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Development of Cholinergic Retinal Neurons from Embryonic 
Chicken in Monolayer Cultures: Stimulation by Glial Cell-Derived 
Factors 

Hans-Dieter Hofmann 

Max-Planck-lnstitut ftir Hirnforschung, D-6000 Frankfurt/M. 71, FRG 

In recent years evidence has indicated that, like the PNS, 
the development of the CNS is influenced by neuronotrophic 
polypeptide factors. In the present study, cultures of dis- 
sociated retinal neurons from 8-d-old chicken embryos were 
used to investigate the role of neuronotrophic factors (NTF) 
in the development of the neural retina. 

CAT, which in viva is located in amacrine cells of the retina, 
served as a marker for studying the in vitro development of 
cholinergic retinal neurons. Differentiation of cholinergic cells 
under control conditions was indicated by a 1 O-fold increase 
of enzyme activity during a 7-d culture period. Addition of 
media conditioned by high-density retinal cultures resulted 
in a further stimulation of CAT activity by lOO-400%. The 
CAT-stimulating activity was associated with a high-molec- 
ular-weight component of the retina conditioned medium 
(RCM) and was sensitive to protease treatment, but was not 
affected by other hydrolytic enzymes. The putative cholin- 
ergic factor was secreted by retinal cultures virtually free of 
neurons, suggesting that it is mainly produced by Muller 
cells. CAT-stimulating activity was also present in extracts 
from embryonic chicken retinae and medium conditioned by 
rat retinal cultures. NGF, anti-NGF antiserum, extracts from 
chicken brain tissues, and a number of other extracts and 
conditioned media, all known to contain neuronotrophic ac- 
tivities, were found to have no influence on cholinergic de- 
velopment in chicken retinal cultures. An extract from non- 
retinal eye tissue containing ciliary neuronotrophic factor 
(CNTF) stimulated CAT activity to the same extent as did 
RCM. 

These results suggest that the development of cholinergic 
retinal neurons depends on a possibly CNTF-like polypep- 
tide factor that is supplied by their glial environment. 

It is well documented for the PNS that neuronal development 
and maintenance of function is regulated by neuronotrophic 
factors (NTF) that are delivered by target tissues or by the glial 
environment. These polypeptide factors exert a general stimu- 
lating influence on survival and differentiation of selected neu- 
rons and possibly interact with other macromolecular factors 
that more specifically influence developmental processes like 
transmitter choice and neurite growth (Patterson, 1978; Varon 
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and Adler, 198 1; Varon and Manthorpe, 1984). The concept is 
based mainly on results obtained with NGF, the prototype neu- 
ronotrophic factor (Levi-Montalcini and Angeletti, 1968; Thoe- 
nen and Barde, 1980). Neuronotrophic activities different from 
NGF both in their molecular properties and in their target-cell 
specificity have been found in many tissue extracts or media 
conditioned by cultured cells (Barde et al., 1983; Berg, 1984). 

Although there is increasing evidence that similar or even 
identical polypeptide factors are involved in the regulation of 
neuronal survival and functional differentiation in the brain, 
knowledge of trophic interactions in the CNS is still very frag- 
mentary. Recently, however, the use of a number of different 
experimental approaches has provided convincing evidence that 
NGF plays an important role in the differentiation of cholinergic 
neurons in nuclei of the basal forebrain, and that the trophic 
molecule is produced in the target regions to which these neurons 
project (Honegger and Lenoir, 1982; Hefti et al., 1985, 1986; 
Hefti, 1986; Large et al., 1986). This example demonstrates that 
selection of an appropriate assay system is crucial for the de- 
tection of trophic interactions in the brain. In this respect the 
neural retina seems a suitable model system. Its cellular com- 
ponents and its structural organization have been studied ex- 
tensively (for a review, see Ramon y Cajal, 1895; Kaneko, 1979; 
Sterling, 1983; Iuvone, 1986). In addition, the retina is con- 
nected with other brain regions only via the the optic nerve and 
thus potential sources and targets of neuronotrophic activities 
are more easily identified as compared to those of other parts 
of the CNS. 

As expected from the concept that target-derived factors are 
involved in the regulation of neuronal cell death, it has been 
shown that in vitro survival of retinal ganglion cells from em- 
bryonic chicken or newborn rats is enhanced when cocultured 
with the corresponding target tissue (Nurcombe and Bennett, 
198 1; McCaffery et al., 1982). Interestingly, a NTF that was 
detected and purified from pig brain on the basis of its survival 
supporting activity on peripheral sensory neurons (Barde et al., 
1982) also addresses cultured rat retinal ganglion cells (Turner, 
1985; Johnson et al., 1986). 

This study provides evidence that the development of retinal 
neurons depends on polypeptide factors that, in accordance with 
the concept described above, are produced by glial cells within 
the retina. CAT activity was used as a marker for the devel- 
opment of cholinergic cells in monolayer cultures prepared from 
embryonic chicken retinae. In chicken (Baughman and Bader, 
1977; Millar et al., 1985), as in other species (Neal, 1983; Mas- 
land et al., 1984; Schmidt et al., 1985; Voigt, 1986), ACh syn- 
thesis has been localized in a subpopulation of amacrine and 
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Figure I. CAT in monolayer cultures from ES chicken retinae. Cells 
(4 x 10s) were seeded per well and grown in the absence or presence 
of RCM ( 110 pi/ml; DMEM/ 10% FCS; see Table 2), NGF ( 100 &ml), 
or anti-NGF antiserum (5 Fm/ml) as indicated. CAT activity was de- 
termined after 12 hr or 7 d in culture. Each value represents the mean 
of 4 measurements f  SEM. 

displaced amacrine cells. Expression of CAT activity in chicken 
retinal cultures is shown here to be stimulated by a protein 
component that seems to be specifically produced by retinal 
cells both in vitro and in vivo. 

Materials and Methods 
Materials. Tetanus toxin and rabbit antiserum to tetanus toxin were 
kindly supplied by Dr. Hungerer, Behringwerke, Marburg (FRG). Pu- 
rification of mouse NGF and preparation of anti-NGF antiserum has 
been described elsewhere (Hofmann and Unsicker, 1982). Media and 
salt solutions for cell culture and fetal calf serum were obtained from 
Biochrom (Berlin). l-‘4C-acetyl-coenzyme A was purchased from Amer- 
sham Buchler, Braunschweig (FRG) and all other chemicals and reagents 
were from Serva (Heidelberg) or from Sigma. 

Chicken retinal cultures. Fertilized eggs obtained from a local hatchery 
were incubated in a humidified egg chamber at 37.8”C. Eight-d-old (E8) 
embryos (stage 34 or 35 of Hamburger and Hamilton, 195 1) were 
used for culture preparation. Neural retinae were carefully dissected free 
of pigment epithelium and divided into 2 halves. Each half was incu- 
bated seuaratelv for 10 min at 37°C in 1 ml Ca2+/Ma2+-free Hanks’ 
balanced salt solution (HBSYCMF) and then for 20 min in 1 ml HBSS/ 
CMF containing 0.125% trypsin. Retinae were washed twice with cul- 
ture medium and mechanically dissociated by trituration through a 
flame-narrowed glass pipette in 1 ml of culture medium. Average cell 
yield was 3.5-4 x 10’ cells/retina. 

For experimental cultures used for CAT determinations, 4-5 x lo5 
cells in 800 ~1 medium were seeded per well (16 mm diameter) in a 
multiwell plate (Falcon) that had been incubated overnight with 350 ~1 
poly-L-lysine (0.1 mg/ml) for coating. Culture medium was Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 44 mM Na- 
HCO,, 2 mM glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, 
and 5% heat-inactivated fetal calf serum (FCS). Factors, conditioned 
media (CMs), and extracts to be tested for CAT-stimulating activity 
were added 1 hr after cell seeding. Control experiments ensured that 
corresponding volumes of media used for conditioning did not influence 
CAT activity by themselves. Cultures were grown for 7 d at 37°C in 5% 
CO,-95% air, and 50% of the culture medium was replaced after 3 d 
by fresh medium containing the original concentration of additives. 

For the preparation of retina-conditioned media (RCM), retinal cells 
were seeded at a density of 7500 cells/mm2 on Primaria (Falcon) culture 
dishes or flasks and grown in DMEM containing 10% FCS. After the 
culture period indicated, medium was removed, cells were washed once 
with the medium to be conditioned, and 1 ml medium was added per 
2 x lo6 cells originally seeded. DMEM supplemented with 10% FCS 
(DMEMIFCS), DMEM containing N, supplements (DMEM/N,), or 

DMEM without supplements (DMEM/-) was used for conditioning as 
indicated. After 3 d, the CM was removed, centrifuged for 10 min at 
1000 x g and stored frozen at -30°C. 

Conditioned media and extracts. Dissociated cells from neonatal rat 
retina were obtained by a procedure virtually identical to that described 
for chicken retina. Cells were grown in DMEM containing 10% horse 
serum for 6-10 d and medium was conditioned as described above, 
using serum-free DMEM supplemented with the N, components de- 
scribed by Bottenstein and Sato (1979). Growth conditions for C, rat 
glioma cells (American Type Culture Collection) and preparation of C, 
CM were described previously (Unsicker et al., 1984). 

Choroid, iris, ciliary body and pigment epithelium (CIPE), retina, 
forebrain, tectum, and heart were dissected from 6-, 8-, or 15-d-old 
chick embryos for extraction. CIPE extract was prepared according to 
Barbin et al. (1984). The other tissues were homogenized with a glass- 
glass homogenizer (Potter-Elvelijem) in 10 volumes (wt/vol) of ice-cold 
water and centrifuged at 100,000 x g for 1 hr. The supematants were 
filtered sterile and stored frozen at -80°C. 

Biochemical determinations. Retinal cultures to be assayed for CAT 
activity were washed twice with PBS and incubated for 5.min at 37°C 
with 100 ul of 10 mM sodium Dhosnhate buffer. DH 7.4. containing 10 _ _ _ 
mM EDTA and 0.5% Triton X-100. Aliquots were used for determi- 
nation of CAT activity according to Fonnum (1975) and measurement 
of protein content according to Lowry et al. (195 1). Specificity of CAT 
determinations was established by 2 methods. Enzyme activity was 
completely inhibited by an antiserum to chicken CAT (Johnson and 
Epstein, 1986) that was kindly supplied by Dr. Epstein, University of 
Wisconsin, and the radioactive product was completely degraded by 
added AChE when the assay was performed in the absence of esterase 
inhibitor. 

Determination of cell survival. Retinal cultures were washed with PBS 
and incubated for 5 min with 100 ~10.25% trypsin, 0.1% EDTA in PBS, 
and 300 ~1 DMEM with 10% FCS was added to each well. The cells 
were gently triturated to obtain a suspension of single cells, fixed by the 
addition of 100 ~1 of 10% glutaraldehyde, and counted in a hemocy- 
tometer. 

Immunocytochemistry. For immunocytochemical visualization oftet- 
anus toxin binding, retinal cells were either grown on poly+lysine- 
coated coverslips or, for quantitative determinations, detached from the 
multiwell plate by trypsin treatment, as described above, triturated, and 
reseeded on coverslips at lower density. Cells were treated in sequence 
with tetanus toxin (diluted 1:50 in HBSS containing 0.2% BSA), rabbit 
anti-tetanus toxin antiserum (1:300) and fluorescein isothiocynate (FITC)- 
conjugated goat anti-rabbit IgG antiserum (Dynachtech; 1:50), and 
washed 3 times with HBSS/BSA after each step. Cells were fixed with 
4% paraformaldehyde in 100 mM sodium phosphate buffer, pH 7.2, and 
mounted in 10% glycerol. 

Immunocytochemical staining for vimentin was performed on cul- 
tures fixed with methanol for 5 min at -20°C. Fixed cultures were 
incubated for 30 min each with rabbit anti-vimentin (Bioscience; diluted 
1:50 in HBSS containing 1% BSA, 5% normal goat serum) and FITC- 
conjugated goat anti-rabbit IgG antiserum (1:50). 

Immunostained cultures were examined with a Zeiss photomicro- 
scope III equipped with phase-contrast and epifluorescence optics. 

Results 
Stimulation of CAT activity 
During in ovo development, CAT activity in chicken neural 
retina becomes detectable between E6 and E8, and after E8 
about a IO-fold increase of enzyme activity is observed within 
5 d (unpublished observations; see also Crisanti-Combes et al., 
1978). For this reason, cells dissociated from E8 chicken retina 
were used in this study. As shown in Figure 1, specific CAT 
activity in control cultures increases from 0.06 nmol/min per 
mg protein at 12 hr after seeding to 0.47 nmol/min per mg 
protein at culture day 7. When grown in the presence of RCM, 
enzyme activity is further stimulated by about 100% after 7 d 
of incubation. In different experiments, RCM-induced CAT 
stimulation varied between 100 and 400%. This variability could 
not be correlated with differences in the stimulating activity of 
RCMs, but more likely is caused by variations of the biological 
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material. NGF, which has been shown to promote cholinergic 
development in rat septal (Honegger and Lenoir, 1982; Hefti et 
al., 1985) and striatal (Martinez et al., 1985) cultures, has no 
effect on CAT activity in chicken retinal cultures, and neither 
spontaneous nor RCM-stimulated cholinergic development was 
inhibited by anti-NGF antibodies (Fig. 1). 

Visual inspection under phase-contrast optics does not reveal 
any differences in the appearance of cultures grown in the pres- 
ence or absence of RCM (Fig. 2, A, B). When cultured for 7 d 
on a highly adhesive substrate at moderate density, retinal cul- 
tures contain a low number of flat non-neuronal cells. The ma- 
jority of the cells is of a neuronal phenotype with phase-bright 
appearance and neuritic processes of variable morphology, and 
can be shown to bind tetanus toxin (Fig. 2, Table 1). The cultures 
also contain a population of small, dark tetanus toxin-negative 
cells (Fig. 2, C, D), possibly representing immature photore- 

Figure 2. Cultures of dissociated cells 
from E8 chicken retina as used for the 
determination of CAT activity. Phase- 
contrast micrographs (A, B) of living 
cells grown for 6 d in the absence (A) 
or presence (B) of RCM (I 10 @ml). C, 
D, Fixed cells after 7 d in culture, pro- 
cessed for tetanus toxin immunocyto- 
chemistry. The same field was photo- 
graphed with phase-contrast optics (c) 
and epifluorescence for FITC immu- 
nofluorescence (0). Bar(c) 50 pm, val- 
id for all micrographs. 

ceptors, as suggested by Beale et al. (1982). Occasionally such 
small cells contain oil droplets and exhibit a monopolar mor- 
phology (Fig. 2, A, B) resembling that of cultured chicken retinal 
cells, which were demonstrated as expressing conelike properties 
in vitro (Adler et al., 1984). Quantitative determination of pro- 
tein content and cell number did not indicate that RCM might 
act via a general growth- or survival-supporting effect. Both 
parameters are not significantly changed when cultures are grown 
in the presence of RCM (Table 1). Moreover, RCM does not 
influence the percentage of tetanus toxin-binding cells. Evalu- 
ation of the percentage of non-neuronal vimentin-positive cells 
(see Fig. 3) the exact number of which is difficult to determine, 
did not indicate an increased proliferation of this cell type in 
the presence of RCM. Less than 10% of the cells were vimentin- 
positive both in control and in RCM-stimulated cultures. It is 
unlikely, therefore, that RCM stimulates the proliferation of 
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Figure 3. Cultures of dissociated cells from E8 chicken retina as used for conditioning of media. Compared to cultures shown in Figure 2, cells 
were grown at higher density (7500 cell/mm*) on a substrate of lower adhesiveness in DMEM containing higher serum concentrations (10% FCS; 
see Materials and Methods). After 3 d (A) in culture, phase-bright neuronal cells have formed large aggregates interconnected by a network of fibers. 
Cultures grown for 27 d (B) consist almost entirely of flat non-neuronal cells. C (phase-contrast) and D (FITC fluorescence) show the same visual 
field of a “mixed” culture grown in DMEM/lO% FCS for 10 d after immunocytochemical staining for vimentin. Only flat cells that are hardly 
visible in phase-contrast after the staining procedure show vimentin immunoreactivity, which visualizes an intracellular network of vimentin 
filaments. Bars (B, C), 50 pm. 

non-neuronal cells, which, in turn, could promote differentiation 
of cholinergic neurons. 

Sources of CAT-stimulating activity 
Retinal cultures from g-d-old embryonic chicken, as used for 
the preparation of conditioned media, are shown in Figure 3. 
Cells were seeded at higher density (7500 cells/mm2) on a less 
adhesive substrate, and the culture medium contained higher 
concentrations of FCS (10%) than did “neuronal” cultures used 
as an assay system for cholinergic development. Under these 
conditions, the neuronal cells form large aggregates that are 
connected by a network of fibers after 3 d in culture (Fig. 3A). 
The culture conditions favor the proliferation of non-neuronal 
cells, whereas neuronal cells die within 2-3 weeks. After 3 weeks, 

glial cells have grown to confluence and the cultures are virtually 
free of neurons (Fig. 3B). The flat cells represent a rather ho- 
mogenous population of polygonal, phase-dark cells containing 
a filamentous network that can be visualized by immunostaining 
for the intermediate filament protein vimentin (Fig. 3, C, D). 
No vimentin-negative flat cells were detectable in confluent cul- 
tures, while spherical process-bearing neurons were consistently 
found to be negative. Tetanus toxin binding, used as marker for 
neuronal cells, was never observed on flat cells (not shown). 

When media conditioned by “mixed” cultures (culture days 
3-6) and by glial cultures (culture days 24-27) are compared, 
no difference is found between their capacities to support cho- 
linergic development (Table 2), suggesting that mainly non- 
neuronal cells secrete the CAT-stimulating agent. Although se- 
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Figure 4. Dose dependence of RCM effects on CAT activity of neu- 
ronal retinal cultures. Cultures were grown in the presence of varying 
amounts of RCM, and enzyme activity was determined after 7 d in 
culture. RCM (DMEM without supplements) was conditioned by non- 
neuronal retinal cells after 27 d of incubation (see Fig. 3). Each value 
represents the mean of 3-4 determinations + SEM. 

rum-containing medium had to be used to grow the cultures for 
longer periods, addition of serum or other supplements is not 
necessary during the period of conditioning (Table 2). This was 
tested because it has been reported that both hormones and 
growth factors present in sera may influence the conditioning 
process and the transmitter synthesis of neuronal cultures (Fu- 
kada, 1980; Wolinsky and Patterson, 1985). 

The effect of RCMs on CAT activity in the test cultures is 
dose-dependent and saturable (Figs. 4, 5). Titration of RCMs 
allows a quantitative comparison of RCMs produced by differ- 
ent cultures. Serum-free RCMs from glial cells containing about 
200 fig protein/ml showed half maximal activity at 10-l 5 ~1 
added/ml culture medium (Fig. 4). Thus, at 2-3 pg protein/ml, 
enzyme activity is half maximally stimulated. Specific activities 
of RCMs from “mixed” cultures do not differ significantly when 
produced under standard conditions, i.e., between days 3 and 
6 of incubation. Medium conditioned during the first 3 culture 
days, however, has about a 5-fold lower activity as calculated 
from the data of Figure 5. When retinal cultures prepared from 
6-d-old embryos are used for conditioning, the resulting RCM 
contains very low activity that is not sufficient to maximally 
stimulate CAT even at the highest concentrations used. The 
data shown in Figure 5 seem to indicate that the production of 
the CAT-stimulating factor is age-dependent and is not signif- 
icant before E8. 

This conclusion is supported by the data of Table 3, which 
show that a CAT-stimulating factor is not only produced in 

50 100 150 200 
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Figure 5. Comparison of CAT-stimulating activities of different RCMs. 
E6 (0) or E8 (0,O) retinal cultures were prepared and grown as described 
in Materials and Methods (see also Fig. 3). DMEM/N, was conditioned 
between 0 and 3 d (0) or 3 and 6 d (0, 0) of incubation. The CAT- 
stimulating activity of the different RCMs was then titrated as described 
in the legend to Figure 4. Each value represents the mean of 3 deter- 
minations + SEM. 

culture, but is also present in vivo, and that at E6 chicken retinae 
obviously contain significantly lower concentrations of the fac- 
tor than 2 d later in development. No difference was found 
between E8 and E 15. Table 3 also shows that the production of 
such a factor is rather specific for retinal tissue. In particular, 
extracts from optic lobe or whole brain of chicken embryos had 
no effect on CAT activity. Embryonic chicken heart extract 
(Nishi and Berg, 1979; Varon and Adler, 1980), pig brain extract 
(Barde et al., 1982; Lindsay et al., 1985), and C, glioma-CM 
(Edgar et al., 1979, 1981; Unsicker et al., 1984), all of which 
have been reported to possess NTF activity, with different spe- 
cificites for peripheral neurons or other neural crest derivatives, 
are inactive in the test system used here. Measurements of brain 
and heart extract activities are, however, of limited sensitivity 
because these additives seem to have toxic effects on retinal 
cultures at concentrations that are optimal for retinal extracts 
(Table 3). Of particular interest is the finding that extracts pre- 
pared from an eye tissue component containing ciliary body, 
iris and pigment epithelium (CIPE), but free of neural retina, 
stimulates CAT activity to the same extent as RCM. CIPE has 
been used as a source for the isolation of a ciliary neuronotrophic 
factor (CNTF) with survival-supporting activity for cholinergic 
parasympathic neurons (Barbin et al., 1984). 

Characterization of CAT-stimulating activity 
In all experiments performed to obtain basic information about 
its molecular nature, the CAT-stimulating factor present in RCM 

Table 1. Effect of retina-conditioned medium on CAT activity, protein content, cell survival, and 
percentage of tetanus toxin-positive cells in retinal cultures 

CAT activity Protein 
(pmol/min/well) (&well) 

Control 6.1 k 1.0 11.1 k 1.4 
RCM (110 pi/ml) 11.8 k 1.2 13.3 f  0.6 

Values represent the mean of at least 3 measurements + SEM. 

Surviving Tetanus toxin- 
cells/wells positive cells 
(x10-3) (%I 

258 =k 22 74.0 f  2 
258 + 34 78.5 + 1 
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Figure 6. Effect of various treatments on CAT-stimulating activity of 
RCM. Neuronal retinal cultures were grown in the absence (I) or pres- 
ence (2-7) of RCM (110 jd/ml) that had been treated as follows: no 
treatment (2); dialyzed for 24 hr against phosphate-buffered saline (3); 
precipitated with ammonium sulfate (45% saturation), pellet redissolved 
in water to the original volume, and dialyzed (4); as in 4 but 65% 
saturated ammonium sulfate was used (5); incubated at 60°C for 20 min 
(6); incubated at 100°C for 10 min (7). Each value represents the mean 
of 4 determinations ~fr SEM. 

behaved like a protein (Fig. 6). It can be concentrated by ultra- 
filtration and is nondialyzable, indicating a molecular weight of 
more than 15 kDa. After ultrafiltration or dialysis, the activity 
is quantitatively retained, as determined by titrating the result- 
ing RCM fractions (data not shown). The active molecule is 
precipitable with ammonium sulfate at 45-60% saturation. RCM 
activity is sensitive to treatment with proteases like trypsin and 
papain but is resistant to other hydrolytic enzymes like neur- 
aminidase and DNAase 1. The putative polypeptide factor is, 
however, unusually stable with heat treatment. Its activity is 
not altered after 20 min at 60°C and only partially destroyed 
after 20 min at 90°C (not shown). 

Discussion 

In this study neuronal monolayer cultures prepared from em- 
bryonic chicken retina were used as a model system to inves- 
tigate the existence of extrinsic factors influencing the devel- 
opment of CNS neurons. The role of NTF in the development 
of PNS neurons is well documented because a number of rel- 

Table 2. Influence of the conditioning protocol on CAT-stimulating 
activity of conditioned media 

CAT activity 

pmol/min/well 
% of 
Control 

Control (without RCM) 4.01 2 0.75 100 
RCM conditioned by 

mixed cultures in 
DMEM/lO% FCS 8.73 k 0.28 218 

DMEM/N, 6.54 k 0.66 163 

DMEM/- 8.15 k 1.9 218 

glial cultures in 
DMEM/- 8.43 k 1.9 210 

DMEM with or without supplements was conditioned either by mixed cultures 
(Fig. 3A) at days 3-6 in cultures or by glial cultures (Fig. 3B) at days 27-30. RCMs 
(110 rl/ml) were added to neuronal test cultures and CAT activity in these cultures 
was determinedafter 7 d ofincubation. Values represent the mean of4 measurements 
k SEM. 

Table 3. CAT-stimulating activity in extracts and conditioned media 

CAT 
activity (O/a 

Concentrations of controls) 

Chicken retina-CM 110 @l/ml 218 + 15 
Rat retina-CM 110 PI/ml 190 f 9 

Chicken retina extract (E6) 20 pg protein/ml 157 ? 18 
Chicken retina extract (E8) 20 wg protein/ml 227 f 36 

Chicken retina extract (El 5) 20 Mg protein/ml 239 f 4 

Chicken tectum extract (E 15) 100 pg protein/ml 104 f  9 
Chicken brain extract (El 5) 100 pg protein/ml 110 f  11 
Chicken heart extract (El 5) 100 pg protein/ml 64 f 10 
CIPE 20 pg protein/ml 244 k 11 

Pig brain extract 150 pg protein/ml 96 + 20 

C, glioma-CM 110 PI/ml 104 * 5 

Neuronal retinal cultures were grown for 7 d in the presence of the indicated 
concentrations ofadditives. CAT activity is given as percentage of controls grown 
without additives. Each value represents the mean of 4 measurements k SEM. 

atively homogenous neuronal culture systems are easily avail- 
able. In the case of the CNS, however, the establishment of an 
appropriate assay system for NTF activity is crucial. The cho- 
linergic retinal system was chosen as a model because ACh- 
synthesizing cells are well characterized in vivo and, following 
the theory that NTFs are produced by either the target cells or 
the glial environment of responsive neurons, the retina itself 
was expected to be the source of a putative cholinergic factor. 

Two types of retinal cultures were used throughout this study. 
Dissociated neural retina cells seeded at moderate density on a 
highly adhesive substratum served as the assay system for in 
vitro development of CAT activity. Under these conditions, 
cultures are virtually free of flat non-neuronal cells even after 
7 d, as is described in detail by Adler et al. (1982). The second 
culture type was designed to get optimum conditioning of media 
that were tested for CAT-stimulating activity. By growing the 
cells at high density (7.5 x lo3 cells/mmz) on a less adhesive 
substratum, it was possible to establish pure non-neuronal cell 
cultures. Although it is difficult to demonstrate to what extent 
a cell population in culture corresponds to a cell type found in 
vivo, there is convincing evidence that the flat cell population 
in chicken retinal cultures is derived from immature Miiller 
cells. Contamination by nonretinal cells can be excluded in cul- 
tures carefully prepared from the nonvascularized chicken ret- 
ina. The morphological appearance of the flat cells, the absence 
of neuronal markers like tetanus toxin binding (data not shown; 
Adler et al., 1982; Beale et al., 1982), and a number of im- 
munocytochemical and biochemical glial cell characteristics 
found in these cells (Bartlett et al., 198 1; Moscona and Linser, 
1983; Li and Sheffield, 1984; Sarthy et al., 1985) clearly indicate 
their glial origin. In contrast to mammalian retinae, Miillerian 
glia are the only glial cell type found in chicken retina. As shown 
in Figure 3, all the flat cells in culture express vimentin (see also 
Lemmon and Rieser, 1983), which is the specific intermediate 
filament protein of both immature and differentiated Miiller 
cells (Lemmon and Rieser, 1983; Drtiger et al., 1984; Li and 
Sheffield, 1984). The non-neuronal flat cells in chicken retinal 
cultures can also be hormonally induced to express glutamine 
synthetase, an enzyme that is specifically localized in Miiller 
cells of the chicken retina (Moscona and Linser, 1983). 
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CAT activity in chicken retinal cultures was found to increase 
from about 50 pmol/min per mg protein shortly after seeding 
to about 500 pmol/min per mg protein after 7 d of incubation. 
This is in agreement with the results reported by Crisanti-Combes 
et al. (1978) who also showed that in vivo CAT becomes de- 
tectable between E6 and ES and increases 5-10 times within a 
few days. As already mentioned, enzyme activity determined 
after 7 d in culture varied considerably in different experiments. 
This could be due to the fact that cultures were prepared at a 
critical phase of cholinergic retinal development. Inclusion of 
RCM, however, always resulted in at least a 2-fold stimulation 
of CAT activity. Added RCM in neural test cultures diminished 
CAT stimulation when cultures were grown at increasing den- 
sities (data not shown), reflecting a self-conditioning process in 
these cultures. This finding lends further support to the conclu- 
sion that cholinergic development is dependent on soluble fac- 
tors produced by other retinal cell types.’ RCM-mediated in- 
crease of CAT is not caused by a general survival-supporting 
effect, as indicated by the unaltered protein content, cell number, 
and percentage of tetanus toxin-positive cells in stimulated, as 
compared to control, cultures (Table 1). It is also unlikely that 
RCM acts by stimulating the proliferation of non-neuronal cells 
that in turn could exert an increased supportive effect on neu- 
rons, as the proportion of flat cells is not changed in the presence 
of RCM. Whether stimulation of CAT activity by RCM is due 
to enzyme induction, to stimulating effects on the survival of 
cholinergic neurons, or to enhanced proliferation of precursor 
cells cannot be determined from the present data. Evidence for 
one of these possibilities might be obtained from quantitative 
determination of the number of cholinergic neurons surviving 
in the presence or absence of RCM. However, attempts to iden- 
tify CAT-expressing neurons by immunocytochemical methods 
have not been successful to date. 

Besides polypeptide factors, low-molecular-weight agents have 
been reported to be responsible for neuronotrophic activities on 
CNS neurons observed in conditioned media (Mtiller et al., 
1984; Selak et al., 1985). RCM activity for cholinergic retinal 
neurons was shown to be associated with a macromolecular 
component that, from its sensitivity to proteases and its stability 
with other hydrolytic enzymes, was characterized as a polypep- 
tide (Fig. 6). This is taken to be evidence that a polypeptide 
factor is responsible for the effects of RCM on CAT activity, 
although the participation of more than one protein cannot be 
excluded. Enzyme stimulation by RCM is dose-dependent and 
saturable, and half-maximal activity is obtained at a protein 
concentration of 2-3 pg/ml, corresponding to a 1 OO-fold dilution 
of the CM. The specific activity of RCM is higher compared to 
other CMs that contain trophic activities of varying target-cell 
specificities (Barde et al., 1983; Mtiller et al., 1984; Unsicker et 
al., 1984; Varon and Manthorpe, 1984). 

Important to the concept of neuronotrophic interaction be- 
tween non-neuronal and neuronal cells (Varon and Adler, 198 1; 
Perez-Polo, 1985) is the issue of whether neuronal populations 
specifically respond to trophic substances produced either by 
their target tissue or by their glial environment. Convincing 
evidence supporting this concept has been supplied with respect 
to peripheral neurons. For instance, NGF concentrations in tar- 
get organs have been shown to correlate with sympathetic in- 
nervations (Korsching and Thoenen, 1983), and ciliary 
neuronotrophic factor has been purified from target tissue (Bar- 
bin et al., 1984) and peripheral nerve tissue (Manthorpe et al., 
1985). In brain, neuronotrophic interactions are much more 

difficult to elucidate, for two main reasons. First, in most cases, 
appropriate neuronal culture systems containing identifiable 
neuronal populations with which to measure specific NTF ac- 
tivities have not been established. Second, corresponding NTF- 
producing tissue or cells cannot usually be isolated. Therefore, 
as far as CNS is concerned, it is of particular interest that the 
protein factor described here seems to be specifically produced 
by retinal cells and that, at least in vitro, Milllerian glia-derived 
cells could be identified as the activity-secreting cell type. De- 
velopment ofcultured cholinergic retinal neurons was supported 
by CMs from chicken and rat retinal cells and by retinal extracts 
(Table 3). However, chicken tectum or whole brain extracts, pig 
brain extract, and C, glioma-CM did not contain detectable 
amounts of activity in this assay system (Table 3). Media con- 
ditioned by rat or chicken brain cultures were also ineffective 
(data not shown). All the extracts and conditioned media found 
to be inactive in this study have been described as exhibiting 
trophic or differentiation-supporting activities for neurons of 
different origin (Varon and Adler, 198 1; Barde et al., 1983; Berg, 
1984; Varon and Manthorpe, 1984; Hatanaka and Tsukin, 1986; 
Kessler et al., 1986). In particular, chicken tectum (Nurcombe 
and Bennett, 198 1) and pig brain (Turner, 1985; Johnson et al., 
1986) produce NTFs that enhance survival of retinal ganglion 
cells in vitro. From the data presented in Table 3 it is concluded, 
therefore, that RCM activity for cholinergic retinal neurons is 
not identical to any of the activities mentioned above. Inter- 
estingly, however, CIPE extract, which contains high concen- 
trations of CNTF, is as potent as RCM. CNTF has been purified 
on the basis of its neuronotrophic effects on cholinergic para- 
sympathetic neurons, and only peripheral neurons have been 
reported to respond to it (Barbin et al., 1984). Besides CNTF, 
2 other “peripheral” NTFs have been purified so far and both, 
NGF (Honegger and Lenoir, 1982; Hefti et al., 1985; Hefti, 
1986) and brain-derived neuronotrophic factor (BDNF; John- 
son et al., 1986), have recently been shown to address specific 
neuronal populations in the basal forebrain and the retina, re- 
spectively. It is tempting, therefore, to interpret the results of 
this study as indicating that cholinergic retinal neurons may 
represent a CNS target for CNTF or a CNTF-like factor. 

A “cholinergic” polypeptide factor has been purified from 
medium conditioned by cultured rat heart cells (Fukada, 1985); 
in vitro it is able to induce cholinergic development of sympa- 
thetic neurons, normally expressing a noradrenergic phenotype, 
without affecting the survival and growth of these cells (Patter- 
son and Chun, 1977; Patterson, 1978). The same, or a very 
similar, factor partially purified from rat skeletal muscle-CM 
has been shown to support the development ofcholinergic spinal 
cord neurons (Giess and Weber, 1984). The data presented here 
do not exclude the possibility that such a “specifying” factor 
(Varon and Adler, 198 1) is present in RCM, and induces CAT 
activity in retinal neurons normally destined to express a non- 
cholinergic transmitter phenotype. Heart extracts and C, CM, 
however, which have been suggested as containing the “cholin- 
ergic” factor influencing ACh metabolism in rat spinal cord 
cultures did not stimulate CAT activity of retinal neurons (Table 
3). 

Another finding of this study that fits the NTF concept was 
the observation that CAT-stimulating activity is low in RCM 
and retinal extracts at E6 and increases beyond E8 (Fig. 5, Table 
3). Thus the period of rapid cholinergic development in vivo 
(Crisanti-Combes et al., 1978) correlates with the time of en- 
hanced production of a cholinergic factor within the retina. 
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