ing activity or GPA (Nishi and Berg, 1981). The relationship
between GPA and the activity regulating the o-Bgt binding sites
was examined further by comparing the concentration depen-
dence of the 2 effects. Titration curves showed that half-maximal
stimulation of neuronal growth occurred at nearly the same
concentration of GPA as that which produced a half-maximal
decrease in the number of a-Bgt binding sites (Fig. 3). The results
are consistent with a single factor being responsible for both
effects.

Preliminary evidence (Berg et al., 1985) suggested that GPA
might be identical to CNTF, a neurotrophic factor in eye tissue
that enhances the survival of chick ciliary ganglion neurons in
cell culture (Adler et al., 1979). A novel feature of CNTF is that
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Figure 2. Scatchard analysis of a-Bgt binding to neurons grown in
GPA. Ciliary ganglion neurons were grown in basal medium with (O)
or without (@) 2% (vol/vol) GPA (fractions 31-35 pooled from Fig. 1).
Three days later, the cultures were assayed in triplicate for a-Bgt binding
at a range of '*I-a-Bgt concentrations (0.1-30 nm). Linear-regression
analysis of the data produced equilibrium dissociation constants (K,,’s
0f 0.63 and 0.67 nm for control and GPA-treated cultures, respectively,
and maximal binding values (B,,,.’s) of 5.6 and 3.0 fmol/culture in the
2 cases.

it can be recovered as an active 20-28 kDa species after SDS-
PAGE (Barbin et al., 1984; Rudge et al., 1987). To determine
whether CNTF could duplicate GPA effects on the a-Bgt binding
component, GPA was fractionated further according to pub-
lished procedures for CNTF purification (Barbin et al., 1984).
This involved DEAE—cellulose chromatography and prepara-
tive SDS-PAGE. The 2 activities, i.e., stimulation of neuronal
growth and depression of «-Bgt binding sites, coeluted from the
DEAE cellulose column (data not shown). Similarly, the 2 ac-
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Figure 3. Dependence of a-Bgt binding and LDH activity on GPA
concentration. Neurons were grown in basal medium supplemented
with the indicated concentration of GPA. Each point represents the
mean «-Bgt binding or LDH activity of triplicate cultures 4 d in vitro.
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Table 1. Similarity of GPA and CNTF effects on ciliary ganglion neurons

Specific activity

a-Bgt binding LDH (fmol a-Bgt
Media (fmol/culture) (units/culture) binding/units LDH)
K+ 8.0 +0.2 0.060 + 0.002 133+ 5
K+ + GPA 29 +0.2 0.136 = 0.002 21 £ 1
K+ + CNTF 2.7 +£0.2 0.125 + 0.006 22+ 2
K* + GPA + CNTF 2.6 = 0.1 0.147 £+ 0.002 18 =1
GPA 4.1+0.2 0.150 + 0.004 27 £2

Cultures were plated at ~ 10,000 cells/well and grown for 4 d in medium containing 25 mm KCl (K*) or 5.3 mm KClI
and supplemented with 3% (vol/vol) GPA pool obtained from gel filtration (as in Fig. 1) and/or 5% (vol/vol) CNTF
obtained from SDS-PAGE (as in Fig. 4).

tivities coeluted from gel slices afier SDS-PAGE and had a
nominal size under denaturing conditions of about 23 kDa (Fig.
4). The properties of the active material resembled CNTF in
chromatographic behavior, in size under native and denaturing
conditions, and in ability to express activity after SDS-PAGE.

Further evidence for CNTF being the factor responsible for
regulation of the «-Bgt binding component comes from tests
with CNTF purified from rat sciatic nerve by M. Manthorpe
and 8. Varon. The rat CNTF behaved indistinguishably from
CNTF obtained by fractionating the GPA pool. The 2 prepa-
rations of CNTF had equivalent effects both on neuronal growth
and on the number of «-Bgt binding sites on the neurons. The
maximum response achieved with either 1 of the 2 preparations
could not be exceeded by combinations of the 2 preparations
(data not shown). Similarly, the effects of GPA on growth and
«-Bgt binding levels were completely accounted for by the ac-
tivity of chick eye CNTF (Table 1). Maximal effects induced by
CNTF were not enhanced further by addition of GPA to the
culture medium. Accordingly, in the studies described below,
CNTF is assumed to be the active factor in GPA, and GPA is
used as a crude source of CNTF.

Assays were routinely carried out on cultures maintained in
medium with 25 mMm K+ since no eye extract components were
required under these conditions to permit long-term survival
of the cells (Nishi and Berg, 1981). The effects of CNTF on
neuron growth and a-Bgt binding, however, do not appear to
require the presence of elevated K+ concentrations. GPA added
to culture medium having 5.3 mMm K* produced an increase in

Table 2. Specificity of «-Bgt binding site regulation by GPA and
CNTF

mAb 35 sites a-Bgt sites

fmol/ Specific fmol/ Specific
Media culture activity culture activity
K* 08+0.1 14=+1 70+0.1 1165
K+ + GPA 1.5+01 11 =x1 3.1 0.2 23+ 1
K+ + CNTF 1.5+01 12%1 — —
K+ + Eye 1.6 = 0.1 8§£1 6.9 £ 0.1 351

Ciliary ganglion neurons plated as in Table 1 in medium with 25 mm KCI
supplemented with 3% (vol/vol) GPA, 5% (vol/vol) CNTF, or 3% (vol/vol) eye
extract and assayed 4 d later. Specific activity was calculated as fmoles of binding
per unit LDH activity in the cultures. [The increased number of «-Bgt binding
sites seen with K+ + Eye compared with K+ + GPA was variable and presumably
resulted from the large-molecular-weight material (Fig. 1) that increased growth
and binding site levels proportionately; specific activities were usually similar for
the two conditions.]

neuronal growth and a decrease in the number of a-Bgt binding
sites compared with cultures grown in 25 mm K+ without GPA
or purified CNTF (Table 1). It was not possible to make similar
measurements on neurons maintained in 5.3 mM K* medium
in the absence of GPA (or purified CNTF) because survival was
inadequate under these conditions.

The specificity of the CNTF effect on the a-Bgt binding com-
ponent was evaluated in part by determining whether a second
class of membrane components, AChRs, were affected similarly.
AChRs assayed with '»I-mAb 35 did not decline in number
when cells were exposed either to GPA or to purified CNTF,
but rather increased roughly in parallel with the increase in cell
size in each case (Table 2). The results indicate that the decrease
in a-Bgt binding does not represent a global response of the
neurons, down-regulating all membrane receptors.

A second aspect of specificity concerns the distribution of cell
types responsive to regulation by the factor. Sympathetic gan-
glion neurons are similar to ciliary ganglion neurons in being
of neural crest origin and having both an AChR and an «-Bgt
binding component. GPA caused a small increase in growth rate
and a correspondingly small decrease in the number of «-Bgt
binding sites on sympathetic neurons (Table 3). In contrast,
chick myotubes, which have AChRs that bind a-Bgt but no
a-Bgt receptors distinct from AChRs, showed no change in o-
Bgt binding levels after treatment with GPA (Table 3). The
muscle cultures were grown in medium containing embryo ex-
tract, but the extract was not likely to have obscured a GPA
effect because both sympathetic and ciliary ganglion neurons

Table 3. Specificity of CNTF by cell type

a-Bgt sites LDH
Cell type (fmol/culture) (units/culture)
Sympathetic neurons
Day 5 Control 8.9 = 0.1 0.100 + 0.003
+GPA 6.1 = 0.2 0.132 = 0.005
Day 7 Control 11.9 £ 0.3 0.113 £ 0.001
+GPA 74 +£04 0.126 + 0.002
Myotubes
Day 5 Control 75.6 £ 3.2 —_
+GPA 75.5 £ 2.2 -

Sympathetic ganglion neurons were plated at 7.5 x 10¢ cells/well in medium
supplemented with 2% (vol/vol) GPA and assayed on the days indicated. Chick
skeletal muscle cells were plated in medium supplemented with 2% (vol/vol) GPA
and assayed after 5 d.
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Figure 4. Recovery of activities following SDS-PAGE. Fractions containing GPA after ACA 44 Ultragel filtration were pooled and fractionated
further by absorption to and step-elution from a DEAE—cellulose column. The activities that stimulated neuronal growth and depressed a-Bgt
binding sites in ciliary ganglion cultures eluted in the same fraction and were then subjected to preparative SDS-PAGE in tube gels. To locate the
activities, the gels were cut into 1 mm slices, the slices eluted, and the eluates tested for stimulation of neuronal growth and depression of a-Bgt
binding. The tests were carried out by plating neurons in basal medium, and after 1 d supplementing the medium with 10% (vol/vol) sterile-filtered
slice eluate. Three days later, the neurons were assayed for a-Bgt binding. Data for slices 1-28 represent single cultures; data for slices 31-84 are
the means from duplicate cultures. LDH-stimulating activity was determined for the same slices in separate cultures, and the data in this case
represent the mean values from duplicate cultures. The solid horizontal line indicates the a-Bgt binding in control cultures without supplements,
while the dashed horizontal line indicates LDH levels under the same conditions. (The values for slice 82 were below control due to incomplete
neuronal survival.) The gel photograph shows the distribution of protein components revealed by Coomassie blue staining of a sister gel. The
vertical arrows both in the photograph and in the figure (left to right) indicate the positions of ovalbumin (43 kDa), a-chymotrypsinogen (26 kDa),

B-lactoglobulin (18 kDa), lysozyme (14 kDa), and the dye front.

grown in the same medium still displayed enhanced LDH levels
and depressed «-Bgt binding when supplemented with GPA
(data not shown).

A third aspect of specificity has to do with the ability of other
growth factors to mimic the effect of CNTF on the neuronal
«-Bgt binding component. Both NGF and 8-FGF were tested.
Chronic exposure of ciliary ganglion neurons to NGF had little
or no effect on either neuronal growth or on «-Bgt binding levels
(Table 4A). Nor did NGF impair the ability of GPA to regulate
either growth or a-Bgt binding levels. The effects of 3-FGF on
ciliary ganglion neurons were more complicated. An increase
in growth was observed in most experiments, and the magnitude
of the increase was similar to that achieved with GPA (Table
4B). The growth appeared to be neuronal in origin since few
non-neuronal cells were present in the cultures with or without
B-FGF, and the factor noticeably increased the neurite prolif-
eration in culture. 3-FGF and CNTF appear to employ different
mechanisms for stimulating growth since the effects of the 2
factors were roughly additive even when the concentration of
GPA used was sufficient to induce the maximal increase possible
with GPA alone (Table 4B). In any case, 8-FGF had little if any
effect on the number of @-Bgt binding sites on the neurons (Table
4B). CNTF appears distinctive in producing a concomitant in-

Table 4. Lack of «-Bgt binding site regulation by NGF and 8-FGF

Percentage of control

Supplement a-Bgt binding LDH

A,
GPA 42+ 5 147 + 17 (3)
NGF 100 + 8 89 =9 (3)
GPA + NGF 38+8 134 + 26 (2)

B.
GPA 40 +5 183 + 37 (3)
B-FGF 98 = 11 164 + 21 (3)
GPA + B-FGF 49 + 2 281 £ 41 (2)

Ciliary ganglion neurons were plated at ~6500 cells/well in medium supplemented
with either 3% (vol/vol) GPA, 1-4 ng/ml 8-FGF, or 200-600 ng/ml NGF as
indicated. Cultures were assayed 4-5 d later. The results are expressed as a percentage
of those obtained for control cultures and represent means + SEM for triplicate
cultures from the number of platings indicated in parentheses. Control values for
«-Bgt binding in A and B were 3.97 = 0.72 and 3.77 % 0.92 fmol, respectively;
LDH values were 0.072 + 0.013 and 0.061 + 0.017 units, respectively. [The
percent change for LDH in GPA vs GPA + §-FGF cultures was significantly
different (p < 0.05) in paired experiments.]
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Figure 5. Independent down-regulation of the a-Bgt binding compo-

nent by carbachol and CNTF. Ciliary ganglion cultures were grown for
4 d in basal medium (K*) or in medium supplemented with either 2%
(vol/vol) GPA (K+/GPA) or 3% (vol/vol) eye extract (K*/Eye). The
cultures received either no additional components (open bars), 1 mm
carbachol (hatched bars), or | mM carbachol plus 0.1 mm d-tubocurarine
(stippled bars) for the 4 d period. In these experiments, cultures were
rinsed over a 30 min period to allow for dissociation of carbachol and
d-tubocurarine prior to assaying for a-Bgt binding. Values represent
means =+ SE of triplicate cultures.

crease in neuronal growth and decrease in the number of «-Bgt
binding sites on the neurons.

Chronic exposure to cholinergic agonists has previously been
shown to down-regulate the a-Bgt binding component on chick
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Figure 6. Effects of CNTF on the time course of a-Bgt binding site
accumulation. Neurons were plated in basal medium with (O) and with-
out (@) 2% (vol/vol) crude CNTF (GPA pool from Fig. 1) and were
assayed at the indicated times for a-Bgt binding. Each point represents
the mean of determinations from triplicate cultures.
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Figure 7. The onset and reversibility of a-Bgt binding site regulation
by CNTF. 4, After 4 d in basal medium, cultures received medium with
(O) or without (@) 2% (vol/vol) crude CNTF (GPA pool from Fig. 1).
B, Neurons were grown in basal medium with (O, A) and without (@)
5% (vol/vol) CNTF fraction from SDS-PAGE. After 4 d the media was
changed and CNTF was removed from one set of cultures (4). a-Bgt
binding was assayed at the indicated times, with the first point in each
case (time 0) being the day of CNTF addition (4) or removal (B). The
data represent means + SE from triplicate cultures.

ciliary ganglion neurons in culture (Messing, 1982). Down-reg-
ulation by the agonists, however, is distinct from that observed
with CNTF because carbachol produced an equivalent per-
centage decrease in the levels of a-Bgt binding for neurons grown
in control medium or medium supplemented with either GPA
or eye extract (Fig. 5). The amount of GPA present was sufficient
to achieve maximal down-regulation of the «-Bgt binding com-
ponent by the growth factor. The cholinergic antagonist d-tubo-
curarine protected a-Bgt binding sites against down-regulation
by agonists but had no effect on the down-regulation caused by
CNTF (Fig. 5).

The effects of CNTF on the a-Bgt binding component were
characterized further by examining the time course and revers-
ibility of the down-regulation. Neurons grown chronically in
GPA accumulated «-Bgt binding sites at a slower rate during
the first 4 d in culture than did control neurons, and the cells
maintained a steady-state level of the sites at subsequent times
that was substantially lower than control levels (Fig. 6). CNTF
did not appear to alter the rate at which the number of sites
approached steady state.

The rate at which CNTF induced loss of a-Bgt binding sites
from the cells was evaluated under steady-state conditions, Neu-
rons were grown for 4 d in basal medium to establish stable



levels of the sites. GPA was then added, and cells were assayed
at various times for a-Bgt binding. The results indicate that
CNTF causes a rapid decline in the number of sites and that a
new steady-state level is achieved in about 3 d (Fig. 74). Six
such experiments produced a mean half-time for the decline of
19 £ 2 hr. The cells remain responsive to regulation of the sites
by CNTF, even after being maintained in culture without the
factor for 4 d.

Down-regulation of the «-Bgt binding component by CNTF
is reversible. Removal of GPA from neurons that had been
maintained in it for 4 d resulted in a gradual recovery of «-Bgt
binding sites (Fig. 7B). Within 4 d the recovery reached 75% of
the levels associated with untreated control cells of the same
age.

Discussion

The fact that the a-Bgt binding component on chick ciliary
ganglion neurons binds cholinergic ligands (Messing, 1982; Smith
et al., 1983) and that its homolog in brain resembles muscle
AChRs in structure and partial amino acid sequence (Conti-
Tronconi et al., 1985) suggests that it is likely to be a cholinergic
receptor. The amount of the putative receptor on the neurons
far exceeds that of the known AChRs (Smith et al., 1985). Its
extrasynaptic location (Jacob and Berg, 1983; Loring et al., 1985)
raises the possibility that it participates in a slow time course
event, e.g., responding to ACh that diffuses from the synapse.
Conceivably, the component is associated with an ion channel
that has gone undetected because it is blocked under common
test conditions as is the vertebrate neuronal NMDA receptor
(Mayer et al., 1984; Nowak et al., 1984). Alternatively, it may
transduce a cholinergic signal that does not involve changes in
membrane permeability.

Results presented here demonstrate that extracts prepared
from the target tissue of the neurons contains a factor that spe-
cifically down-regulates the a-Bgt binding component. The fac-
tor is indistinguishable from CNTF with respect to DEAE—cel-
lulose chromatography, SDS-PAGE, and recovery of activity
following denaturation (Barbin et al., 1984). CNTF was origi-
nally described as a protein of about 20 kDa but isoelectric
focusing indicated more than one active species (Barbin et al.,
1984). Subsequent reports described the major CNTF species
in eye tissue as being 25 kDa in size and identified a minor
CNTF species of 28 kDa as well (Rudge et al., 1987). It is not
known whether the 2 species have identical biological activities;
both support short-term survival of ciliary ganglion neurons in
cell culture. Size estimates obtained here from gel filtration (ca.
28 kDa) and SDS-PAGE (ca. 23 kDa) for the regulatory factor
would not have distinguished between the 2 CNTF species.

The fractionation procedure used should have produced a
purification of about 4000-fold from crude eye extract, based
on previous results starting with dissected portions of eye tissue
(Barbin et al., 1984). Nishi and colleagues, using a different
isolation procedure, recently purified a factor of similar size and
biological activity to CNTF about 20,000-fold from eye extract
(R. Nishi, personal communication). The factor, which presum-
ably contains the active species in GPA and CNTF, depressed
the level of a-Bgt binding sites on the neurons and stimulated
neuronal growth (S. W. Halvorsen and D. K. Berg, unpublished
observations). In all cases, however, the tested material was
probably impure. The original criterion reported for CNTF ho-
mogeneity was SDS-PAGE (Barbin et al., 1984), but this was
compromised by SDS-PAGE having also served as the final step
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of purification. SDS-PAGE reveals considerable heterogeneity
in the material purified 20,000-fold (R. Nishi, personal com-
munication). Certainly the SDS gels used to obtain CNTF in
the present experiments contained a sufficient number of closely
spaced protein bands as to make it unlikely that the eluted
material was pure. While all current observations are consistent
with the 2 biological activities, i.e., stimulation of neuronal
growth and depression of a-Bgt binding sites, residing in the
same molecule, conclusions about bifunctionality must be ad-
vanced with caution until a pure factor is available for testing.
In the discussion that follows, CNTF is used to designate the
active material, recognizing that it may not represent a homo-
geneous species.

The fact that NGF and 8-FGF failed to decrease the number
of «-Bgt binding sites on the neurons demonstrates that the
regulatory features of CNTF in this regard are not widely shared
by growth factors. Ciliary ganglion neurons do appear to have
NGF receptors under these conditions since it has been shown
that NGF can increase the rate of neurite extension by the cells
in culture (Collins and Dawson, 1983). Similarly, the neurons
are likely to have 8-FGF receptors since 3-FGF stimulated neu-
ronal growth in the cultures. We cannot exclude the possibility
that the 8-FGF effect was indirect, i.e., that it induced non-
neuronal cells in the cultures to secrete a component that con-
tributed to neuronal growth. The number of non-neuronal cells
in the cultures, however, is small (Nishi and Berg, 1981), and
B-FGF treatment did not noticeably increase their number. Cer-
tainly the bulk of the enhanced growth must be ascribed to the
neurons not only because of their preponderance, but also be-
cause of the increase in neurite proliferation caused by 3-FGF
treatment. It should be noted that large-molecular-weight ma-
terial obtained from eye extract by gel filtration was also capable
of stimulating neuronal growth without depressing the number
of a-Bgt binding sites on the cells. In fact, the number of binding
sites increased roughly in parallel with the amount of cell growth.
Taken together, the results clearly indicate that a decrease in
a-Bgt binding sites is not an obligatory consequence of enhanced
neuronal growth.

Cholinergic agonists induce a biphasic down-regulation of
a-Bgt binding sites on chick ciliary ganglion neurons in culture
(Messing, 1982). A rapid phase removes about 25% of the sites
in an hour, while a slow phase removes an additional 50% or
so over 6 d. Down-regulation of sites by CNTF differs from
both of these processes. The time course is different in the case
of CNTF (half-time, 19 hr), the decrease is not prevented by
cholinergic antagonists as it is in the case of down-regulation
by cholinergic agonists, and the decline caused by CNTF is
additive with that caused by cholinergic agonists.

The specific depression of a-Bgt binding sites by CNTF is
unexpected in view of the other effects of the factor. The increase
in AChRs that occurs along with cell growth confirms that mem-
brane components in general and cholinergic receptors in par-
ticular need not be adversely affected by CNTF. The results
suggest a relationship between the «-Bgt binding component
and regulation of cell growth by the target tissue.

CNTF-like factors have previously been identified in a num-
ber of tissues (Adler et al., 1979; Collins, 1985; Rudge et al.,
1987). The factors support the survival and growth of several
neuronal populations in culture, including chick ciliary ganglion
neurons. A CNTF-like component has also been shown recently
to induce differentiation of type-2 astrocytes in culture from a
bipotential glial progenitor cell that otherwise constitutively
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produces oligodendrocytes (Hughes et al., 1988). Either CNTF
has a number of effects in the nervous system or a family of
CNTF-like components is responsible for the diversity of action.
The finding of 2 active CNTF species in the same tissue (Rudge
et al., 1987) supports the notion of a family. Gene analysis may
be necessary to define the various species and assign physio-
logical functions to them.

A final point of interest concerns the apparent lack of activity
in the extract that specifically enhances the number of a-Bgt
binding sites on the neurons over and above that accompanying
a general enhancement of cell growth. Since postganglionic ax-
otomy produces a rapid and substantial decline in the amount
of a-Bgt binding in the ganglion (Jacob and Berg, 1987), it seems
likely that other factors or events regulating the neuronal a-Bgt
binding component have yet to be identified. Steady-state levels
of the a-Bgt binding component may be determined by a com-
bination of cell-cell interactions.
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