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TWO COMPONENTS FROM EYE TISSUE THAT DIFFERENTIALLY
STIMULATE THE GROWTH AND DEVELOPMENT OF CILIARY
GANGLION NEURONS IN CELL CULTURE'
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Abstract

Survival and development of chick ciliary ganglion neurons in vivo appear to depend on infor-
mation from the embryonic eye structure that contains the postsynaptic targets of the neurons. We
have tested embryonic eye extracts on ciliary ganglion neurons in dissociated cell culture for
stimulation of growth and development. Control conditions were chosen that permitted the long
term maintenance of the neurons in the absence of tissue extracts or conditioned medium. The
conditions included coating the culture substratum with fibroblast material and increasing the K*
concentration in the culture medium to 25 mm. Neurons survived for at least 3 weeks in control
conditions.

Two major components were resolved in eye extracts that stimulated growth and development of
the neurons above the basal levels obtained with control conditions. One component, with an
apparent molecular weight of about 2 X 10* by gel filtration analysis, stimulated neuronal growth
without increasing the levels of choline acetyltransferase activity per neuron. The second component,
with an apparent molecular weight of about 5 X 10%, increased development of choline acetyltrans-
ferase levels per neuron but had no effect on neuronal growth. Both components were effective in
normal K* as well as 25 mm K*. These components may represent mechanisms by which the
postsynaptic target tissue acts in vivo to direct the growth and development of ciliary ganglion

neurons.

Neuronal development has been shown, in many cases,
to depend on information from the tissue innervated by
the neurons. Classic studies by Hamburger and Levi-
Montalcini (1949) showed that extirpation of the wing
bud of embryonic chickens early in development led to
degeneration of the sensory and motoneurons that nor-
mally innervated the missing limb. Enlargement of the
periphery by the addition of another limb reduced the
amount of naturally occurring neuron loss (Hollyday and
Hamburger, 1976). Similar observations have been re-
ported for other neuronal populations both in the central
and peripheral nervous systems (Cowan, 1973).

It has been widely suggested that the target tissue
provides a “trophic factor” that is required by the neu-
rons for continued survival and development. The only
putative trophic factor that has been isolated to date is
nerve growth factor (NGF), first described by Levi-Mon-
talcini and Hamburger (1953) and subsequently purified
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to homogeneity (Cohen, 1959; Varon et al., 1967). NGF
has been shown to enhance the survival and development
of sensory and sympathetic neurons both in vivo and in
cell culture. A number of lines of evidence suggest that
NGF may serve as a trophic factor for sensory and
sympathetic neurons (Greene and Shooter, 1980).
Clearly, models of neuronal development based on the
existence of trophic factors would be much strengthened
if similar components could be identified which served
other neuronal populations.

An attractive system for identifying other trophic fac-
tor candidates is the chick ciliary ganglion (CG), a para-
sympathetic ganglion that is not responsive to NGF. The
chick CG contains two major populations of neurons,
both of which are cholinergic and innervate exclusively
structures in the eye. The ciliary neurons innervate
striated muscle in the iris and ciliary body, while the
choroid neurons innervate smooth muscle in the choroid
layer. Landmesser and Pilar (1974a) showed that about
half of the neurons in each population die between days
8 and 14 in the embryo, reducing the total number of
ganglionic neurons from 6500 to 3200. Survival of CG
neurons after embryonic day 8 appears to depend on
information from the tissue innervated by them. The
period of cell death in the ganglion coincides with the
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time when the neurons form synapses on muscle cells in
the periphery (Landmesser and Pilar, 1978). Removal of
the optic vesicle prior to the period of neuron death
causes nearly all of the neurons to die (Landmesser and
Pilar, 1974b).

Recently, it has become possible to study the survival
and development of CG neurons in dissociated cell cul-
ture (Helfand et al., 1976). Nearly all of the CG neurons
present in 8-day embryos survive for weeks in cell culture,
though half of the neurons would have died in vivo within
6 days (Nishi and Berg, 1977). The neurons develop high
levels of choline acetyltransferase (CAT) activity in cul-
ture (Nishi and Berg, 1979), and many of them form
functional synapses on myotubes in mixed nerve-muscle
cultures (Nishi and Berg, 1977). Survival and develop-
ment of CG neurons grown on standard substrata, such
as collagen or polyornithine, appear to require culture
media supplemented with tissue extracts or cell condi-
tioning (Helfand et al., 1976; Nishi and Berg, 1979; Varon
et al., 1979; Tuttle et al., 1980). NGF will not substitute
for the extracts or cell conditioning (Helfand et al., 1976;
Nishi, 1980). It is possible that the extracts and condi-
tioned medium supply components normally required by
the neurons in vivo and that the components are pro-
duced in vivo by the postsynaptic tissue though in lim-
iting amounts.

We have used a cell culture assay to characterize
components in tissue extracts that stimulate the growth
and development of CG neurons. For this approach,
culture modifications were devised which permitted the
long term maintenance of CG neurons in control cultures
in the absence of extracts or conditioned medium. The
modifications included the use of fibroblast material as
a culture substratum and the inclusion of high concen-
trations of K* in the medium. Extracts prepared from
embryonic eye tissue then were tested for components
which stimulated growth and development of the neurons
above the basal levels obtained in control cultures. Two
components were identified: One component stimulated
neuronal growth without affecting levels of CAT activity,
while the other component stimulated development of
CAT levels without affecting neuronal growth.

Materials and Methods

Preparation of cell cultures. Ciliary ganglia from 7%-
day (stage 32 to 33; Hamburger and Hamilton, 1951)
chick embryos were removed and dissociated into a sus-
pension of single cells as previously described (Nishi and
Berg, 1977). The volume of the suspension was adjusted
to yield one ganglion equivalent of cells per 0.1 ml. Cells
were plated at one ganglion equivalent per 16-mm Falcon
tissue culture well (No. 3008). Culture wells were coated
with collagen as previously described (Fischbach, 1972).
For experiments in which neurons were grown on fibro-
blast material, the cultures first were seeded with fibro-
blasts obtained by trypsin dissociation of embryonic
chick skin tissue. The fibroblasts were grown to con-
fluency (2 to 3 days), washed three times with distilled
water, and then incubated in water for 1 to 2 hr. This
procedure caused all of the fibroblasts to expand and
lyse. The cultures then were rinsed once with Earle’s
balanced salt solution (BSS) and seeded with neurons.
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Media and chemicals. Simple culture medium for
neurons consisted of Eagle’s minimal essential medium
(MEM) supplemented with 10% (v/v) heat-inactivated
horse serum, 50 units/ml of penicillin, and 50 pg/ml of
streptomycin. Fibroblasts were grown in medium con-
taining 10% (v/v) fetal bovine serum in place of the horse
serum. Neurons were fed every 2 to 3 days. Few non-
neuronal cells developed in neuron cultures under any of
the growth conditions used in this study.

Eye extract was prepared from 17-day (Hamburger-
Hamilton stage 44) chick embryos. The eyes were re-
moved and the vitreous humor and lens were discarded.
The remaining structures were minced and homogenized
in a volume corresponding to 1 ml per eye in 2 mm
sodium phosphate, pH 7.5, with 0.14 M sodium chloride
(PBS). The homogenate was incubated at 4°C for 1 to 15
hr and then centrifuged at 27,000 X g for 90 min. The
supernatant fraction was removed and passed through a
0.2-mm Millipore filter for sterilization. The protein con-
centration was usually in the range of 2.3 to 2.6 mg/ml.
The length of incubation at 4°C had little effect on the
final activity of the extract.

The potassium concentration of the medium was ele-
vated by diluting a solution of 0.2 M KCl into the medium
to yield a final concentration of 25 mMm K*. This produced
a small increase (3%) in the osmolarity of the medium
and a small dilution of the other components. A compa-
rable dilution with 0.2 M NaCl had no effect on neuronal
survival, indicating that the K" effect could not be at-
tributed to these changes.

MEM, Earle’s BSS, horse serum, fetal bovine serum,
glutamine, penicillin, streptomycin, and crude trypsin
were purchased from Microbiological Associates. Horse
serum was heat-inactivated by incubation at 56°C for 30
min. [*H]Acetylcoenzyme A (specific activity of 1.9 to 7
Ci/mmol) and a mixture of *H-amino-acids (specific ac-
tivity of 16.7 mCi/mg) were purchased from ICN. Ace-
tylcholine chloride (ACh), tetraphenylboron, sodium py-
ruvate, NADH, and trichloroacetic acid (TCA) were
purchased from Sigma. P. Ravdin (University of Miami
School of Medicine) purified 7 S NGF according to the
method of Burton et al. (1978), and 8-NGF was isolated
from it by ion exchange chromatography (Varon et al.,
1968).

Cell counts and measurements. Neuronal cell counts
were obtained by examining 15 fields of view per culture
at X 200 magnification. The fields were spaced evenly
across the culture and represented 3.3% of the total
surface area. The culture conditions usually resulted in
a uniform distribution of neurons on the substratum;
cultures with an obvious non-uniform distribution were
discarded. Neuronal cell diameters were measured with
an ocular micrometer that was calibrated with a slide
micrometer. Soma volumes then were calculated by as-
suming them to be spheres.

Choline acetyltransferase assays. Choline acetyltrans-
ferase (CAT) activity was assayed by measuring the
synthesis of [PHJACh from [*HJacetylcoenzyme A
(AcCoA) using the method described by Fonnum (1969)
as modified by Berg and Fischbach (1978). Carrier-free
[’H]AcCoA was purified by passage over Dowex 50W-X8
(Schrier and Schuster, 1967) and was mixed with unla-
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beled AcCoA to give a specific activity of 0.3 Ci/mmol.
Reactions were carried out for 20 min at 37°C. Assays
were linear with enzyme concentration over the range
examined (7 to 363 pmol of ACh/hr/assay). ACh synthe-
sis was not strictly linear with time over the entire 20-
min incubation period, but corrections for nonlinearity
were small (<10%) and were independent of enzyme
concentration. Background, determined by omitting en-
zyme, represented about 0.1% of the total radioactivity
in the assay and was equivalent to 1 to 10% of the [*H]-
ACh synthesized with the enzyme concentrations used.
Fibroblast extracts contained no detectable activity over
background. Naphthylvinyl pyridine (0.5 mM), a specific
inhibitor of CAT activity (White and Cavallito, 1970),
inhibited at least 80% of the activity in CG culture
extracts. One unit of CAT activity is defined as the
synthesis of 1 nmol of ACh per hr.

Lactate dehydrogenase assays. Lactate dehydrogen-
ase (LDH) activity was assayed in aliquots taken from
the same culture extracts used for CAT assays. LDH
activity was measured spectrophotometrically by follow-
ing the conversion of NADH to NAD in the presence of
pyruvate and enzyme at room temperature. One unit of
LDH activity is defined as a decrease of 1 unit per min
in the absorbance of light at 340 nm using a path length
of 1 cm,

Protein determinations. Protein was measured by the
method of Lowry et al. (1951), using bovine serum albu-
min as a standard.

Protein synthesis. The rate of protein synthesis was
measured in cell culture by following the conversion of
*H-amino-acids into acid-insoluble material. Cultures
were rinsed twice with PBS and incubated at 37°C in 0.3
ml of Earle’s BSS containing MEM vitamins and 10 to
20 Ci/ml of *H-amino-acids. The cultures then were
rinsed three times, lysed with 0.10 ml of distilled water,
and, after 1 min, scraped in 0.10 ml of 20% TCA. An
additional 0.10 ml of 10% TCA was used to rinse the
cultures. The extract and rinse solutions were pooled,
incubated overnight at 4°C, and centrifuged 5 min at
15,600 X g. The acid-insoluble fraction was rinsed once
with 0.2 ml of 10% TCA and then dissolved in 0.20 ml of
0.6 N NaOH. After 4 hr, an aliquot was acidified and
counted in Aquasol-2 in a scintillation counter to deter-
mine the amount of acid-insoluble radioactivity. An ali-
quot of the first supernatant fraction also was counted to
determine the acid-soluble radioactivity associated with
the cells. Label in the acid-soluble fraction reached a
maximum within 2 hr, indicating the intracellular pools
of free amino acids had been saturated. Incorporation of
radioactivity into the acid-insoluble fraction continued
linearly for at least 7 hr. An incubation period of 4 hr
was used to compare relative rates of protein synthesis
among cultures.

Results

Long term maintenance of neurons. Two modifica-
tions of the standard culture conditions were used to
obtain long term maintenance of ciliary ganglion (CG)
neurons in the absence of conditioned medium or tissue
extracts. The first was the use of fibroblast material to
coat the collagen substratum. Almost all of the neurons
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present in 7%-day-old embryonic ciliary ganglia survived
for at least 6 days in simple medium when grown on the
fibroblast substratum (Fig. 1). In contrast, few neurons
(<10%) could be identified in culture after 2 to 3 days
when the cells were plated in simple medium on a plain
collagen substratum.

The second modification used to promote neuronal
survival was the addition of KCl to the culture medium
to increase the K* concentration to 25 mm. Neuronal
survival on the fibroblast substratum with simple me-
dium containing 25 mM K™ was extended to several weeks
(Fig. 1) and was indistinguishable from that found with
a complex medium (embryo extract and cell condition-
ing) on a collagen substratum (Nishi and Berg, 1979).
Growth and development of the neurons proceeded very
slowly under these basal conditions (see below). Elevated
K™ levels also extended the survival of neurons in simple
medium on plain collagen substrata, but greater varia-
bility was observed after 1 week. In all subsequent ex-
periments, neurons were grown on a fibroblast substra-
tum with simple medium containing 25 mm K* (basal
conditions) unless otherwise indicated.

Effects of eye extract. Since eye tissue contains all of
the synaptic targets for CG neurons in vivo, it is a likely
source for components that stimulate the growth and
development of CG neurons. The effect of embryonic eye
extract on CG neurons was tested first by growing the
neurons in the extract for periods up to 3 weeks and
assaying them for choline acetyltransferase (CAT) activ-
ity. The extract produced a 2- to 4-fold increase in CAT
levels compared to control conditions (Fig. 2). The in-
creased CAT levels paralleled those previously reported
for a complex medium prepared by cell conditioning and
supplemented with embryo extract (Nishi and Berg,
1979). Brief exposure to eye extract was not adequate to
sustain full development of CAT levels: Neurons incu-
bated in extract for 1 day and then returned to control
conditions for 10 days had only about one-half of the
CAT activity of neurons maintained in extract for the
full 11 days.

Titration experiments were carried out to determine
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Figure 1. Survival of ciliary ganglion neurons under control
conditions. Ciliary ganglion neurons were grown on culture
substrata coated with fibroblast material and fed with simple
medium containing either 5.6 mM K (A~ . -A or 25 mm K*
(O---0). Data reported previously for neurons grown on a
plain collagen substratum with conditioned medium and em-
bryo extract (Nishi and Berg, 1979) are re-plotted here for
comparison (@——@®). Values represent the mean of 3 to 10
cultures from one to four separate experiments; bars indicate
the SEM.
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Figure 2. Stimulation of CAT levels per neuron by eye
extract. Neurons were grown on substrata coated with fibroblast
material and fed with simple medium containing 25 mm K*
(basal conditions) (@——@®) or the same medium supplemented
with 5% (v/v) eye extract (O-~--0). Cell counts and CAT assays
were performed on the same cultures. Values represent the
mean of 4 to 18 cultures pooled from three to nine experiments;
bars indicate the SEM.
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Figure 3. Dependence of CAT and LDH levels on the con-
centration of eye extract. Neurons were grown in basal condi-
tions (Fig. 2) with the indicated concentrations of eye extract.
After 9 days, the cultures were assayed (A) for LDH activity
and (B) for CAT activity. Each point represents a single culture.

the concentration of eye extract necessary for maximum
development of CAT activity. Lactate dehydrogenase
(LDH) activity was assayed as a marker for cell growth
since it is a ubiquitous cytoplasmic enzyme. Few non-
neuronal cells were present in the cultures under any of
the conditions tested, rendering LDH a reliable indicator
of neuronal cytoplasm in these cases (see below). Protein
determinations were not useful because of the large con-
tribution from the fibroblast material attached to the
substratum. Extract concentrations of 1% (about 25 ug/
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ml) produced a maximum stimulation of both CAT and
LDH levels in cultures examined after 9 days (Fig. 3).
For subsequent experiments, a unit of stimulatory activ-
ity was defined as the amount of stimulation required to
increase CAT levels (CAT-stimulating activity) or LDH
levels (growth-promoting activity) to one-half of the max-
imum increment caused by saturating amounts of eye
extract. For each series of assays, a “dose-response” curve
was generated by including a range of eye extract con-
centrations; samples to be tested (e.g., column fractions)
were diluted appropriately to yield a response within the
linear range of the assay.

Fractionation of eye extract. Eye extract was fraction-
ated by gel filtration to characterize components influ-
encing the growth and development of CG neurons in
culture. Two major peaks of activity were resolved (Fig.
4). One activity, with an apparent molecular weight of
about 2 X 10, stimulated neuronal growth but had no
effect on levels of CAT activity. This was termed growth-
promoting activity (GPA). A second peak of activity,
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Figure 4. Fractionation of eye extract by filtration through
Bio-Gel P-200. Eye extract (3 ml) was applied to a Bio-Gel P-
200 column (105 ml; 1.8 X 35 cm) equilibrated with PBS at 4°C.
Fractions (3 ml) were collected, measured for protein, and
tested for effects on CG neurons by growing cultures in basal
conditions (Fig. 2) supplemented with diluted aliquots from the
fractions and then assaying the cultures for LDH activity, CAT
activity, and number of surviving neurons as described in Figure
3. To calculate units of stimulatory activity, cultures also were
grown in a range of eye extract concentrations (0 to 5% v/v)
and assayed for CAT and LDH activities to construct a “dose-
response” curve. Column fraction dilutions were chosen to yield
responses estimated to be in the linear range of the assay; actual
volumes assayed were the same in all cases. A unit of growth-
promoting activity (GPA) was defined as the amount of stim-
ulation necessary to produce half of the maximum increment in
LDH levels caused by eye extract; a unit of CAT-stimulating
activity (CSA) was defined in the same way with respect to
CAT levels. The horizontal bars indicate fractions pooled for
CSA (pool 1) and GPA (pool 2). The arrows from left to right
indicate the elution positions for Blue dextran (200,000), human
transferrin (80,000), ovalbumin (40,000); soybean trypsin inhib-
itor (26,000), cytochrome ¢ (13,500), a-bungarotoxin (8,000), and
[*H]choline chloride (140). The elution position of Blue
dextran marks the void volume of the column, while [*H]-
choline chloride indicates the completely included volume.
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TABLE I
Recoveries after fractionation of eye extract
Pooled fractions (pools I and 2) and starting sample (extract) from the Bio-Gel P-200 column shown in Figure 4 were assayed for protein,
GPA, and CSA. Units of activity were calculated as described in Figure 4. Total recoveries for all column fractions were 75% for protein, 75% for
GPA-like activity, and 72% for CSA-like activity. Extract values have been defined as 100%.

Sample Protein

GPA

CSA

mg % recov. units

9.9 100 1500 100
4.0 40 0 0
0.4 4 912 61

Extract
Pool 1
Pool 2

% recov.

units/mg units % recov. units/mg
150 600 100 60
0 252 42 63
2280 0 0 0

with an apparent molecular weight of about 5 x 10%
stimulated development of CAT levels but had no effect
on neuronal growth. This second activity was termed
CAT-stimulating activity (CSA). Resolution of GPA and
CSA by gel filtration was very reproducible; similar re-
sults were obtained with eight different preparations of
eye extract. In some cases, small amounts of both kinds
of activities were found in the excluded volume of the P-
200 column (Fig. 4). It is not clear whether the material
was unique or simply represented aggregated GPA and
CSA. Similarly, sometimes material was recovered near
the completely included volume of the column that pro-
duced a small increase in the development of CAT levels
(Fig. 4).

For the characterization of GPA and CSA, fractions
containing the peak activities from the column were
pooled in each case (Fig. 4). Recoveries for the pooled
fractions are shown in Table 1. The proportion of GPA
recovered was routinely high and similar to the propor-
tion of total protein recovered from the column. The
specific activity of the GPA pool varied considerably
among columns depending on the amount of overlap
between the GPA peak and a major peak of protein.
Purifications of 3- to 15-fold were calculated for GPA
pools from different columns. Recovery of CSA in pooled
fractions was somewhat lower for two reasons. CSA-like
activity present in other regions of the column was ex-
cluded from the pooled fractions, and, as will be shown
below, CSA requires some GPA for maximum effect.
Specific activities of the CSA pool were equivalent to
that for eye extract.

Characterization of GPA. GPA pools stimulated neu-
ronal growth to the same maximum extent that eye
extract did. This was shown by growing neurons in dif-
ferent concentrations of GPA for 9 days and assaying
them for LDH activity (Fig. 5). GPA had no effect on
development of CAT levels, expressed as CAT activity
per neuron, over the entire range of GPA concentrations
tested (0 to 10%, v/v).

Other aspects of neuronal growth were measured to
determine whether LDH levels served as an adequate
marker in this regard. Cell diameters were measured to
calculate the mean soma volume for neurons grown under
different conditions. Relative rates of protein synthesis
by the neurons were examined by following the conver-
sion of radioactive amino acids into acid-insoluble ma-
terial. By both criteria, GPA stimulated an increase in
neuronal growth, and the amount of increase was similar
to that indicated by LDH levels (Table II).

Characterization of CSA. CSA stimulated develop-
ment of CAT levels without increasing neuronal growth,
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Figure 5. Dependence of LDH levels on GPA concentration.
Neurons were grown in basal conditions with the indicated
concentrations (v/v) of GPA (pool 2, Fig. 4) for 9 days and then
assayed for LDH activity. Each point represents a single cul-
ture. The dotted line indicates the level of LDH activity ob-
tained with 5% (v/v) eye extract. Cultures receiving 0 and 10%
GPA also were assayed for CAT activity and were found to
have equivalent amounts.

but the maximum levels of CAT induced by CSA alone
were less than those obtained with eye extract (Fig. 6).
Though GPA did not itself stimulate CAT development,
it did influence the response of the neurons to CSA. This
was shown by growing neurons in a range of CSA con-
centrations for each of two GPA concentrations. Cultures
receiving the higher GPA concentration consistently de-
veloped more CAT activity and, at the highest concen-
trations of CSA and GPA, approached the maximum
CAT levels obtained with eye extract (Fig. 7).

The different roles of GPA and CSA were clearly
reflected in the levels of CAT specific activity, i.e., CAT/
LDH, generated by the neurons. Since GPA stimulated
growth without changing the amount of CAT per neuron,
CAT specific activity was actually lower for neurons in
GPA than in eye extract (Table III). CSA stimulated
development of CAT activity without changing neuronal
growth and, as a result, induced CAT specific activities
significantly higher than did eye extract. Finally, CSA
and GPA combined stimulated both CAT and LDH
levels with a resultant CAT specific activity equivalent
to that obtained with eye extract. Thus, GPA clearly acts
to stimulate neuronal growth and, in so doing, has a
permissive effect on the response of CG neurons to CSA.

GPA and CSA in normal K*. The effects of GPA and
CSA were usually tested on neurons grown in simple
medium containing 25 mM K™*. The elevated K* concen-
tration was not necessary, however, for the stimulatory
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TABLE II
Stimulation of neuronal growth by GPA
Neurons were grown for 9 days either in basal conditions alone (control) or supplemented with 5% (v/v) pool 2 from Figure 4 (GPA) and then
were assayed for CAT activity, LDH activity, relative rates of protein synthesis, and mean cell volume. Values indicate the mean + SEM; n
indicates the number of cultures assayed, except for cell volume data where it indicates the number of cells measured.

Culture CAT LDH Protein Cell
Medium Activity Activity Synthesis Volume
units/culture cpm/culture um
Control 1.57 £ 0.13 0.053 £ 0.002 15,200 + 2,100 999 + 77
(n=17) (n=28) (n=8) (n = 40)
GPA 1.62 £ 0.18 0.166 £ 0.004 33,400 £ 3,700 2,961 + 806
(n=17) (n=9) (n =8) (n = 40)
GPA /control 1.0 3.1 2.2 3.0
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Figure 6. Dependence of CAT levels on CSA concentration.
Neurons were grown in basal conditions with the indicated
concentrations (v/v) of CSA (pool 1, Fig. 4) for 9 days and then
assayed for CAT activity. Each point represents a single culture.
The dotted line indicates the level of CAT activity obtained
with 5% (v/v) eye extract. Cultures receiving 0 and 10% CSA
also were assayed for LDH activity and were found to have
equivalent amounts.

effects of either GPA or CSA. Even in simple medium
with the normal 5.6 mM K*, GPA induced LDH levels
greater than that observed for control cultures with 25
mmMm K* (Table IV). CSA in normal K* also induced an
increase in CAT development over that obtained for
control cultures with 25 mm K*. For comparative pur-
poses, it would have been desirable to measure CAT and
LDH levels for neurons grown in normal K* without
CSA or GPA, but less than half of the neurons survived
under such conditions (Fig. 1). Previous results indicated,
however, that CAT levels per neuron and overall neuron
size in such cultures certainly were not greater than that
obtained in 25 mM K* (Nishi, 1980).

Purified mouse NGF was unable to substitute for either
GPA or CSA in stimulating the growth and development
of CG neurons (Table IV).

Discussion

Two activities can be distinguished in extracts pre-
pared from embryonic eye tissue that influence the long
term fate of CG neurons in culture. One activity, GPA,
stimulates growth of the neurons but does not change

2 3 4 5
CSA (%)

Figure 7. Enhancement of CSA effect by GPA. Neurons were
grown for 9 days in basal conditions with the indicated concen-
trations (v/v) of CSA supplemented with either 1% (O- - -J)
or 5% (@—®) (v/v) GPA and then assayed for CAT activity.
Each point represents a single culture. The dotted line indicates
the level of CAT activity for cultures grown with 5% (v/v) eye
extract. GPA was found to have a similar effect on neuronal
response to CSA in three other experiments, though full titra-
tion curves were not always carried out,.

the levels of CAT activity per neuron. The other activity,
CSA, stimulates development of CAT activity but does
not change the rate of neuronal growth. Since eye tissue
contains all of the normal synaptic targets for CG neurons
in vivo, it is reasonable to suppose that the stimulatory
activities described here may represent components that
play a role in the embryo to guide the growth and
development of the neurons.

In general terms, the effects of GPA and CSA described
here on CG neurons imply a regulatory pattern for para-
sympathetic neurons that has similarities to the much
better characterized pattern for sympathetic neurons.
NGF is necessary for the survival and growth of sympa-
thetic neurons, while a second component, present in
culture medium conditioned by non-neuronal cells (CM),
stimulates at least rat superior cervical ganglion (SCG)
neurons to undergo cholinergic development (Patterson,
1978). CM induces a 100- to 1000-fold increase in CAT
levels for rat SCG neurons in culture (Patterson and
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TABLE III
Effects of GPA and CSA on specific activities of CAT
Neurons were grown for 9 days in basal conditions with the indicated
supplements at 5% (v/v). CAT and LDH activities were measured on
the same cultures and are shown as total units per culture. Values
represent individual cultures from the same experiment.

Specific
Supplement A(c:tli\v’iy AIcJtli)v}i{t Activity
Y (CAT/LDH)
units
Eye extract 6.65 0.205 324
6.30 0.192 32.8
GPA 1.97 0.170 11.6
2.51 0.182 13.8
CSA 3.07 0.047 65.3
3.91 0.050 78.2
GPA + CSA 5.57 0.172 32.4
6.50 0.182 35.7
6.70 0.190 35.3
TABLE IV

Effects of GPA and CSA in the absence of high K* levels

Neurons were grown on a substratum coated with fibroblast material
and fed with simple medium and the indicated supplements. After 9
days, the cultures were assayed for CAT and LDH activities. K*
indicates a final potassium concentration of 25 mmM. GPA and CSA were
added at 5% (v/v). NGF was supplied at 150 ng/ml. Neuronal survival
was similar in all cases. Values represent the mean of two to three
cultures from the same experiment. Little difference is observed in
CAT levels for cultures grown for only 9 days with and without high
K™ concentrations; greater differences are observed at later times (R.
Nishi and D. K. Berg, submitted for publication).

Supplements LDH CAT
Activity Activity
units/culture
K* 0.100 1.34
GPA 0.152 1.24
GPA + K* 0.172 1.32
CSA 0.104 2.79
CSA + K* 0.098 2.94
NGF + K* 0.106 1.28

Chun, 1977a, b). In the present studies, CSA increased
CAT levels for chick CG neurons only 2- to 4-fold. CG
neurons were already expressing cholinergic function,
however, at the time they were transferred to culture;
their maximum induced level of CAT activity per neuron
with CSA was comparable to that obtained for SCG
neurons with CM. Clearly, it would be of interest to
determine whether CSA induces CAT activity in chick
sympathetic neurons and to compare the properties of
CSA and CM when purified.

One interesting feature of GPA action on CG neurons
is that it appeared to stimulate all aspects of neuronal
growth as reflected by LDH levels, rates of protein syn-
thesis, and soma volume and yet did not increase the
levels of CAT activity observed per neuron. It is possible
that, in the absence of CSA, the expression of CAT
activity by CG neurons is limited by a step that is not
influenced by GPA. Alternatively, CAT activity in the
absence of CSA may be confined to a subpopulation of
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neurons that is not responsive to GPA. In the presence
of CSA, GPA augmented the levels of CAT per neuron,
presumably by increasing the overall synthetic capacity
of the neurons.

Several reports have characterized components in tis-
sue extracts or conditioned media that promote the at-
tachment and survival of CG neurons in culture or stim-
ulate the extension of neurites by ciliary ganglion ex-
plants. Ebendahl et al. (1979) have described a compo-
nent from embryonic chick heart that stimulates neurite
outgrowth from explants of ciliary, spinal, and sympa-
thetic ganglia. Gel filtration studies indicate the compo-
nent has an apparent molecular weight of about 4 X 10*.
Manthorpe et al. (1980) have described a component
from embryonic chick eye that enhances the attachment
and survival of CG neurons. The component also has an
apparent molecular weight of about 4 X 10* by gel filtra-
tion. Bonyhady et al. (1980) have described a component
from ox heart that promotes survival of CG neurons, and
the component has an apparent molecular weight of
about 2 X 10* by gel filtration. In the present studies, gel
filtration indicated apparent molecular weights of about
2 x 10* for GPA and 5 X 10* for CSA. It should be
emphasized that size estimates reported for unpurified
components must be considered tentative since the com-
ponents might be associated with other material in solu-
tion. Further studies will be necessary to establish the
relationships among these various components.

For the present studies, culture conditions were chosen
that permitted the long term maintenance of CG neurons
without tissue extracts. GPA and CSA then were char-
acterized as activities that stimulated growth and devel-
opment beyond that obtained in the control conditions.
This approach was chosen to increase the possibility of
identifying components that influenced the fate of neu-
rons in vivo, instead of selecting for components that
might only provide temporary relief for neurons trying
to adapt to cell culture. The conditions used for long
term maintenance included culture substrata coated with
fibroblast material and culture media containing 25 mm
K™

It is possible that the fibroblast material provided
specific factors similar to those in conditioned medium
and tissue extracts that promote survival of CG neurons
in vitro. Non-neuronal cells are thought to play impor-
tant roles in guiding the migration, differentiation, and
development of neural crest cells (Weston, 1970; Patter-
son, 1978). Fixed non-neuronal cells can specifically in-
duce cholinergic development in sympathetic neurons in
culture (Hawrot, 1980). Collins (1980) has reported that
heart cells deposit material on the substratum that in-
duces the rapid initiation of neurites by CG neurons in
culture. Alternatively, the fibroblast effect on CG neu-
rons might have been a relatively nonspecific one in
which survival followed as a consequence of enhanced
adhesion of the neurons to the substratum. Non-neuronal
cells are known to produce microexudate in culture which
remains firmly attached to the substratum after washing;
the microexudate increases adhesion of the neurons and
neuronal processes (Schubert, 1977, Hawrot, 1980).

Elevated K* concentrations have been found to en-
hance survival and development of a number of neuronal
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populations in culture, including sensory (Scott, 1977),
sympathetic (Phillipson and Sandler, 1975), and cerebel-
lar neurons (Lasher and Zagon, 1972). Bennett and White
(1979) have described an enhanced survival of CG neu-
rons over a 2-day period in culture when grown in 25 mm
K*. High K* concentrations also have been reported to
induce neuronal cell division in culture (Cone and Cone,
1976). No evidence was obtained here for cell division of
CG neurons. The number of neurons was the same in 25
mM K* as in normal K* with or without eye extract and
represented all of the neurons present in the ganglion at
the time of dissection; no increase in neuron number was
found with culture age. Studies on the influence of high
K" concentrations on the growth and development of CG
neurons in eye extract will be described elsewhere (R.
Nishi and D. K. Berg, submitted for publication). Ele-
vated K* concentrations were not necessary for the stim-
ulatory effects of GPA and CSA on CG neurons.

The results described here represent a first step toward
characterizing the effects of GPA and CSA. It will be
important to purify the activities to determine how many
components are involved, which tissues produce the com-
ponents, and which neuronal populations respond to
them. Information of this kind should help clarify the
significance of these components for neuronal develop-
ment in vivo.
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