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Development in Cultured Chick Sympathetic Neurons 

A. D. Zurn 

Department of Biochemistry, Sciences II, CH-1211 Geneva 4, Switzerland 

A low-molecular-weight component present in medium con- 
ditioned by cultured chick liver cells (LCM) enhances the 
adrenergic properties of dissociated chick superior cervical 
ganglion (SCG) neurons in culture (Zurn and Mudry, 1988). 
This substance cannot replace NGF as a survival, growth, 
or differentiation factor. However, in the presence of NGF, 
it stimulates neuronal metabolism and catecholamine (CA), 
but not ACh production by the SCG neurons. The effect on 
transmitter production is greater than that on neuronal me- 
tabolism. Yet this is not due to an increase in the specific 
activity of tyrosine hydroxylase (TH), the rate-limiting en- 
zyme in CA synthesis. Interestingly, the effect of LCM on CA 
and ACh production, but not on neuronal metabolism, is po- 
tentiated in the presence of a large excess of NGF. The 
active component(s) present in LCM has a molecular weight 
lower than 500 Da and is not inactivated by heat or pronase 
treatment. So far, none of the small molecules tested (as- 
corbic acid, pyruvate, glucose, L-glutamic acid, glutathione, 
etc.) were able to mimic the effects of LCM on the SCG 
neurons. Thus this report describes a novel low-molecular- 
weight component different from NGF that promotes metab- 
olism and adrenergic development in cultured chick sym- 
pathetic neurons. 

Understanding the molecular mechanisms that underlie neu- 
ronal development and lead to complex and highly specific in- 
teractions in the nervous system is of great importance. In the 
last decade it has become clear that both intrinsic (genetic) and 
extrinsic (environmental) factors can influence the development 
of the brain by affecting neuronal migration, survival, neurite 
outgrowth, neuronal growth, and/or differentiation. 

The best-characterized environmental factor is a diffusible 
neurotrophic substance, NGF, which is essential for the surviv- 
al, growth, and differentiation of sympathetic, and a subpopu- 
lation of sensory, neurons (for reviews, see Thoenen and Barde, 
1980; Yankner and Shooter, 1982). Neurotrophic factors that 
exclusively promote neuronal differentiation, i.e., factors that 
control the type and/or the amount of neurotransmitter syn- 
thesized by neuronal cells, have also been described: a cholin- 
ergic differentiation factor is present in medium conditioned by 
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cultured rat heart cells or superior cervical ganglion (SCG) non- 
neuronal cells. This factor induces cholinergic properties in 
cultured rat SCG neurons that are initially purely adrenergic 
(Patterson and Chun, 1977). It has recently been purified and 
partially characterized (Fukada, 1985; Weber et al., 1985). 

Several environmental factors have been shown to induce or 
promote adrenergic properties in cultured neural crest cells, neu- 
ronal precursor cells, or differentiated neurons: (1) fibronectin, 
glucocorticoids, chick embryo extract, and neural tube-condi- 
tioned medium either stimulate or induce adrenergic differen- 
tiation in neural crest cells (Sieber-Blum et al., 198 1; Smith and 
Fauquet, 1984; Howard and Bronner-Fraser, 1986); (2) a small 
percentage of precursor cells from quail dorsal root ganglia (which 
do not normally contain adrenergic neurons) develop into ad- 
renergic cells, provided that chick embryo extract is present in 
the culture medium (Xue et al., 1985; Rohrer et al., 1986); (3) 
adrenergic properties are increased in adrenal chromaffin cells 
or sympathetic neurons cultured at a high cell density, on lam- 
inin-coated tissue culture dishes, in the presence of high NGF, 
high KC1 concentrations, glucocorticoids, or medium condi- 
tioned by chick liver cells in culture (LCM) (Otten and Thoenen, 
1976; Hefti et al., 1982; Acheson and Thoenen, 1983; Acheson 
et al., 1986; Zum and Mudry, 1986). 

So far, only a few neurotrophic factors have been character- 
ized biochemically. Most of them are macromolecules with mo- 
lecular weights ranging from 12,300 to 56,000 Da (Thoenen and 
Barde, 1980; Barde et al., 1982; Barbin et al., 1984; Fukada, 
1985; Gurney et al., 1986). However, several very low-molec- 
ular-weight neurotrophic components have been described re- 
cently. Pyruvate, for instance, appears to be the main trophic 
component of glia-conditioned medium, which is responsible 
for the survival of central nervous system neurons cultured in 
the absence of recognized protein neurotrophic factors (Selak et 
al., 1985). Ascorbate, the cofactor of the enzyme dopamine-P- 
hydroxylase, increases the epinephrine and norepinephrine con- 
tent of cultured adrenal chromaffin cells (Wilson and Kirshner, 
1983). 

In the present report we show that medium conditioned by 
cultured chick liver cells (LCM) contains a novel low-molecular- 
weight neurotrophic substance that promotes neuronal metab- 
olism and adrenergic development in dissociated chick SCG 
neurons cultured in the presence of NGF. This component can- 
not replace NGF as a survival, growth, and differentiation factor 
for the SCG neurons, but it acts in a synergistic fashion with 
NGF to promote the growth and adrenergic development of 
these cells. Furthermore, it appears to be specific for sympathetic 
neurons, since it does not increase neuronal metabolism or in- 
duce catecholamine (CA) production in chick ciliary ganglion, 
dorsal root ganglion, and spinal cord neurons. 



Materials and Methods 
Cultures 
SCG from 9-d-old chick embryos were dissociated with trypsin, cen- 
trifuged on a Percoll density gradient to remove non-neuronal cells, and 
cultured as described previously (Zum and Mudry, 1986). Briefly, the 
SCG neurons were plated at a density of lOO-120,000 cells/well and 
grown for 2-3 weeks on 16 mm multiwell plastic tissue culture dishes 
(Costar) precoated with polyomithine and chick heart cell-conditioned 
medium. The culture medium consisted of either complete MEM, con- 
taining 1.5% (vol/vol) fetal calf serum, 1.5% horse serum, 35 mM KCl, 
and NGF (1 &ml 7 S or 10 r&ml 2.5 S), or the same medium sup- 
plemented with LCM (Zum and Mudry, 1986). 

The ciliary ganglion neurons were cultured as described by Kato and 
Rey (1982), except that the eye extract was dialyzed overnight against 
saline to remove the low-molecular-weight neurotrophic factor that is 
also present in eye extract. Dorsal root ganglion neurons were cultured 
as described by Sonderegger et al. (1984), and spinal cord neurons ac- 
cording to the method of Kato et al. (1985), except that 10% fetal calf 
serum was used instead of human serum. 

Preparation and ultrafiltration of LCM 
Liver cells from 9-d-old chick embryos were cultured in the presence 
of 10% horse serum, as described previously (Zum and Mudry, 1986). 
Medium conditioned by those cells, LCM, was removed after 3 and 5 
d, centrifuged for 30 min at 16,000 x g (Sorvall), and kept frozen at 
-20°C (complete LCM). A low-molecular-weight fraction of the LCM 
was prepared by filtering the conditioned medium through an Amicon 
YC05 ultrafiltration membrane having a molecular weight cutoff of 500 
Da. The filtrate (L500) was kept frozen at -20°C. 

Measurement of neuronal metabolism 
Cell body diameter. Estimates of cell body diameter were based on 
measurements of long and short somatic axes on photographs taken 
with a phase-contrast microscope (200 x magnification). Only phase- 
bright cells with one or more processes were counted. 

Lactate dehydrogenase activity. The activity of lactate dehydrogenase 
(LDH), used as a marker of neuronal growth and metabolism, was 
measured as described by Nishi and Berg (198 1 a). One LDH unit cor- 
responds to the LDH activity expressed in optical density (pm)/min/ 
neuron (decrease in the absorbance of light at 340 nm). 

*H-leucine incorporation. SCG cultures, 2-3 weeks old, were incu- 
bated overnight with 0.6 FM L-4,5-3H-leucine (120 Ci/mmol; Amer- 
sham, England) in leucine-free medium supplemented with 100 PM 
unlabeled leucine and all the ingredients present in the complete culture 
medium, except for the amino acid mix and the LCM or L500 (low- 
molecular-weight fraction of the liver-conditioned medium after filtra- 
tion on a YC05 Amicon ultrafiltration membrane). The amount of 
radioactivity incorporated into proteins was determined after extraction 
of the neurons in saline containing 1% SDS, precipitation with trichlo- 
roacetic acid (TCA), and counting in a Beckman liquid-scintillation 
counter. It was expressed in femtomoles of 3H-leucine per neuron/hr. 

Measurement of transmitter production. Synthesis and accumulation 
of CA and ACh by the SCG neurons were measured by high-voltage 
electrophoresis after incubation of 2-3-week-old cultures for 4 hr with 
the radiolabeled precursors ‘H-tyrosine and ‘H-choline (Amersham, 
England), as described by Mains and Patterson (1973). LCM and L500 
were not present during the 4 hr incubation period (Zum and Mudry, 
1986). [Norepinephrine (NE) and dopamine are not completely sepa- 
rated by the electrophoretic procedure used (Hildebrand et al., 197 1) 
and are thus not analyzed separately in this paper.] 

Determination of tyrosine hydroxylase activity. Tyrosine hydroxylase 
(TH) activity was measured by following the formation of WO, from 
L- I- W-tyrosine (Amersham, England) in the presence of an excess hog 
kidney DOPA decarboxylase, as described by Swerts et al. (1983). The 
radioactivity was expressed in femtomoles of WO, produced per neu- 
ron/min. 

Materials. Complete, leucine-free, and tyrosine- and choline-free MEM 
were purchased from Gibco. NGF, 7 S, was isolated from mouse saliva 
as described by Burton et al. (1978); 2.5 S NGF was the gift of Dr. Y. 
A. Barde, Max-Planck-Institut, Munich. If not otherwise stated, all re- 
agents, including protease from Streptomyces griseus, were obtained 
from Sigma. 
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Figure 1. Effect of LCM (10%) on neuronal survival in the presence 
(A) and the absence (B) of NGF (1 &ml). The neurons were plated at 
a density of lOO-120,000 cells/well and grown for 2 weeks in culture. 
Only phase-bright cells with one or more processes were counted. Each 
point represents the mean of 3 culture wells from the same experiment, 
and the vertical bars indicate the SEM. 

Results 
Effect of LCM on neuronal survival 
One day after plating, approximately the same number of SCG 
neurons from 9-d chick embryos survive in the presence as in 
the absence of NGF (Fig. 1). During the following days, however, 
the number of neurons decreases rapidly in the absence of NGF, 
whereas in its presence, the cultures can be maintained for sev- 
eral weeks (Zum and Mudry, 1986; Figs. 1, 2).’ LCM cannot 
replace NGF as a survival factor for the long-term growth of 
these neurons, although survival is somewhat increased with 
LCM (Figs. 1 B, 2). In the presence of NGF (1 &ml 7 S NGF), 
LCM slightly increases neuronal survival at low (lo-30,000 
neurons/well), but not at higher (70-100,000 neurons/well), cell 
density (Fig. 3). This effect on neuronal survival cannot be due 
to a “neurite-promoting activity” of LCM, since LCM does not 
promote neurite outgrowth in SCG neurons grown in the pres- 
ence or the absence of NGF on culture dishes precoated with 
polyomithine and chick heart cell-conditioned medium (un- 
published results). 

Efect of LCM on neuronal metabolism 

LCM does not increase neuronal metabolism in SCG neurons 
grown in the absence of NGF (Fig. 2). Indeed, the cell body 
diameter is the same in the presence (11.6 + 0.38 pm) as in the 
absence (12.5 + 0.22 pm; n = 4 + SEM) of LCM. In addition, 
the LDH activity per neuron and 3H-leucine incorporation into 
proteins are not increased when LCM is present (data not shdwn). 
In the presence of NGF, however, LCM stimulates neuronal 
growth, as reflected by a 1.5-2-fold increase in the cell body 

’ The difference in neuronal survival observed in the experiment shown in Figure 
1A is not significant since averages from a larger number of cultures (9 different 
experiments) indicate that approximately the same number of cells survive on 
culture day 3 whether LCM is present or not: 35.4 k 1.5% and 32 f 2.1% of the 
cells initially plated survive whether NGF, or NGF and LCM, respectively, is 
present in the culture medium (n = 9 i SEM). 
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Figure 2. SCG neurons plated at a density of lOO-120,000 cells/well and grown for 9 d in the absence (A, B) or the presence (C, D) of 1 &ml 
NGF. In B and D, the culture medium was supplemented with 10% LCM. Calibration bar, 50 pm. 

diameter (Table 1). The activity of LDH, as well as the incor- 
poration of 3H-leucine into neuronal proteins, is also increased 
severalfold in the presence of LCM (Table 1). This increase is 
concentration-dependent (Fig. 4) and the time course of its ap- 
pearance is shown in Figure 6. 

Efect of LCA4 on CA production 
LCM produces a 3-6-fold increase in CA production per neuron 
in the presence of NGF, whereas ACh production is decreased 
to 80% of control (Table 2). This enhancement of CA production 
is concentration-dependent (Fig. 5) and the time course of its 
appearance is shown in Figure 6. It is not only due to neuronal 
growth, since CA synthesis is also enhanced when expressed per 
3H-leucine-labeled protein (Table 2). However. TH-specific ac- 
tivity is not increased in the presence of LCM (Table 2). The 
percentage of cells taking up ‘H-norepinephrine after 4-24 hr 
in culture is the same in the presence (78.5 -t 3.4%) as in the 
absence (76.8 + 3.3%; n = 8 + SEM) of LCM. (After 6 d in 
culture in the presence of NGF alone, virtually all the neurons 
take up 3H-norepinephrine; Zum and Mudry, 1986.) In addi- 
tion, when LCM is added to SCG cultures grown for 1 week in 
the presence of NGF alone, and then for an additional week in 
the presence of NGF and LCM, the CA production of these 
cells is only slightly lower (2.63 t- 0.27 fmol/neuron) than that 
of SCG neurons grown in the presence of LCM from day 1 to 
day 14 (3.22 +- 0.49 fmol/neuron; n = 4 f SEM). Neurons 
grown for 2 weeks in the presence of NGF alone synthesize only 
0.78 f 0.07 fmol/neuron CA (n = 4 rf: SEM). 

As is the case for neuronal survival (Fig. 3), the increase in 
CA production appears to be density-dependent. Indeed, there 
is a somewhat larger increase in CA synthesis at a density of 
20-40,000 neurons/well (244 rt 28%; n = 16 + SEM) than at 
a density of 60-80,000 neurons/well (159 & 23; n = 7 f SEM). 
However, additional experiments with a batch of LCM that had 
a more potent effect on CA production indicate that at high cell 
densities LCM still stimulates CA production beyond the levels 
observed for protein synthesis (30-40,OOO cells/well: 827 ? 6 1%; 
70-90,000 cells/well: 586 + 166%; n = 4 + SEM). Note that 
LCM stimulation of neuronal growth (‘H-leucine incorporation) 
is the same at low and high cell densities [244 + 34% (n = 9) 
and 237 + 26% (n = 3) respectively]. 

Potentiating effect in the presence of high NGF concentrations 
When the SCG neurons are grown at a NGF concentration 
optimal for neuronal survival (5-10 rig/ml 2.5 S NGF), LCM 
stimulates CA production per neuron up to 3-6-fold (Table 2). 
At a 1 O-l OO-fold higher NGF concentration, however, the effect 
of LCM on CA production is potentiated, since CA synthesis 
increases as much as IO-15-fold (Figs. 7, 8). Note that in the 
absence of LCM, high NGF by itself does not enhance CA 
production by the SCG neurons (Fig. 7). Interestingly, the effect 
of LCM on neuronal metabolism is not potentiated in the pres- 
ence of elevated NGF concentrations, i.e., the increase in LDH 
activity due to the presence of LCM is not higher with an excess 
of NGF than with normal NGF concentrations (263 +- 22%; 
n = 4 + SEM and 250 Ifr 26%; n = 18 + SEM, respectively). 
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Figure 3. Density-dependent effect of LCM on the survival of SCG 
neurons. The neurons were cultured at a plating density of 50-200,000 
neurons/l6 mm well in either complete growth medium containing 1 
&ml NGF (control) or in the same medium supplemented with 5-10% 
LCM. The results are expressed as percentages of cells surviving after 
2 weeks in culture in the presence of LCM as compared to those of 
control cultures grown in its absence (100%). Each value represents the 
mean of n separate experiments (indicated in brackets) and the vertical 
bars indicate the SEM. 

Partial characterization of the neurotrophic component(s) 
present in LCM 
All the growth- and development-promoting activity of LCM 
is lost after overnight dialysis against saline in dialysis tubing 
with a molecular weight cutoff of 1000 Da. Conversely, when 
LCM is filtered through an Amicon YC05 ultrafiltration mem- 
brane (Millipore) with a molecular weight cutoff of 500 Da, all 
the activity is found in the filtrate (L500). LSOO is not inactivated 
by repeated freezing and thawing, boiling for 30 min (660 f 
33% and 631 f 52% increases in CA production per neuron 
before and after boiling, respectively; n = 2 f SEM), or by 
treatment with pronase (323 ? 27% and 272 f 9% increases 
before and after treatment, respectively; n = 2 -t SEM). The 
proteolytic treatment was performed as follows: 1.5 ml of L500 
was incubated with protease from Streptomyces griseus (final 
concentration, 40 &ml) for 3 hr at 37°C. The enzyme was then 
inactivated by boiling for 10 min and removed by filtration 
through an Amicon YC05 ultrafiltration membrane. 

A 

I I,,,,,\ % 
2 4 

LCM concentration (O/b) 

Figure 4. Lactate dehydrogenase (LDH) activity (O---O) and ‘H- 
leucine incorporation into neuronal proteins (O-O) as functions of 
LCM concentration in 2-week-old SCG neurons plated at a density of 
100-l 20,000 cells/well. The LDH activity is measured spectrophoto- 
metrically at a wavelength of 340 nm and is expressed in optical density 
(~m)/min/neuron. The amount of TCA-precipitable 3H-leucine-labeled 
protein is expressed in fmol/neuron/hr. 

All the neurotrophic activities present in LCM (increased 
growth, development, and potentiation with high NGF) are found 
in the L500 fraction of LCM and are resistant to boiling and 
protease treatment. In one representative experiment, for in- 
stance, whole LCM and L500 stimulated growth (LDH activity) 
2.7- and 2.8-fold, and CA production 6.9- and 7.1-fold, re- 
spectively. Figure 5 shows the dose-dependent increase in CA 
production with LCM before (LCM) and after (L500) passage 
through an Amicon YC05 ultrafiltration membrane. 

Localization and neuronal speciJicity of the component(s) 
present in LCM 
A low-molecular-weight component with properties similar to 
LCM was also found to be present in chick, rat, and human 
serum, as well as in various organ extracts of the chick (liver, 
heart, brain, eye, skeletal muscle, SCG) and rat (liver, brain). 
The organ extracts were prepared from 9-d chick embryos or 
young adult rats, as described by Lindsay and Rohrer (1985). 
In this case, however, the supematants obtained after freezing, 
homogenization, and high-speed centrifugation were subse- 
quently filtered through an Amicon YC05 ultrafiltration mem- 
brane to obtain filtrates containing only components with mo- 
lecular weights lower than 500 Da. The sera were also 

Table 1. Effect of LCM on neuronal growth 

Con- 
NGF + trol 

NGF LCM (%) 

Cell body diameter (pm) (n = 6) 17 * 0.8 27 k 0.9 159 
LDH activity (opt dens, pm/neuron/min) (n = 4) 11.2 & 1.6 23.7 i 2.5 212 
‘H-leucine incorporation (protein) (fmol/neuron/hr) (n = 9) 3.1 ? 0.18 7.1 * 0.8 229 

Each value represents the mean of n separate experiments f SEM. All measurements were made using SCG neurons 
grown in parallel wells for 10-14 din the presence or the absence (= control) of LCM. Cell density, lOO-120,000 neurons/ 
well. 
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Figure 5. CA production in SCG neurons grown for 2 weeks in the 
presence of increasing amounts of LCM (A-A) or LSOO (H). 
The L500 was prepared from LCM by passage through an Amicon YCO5 
ultrafiltration membrane with a molecular weight cutoffof 500 Da (same 
batch). CA synthesis and accumulation were measured after a 4 hr 
incubation in the presence of ‘H-tyrosine and are expressed in per- 
centages of the control grown in the presence of NGF alone (100%). 
Each point represents the mean of 2-3 separate experiments and the 
vertical bars indicate the SEM. 

ultrafiltrated before addition to the SCG cultures. All the ex- 
tracts and sera were usually tested at final concentrations of 5%, 
and sometimes as high as 20%. 

The neurotrophic substance present in LCM appears to be 
specific for sympathetic neurons since it does not increase neu- 
ronal growth or induce CA synthesis in cultured 7-&d-old chick 
ciliary and 8-9-d-old chick dorsal root ganglion neurons (data 
not shown). Cultured chick spinal cord neurons (7 d) were un- 
responsive as well (L. Wuarin, unpublished observations). 

Discussion 
Effect of LCA4 on neuronal survival 
LCM cannot substitute for NGF as a survival factor for the 
long-term growth of chick SCG neurons (Figs. 1, 2). Similarly, 
LCM does not affect neuronal survival in the presence of NGF 
and at densities at which survival is optimal. At low neuronal 
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Figure 6. Time course of appearance of the effect of LCM on 3H- 
leucine incorporation into neuronal proteins (O---O) and on CA pro- 
duction (A-A). 3H-labeled proteins and CA production were mea- 
sured as described in Figure 4 and are expressed in percentages of the 
control grown in the presence of NGF alone (100%). Each point rep- 
resents the mean of 2-3 experiments and the vertical bars indicate the 
SEM. 

densities, however, at which survival in the presence of NGF 
alone is poor (Zum and Mudry, 1986), LCM has a small survival 
effect on the SCG neurons (Fig. 3). Since LCM does not promote 
neurite outgrowth, this apparent survival effect of LCM might 
be a secondary consequence of its action on neuronal growth 
and metabolism (see below). 

Effect of LCM on neuronal metabolism 
LCM has an important growth-promoting action on cultured 
SCG neurons. This activity is dependent on the presence of 
NGF. LCM increases cell body diameter, LDH activity, and 
incorporation of 3H-leucine into neuronal proteins approxi- 
mately 2-fold (Table 1). Since this not only occurs at NGF 
concentrations optimal for neuronal survival (l-2 fig/ml 7 S 
NGF) but also at those optimal for neuronal growth (4-6 hg/ 
ml) (Zum and Mudry, 1986, and below), the active compo- 

Table 2. Effect of LCM on neuronal differentiation 

Con- 
trol 

NGF NGF + LCM (%) 

CA/neuron (fmol/neuron/hr) (n = 10) 0.46 + 0.1 2.32 k 0.4 504 
CAPH-protein (n = 8) 0.16 + 0.03 0.28 + 0.04 174 
ACh/neuron (fmol/neuron/hr) (n = 10) 0.12 t 0.01 0.097 t 0.01 81 
AChPH-protein (n = 8) 0.03 + 0.003 0.014 + 0.003 38 
TH activity (fmol/neuron/min) (n = 6) 7.44 + 1.1 16.6 + 2.5 223 
TH-specific activityPH-protein (n = 4) 2.7 f 0.36 2.4 + 0.24 89 

Each value represents the mean of n separate experiments t SEM. All measurements were made using SCG neurons 
grown in parallel wells for 10-I 4 d in the presence or the absence (= control) of LCM. Cell density, 100-l 20,000 neurons/ 
well. 
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Figure 7. CA production as a function of NGF concentration in SCG 
neurons plated at a density of 100-l 20,000 cells/well and grown for 2 
weeks in culture in the presence of NGF alone (M) or in NGF and 
10% LCM (O-O). Transmitter production was measured as described 
in Figure 4 and expressed in fmol/neuron/4 hr. 

nent(s) present in LCM cannot be NGF-like. 
Factors that promote metabolism in cultured neurons have 

been described previously. High K+ concentrations and a high- 
molecular-weight component present in chick eye extract, for 
instance, stimulate the growth of cultured chick ciliary ganglion 
neurons (Nishi and Berg, 198 la, b). However, high K+ (35 mM) 
does not promote growth in cultured SCG neurons (unpublished 
observations), but is essential for their long-term survival in the 
presence of NGF (Zum and Mudry, 1986). 

Efect of LCM on CA production 
The neurotrophic activity present in LCM induces a concen- 
tration-dependent increase in CA and a concomitant decrease 
in ACh production (Zum and Mudry, 1986; Table 2, Fig. 5). A 
differential regulation of CA, ACh, and/or substance P also oc- 
curs in chick SCG neurons with increasing cell density (Zum 
and Mudry, 1986) and in rat SCG neurons in the presence of 
non-neuronal cells or by membrane depolarization (Patterson 
and Chun, 1977; Kessler et al., 198 1; Adler and Black, 1985). 

The stimulation of CA production by LCM is greater than 
the increase in neuronal growth. Thus, the adrenergic properties 
of the neurons are enhanced. Yet the specific activity of TH is 
not changed. Therefore, the mechanism by which the neuro- 
trophic component(s) present in LCM specifically increase CA 
production in the cultured chick SCG neurons has still to be 
established. It is possible that the activity of dopamine-&hy- 
droxylase (responsible for the synthesis of NE from dopamine) 
is specifically enhanced and thus responsible for the increase in 
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Transmitter synthesis and accumulation in SCG neurons 
plated at a density of lOO-120,000 cells/well and cultured for 2 weeks 
with increasing concentrations of NGF in the presence or the absence 
of 10% LCM. CA (A) and ACh (B) production in the presence of LCM 
was expressed in percentages of the control grown in the presence of 
NGF alone (100%). Each value represents the mean of 4 separate ex- 
periments and the vertical bars indicate the SEM. 

the adrenergic properties observed (unpublished observations). 
Alternatively, the degradation or release of CA might be de- 
creased in the presence of LCM (work in preparation). The 
possibility that LCM might selectively promote the survival of 
an adrenergic subpopulation of neurons present in these ganglia 
(Edgar et al., 1981) is unlikely: as described in our previous 
paper (Zum and Mudry, 1986) and in Results, the percentage 
of cells taking up 3H-NE is the same in the presence or the 
absence of LCM. Furthermore, LCM increases CA production 
almost to the same extent if it is added to the cultures 1 week 
after plating. Thus, although late selection cannot be completely 
excluded, LCM does not appear to selectively increase the sur- 
vival of a possible adrenergic subpopulation of neurons, but 
rather promotes adrenergic development in neurons that, in 
addition to CA, are also capable of synthesizing some ACh. 

The increase in CA production due to LCM is slightly higher 
at low cell densities, densities at which CA synthesis is low, than 
at higher cell densities, where CA synthesis in the absence of 
LCM is already high (Zum and Mudry, 1986). Note, however, 
that at a high cell density, CA production is still increased be- 
yond the levels observed for protein synthesis. Increased CA 
production in the presence of LCM and at high cell density 
(Zum and Mudry, 1986) probably does not involve the same 
molecular mechanisms. Indeed, the neurotrophic activity pres- 
ent in LCM consists of a diffusible substance released by cultured 
liver cells. The effect of cell density, however, appears to require 
direct cell contact, since it cannot be transferred with medium 
conditioned by neurons cultured at high densities (Zum and 
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Mudry, 1986). In addition, neuronal growth does not increase 
with increasing cell density (Zurn and Mudry, 1986, and Re- 
sults), whereas LCM increases growth both at low and high cell 
densities. 

Potentiating effect of high NGF 
With concentrations of 1 &ml 7 S or 5-10 rig/ml 2.5 S NGF, 
optimal survival of cultured sympathetic neurons is obtained 
(Chun and Patterson, 1977; Greene, 1977; Zum and Mudry, 
1986). At 4-5-fold higher NGF concentrations, neuronal growth 
and CA production reach higher values, but there is no addi- 
tional effect on survival (Zum and Mudry, 1986). With still 
higher NGF concentrations (200-500 rig/ml 2.5 S NGF), no 
additional increase in growth and CA production is observed 
(Fig. 7, lower curve; Zum and Mudry, 1986). However, in the 
presence of this large excess of NGF, the effect of LCM on CA 
production, but not on neuronal growth, is potentiated (Figs. 7, 
8). Thus NGF appears to potentiate the effect of LCM on CA 
production. Conversely, since the neurotrophic effects of LCM 
appear to depend on the presence of NGF, and since a 4-5-fold 
excess of NGF increases CA synthesis (Zum and Mudry, 1986), 
it is possible that LCM potentiates the effect of NGF on CA 
production rather than the reverse. It has been shown, for in- 
stance, that laminin modulates the effect of NGF on neurite 
outgrowth and neuronal survival, while it has no survival-pro- 
moting activity itself (Edgar and Thoenen, 1982). Since it is 
difficult to know whether LCM potentiates NGF, or if NGF 
potentiates LCM, we can at least say that NGF and LCM have 
a synergistic action on CA production by SCG neurons. 

Partial characterization of the neurotrophic component(s) 
present in LCA4 
The neurotrophic component(s) present in LCM has a molecular 
weight lower than 500 Da, since all of its activities (growth, 
differentiation, and potentiation with high NGF) filter through 
an ultrafiltration membrane with a molecular weight cutoff of 
500 Da. No loss in activity is found after heat or proteolytic 
treatment. 

Recently, several very low-molecular-weight neurotrophic 
components have been described. Pyruvate, for instance, ap- 
pears to be the main trophic component of glia-conditioned 
medium, which is responsible for the survival of central nervous 
system neurons cultured in the absence of recognized protein 
neurotrophic factors (Selak et al., 1985). Ascorbate, the cofactor 
of the enzyme dopamine-fi-hydroxylase, increases the epineph- 
rine and norepinephrine content of cultured adrenal chromaffin 
cells (Wilson and Kirshner, 1983). L-Glutamic acid has also been 
shown to have neurotrophic activity. It was found to oppose 
the decrease in AChE and butyrylcholinesterase in the SCG of 
the cat that otherwise occurs after preganglionic denervation 
(Koelle et al., 1986). However, neither pyruvate (lo-) M), as- 
corbate (250 FM), nor L-glutamic acid ( 1O-4 M) was able to mimic 
the neurotrophic effects of LCM on the SCG neurons (unpub- 
lished observations). Similarly, glutathione ( 1O-5 M), which has 
a pleiotypic effect on cells (Meister and Anderson, 1983), biop- 
terin (a cofactor of TH) and hydrocortisone (Zum and Mudry, 
1986), putrescine (5 x 1O-4 M), biotin (1 &ml), fumaric acid 
(25 &ml), and inositol ( 1O-3 M) show no neurotrophic activity 
on the SCG neurons (unpublished observations). 

Localization and neuronal specificity of the neurotrophic 
activity present in LCM 
Adrenergic neurotrophic activity is present in medium condi- 
tioned by cultured chick embryo liver cells, but not in medium 
conditioned by chick heart cells or SCG non-neuronal cells. A 
low-molecular-weight component(s) with properties very sim- 
ilar to LCM was found to be present in various chick embryo 
organ extracts, as well as in chick serum. Thus, the neurotrophic 
activity does not appear to have any organ specificity or to be 
confined to target organs of the sympathetic nervous system (cf. 
the presence of the activity in skeletal muscle extract). A possible 
explanation is that the component(s) is circulating in the blood 
and/or is present in the endothelial cells of the blood vessels. 
In addition, the adrenergic neurotrophic substance is not species- 
specific, since it is also present in serum, and in liver and brain 
extract from the rat. 

Although there is apparently no specific localization of the 
adrenergic neurotrophic component, a specificity seems to reside 
in its neuronal targets. Indeed, the neurotrophic component(s) 
appears to affect only sympathetic neurons, since it does not 
increase neuronal growth or induce CA production in cultured 
chick ciliary ganglion, DRG, or spinal cord neurons. Its speci- 
ficity is therefore different from that of NGF. It will be inter- 
esting to test whether sympathetic neurons from the rat, for 
instance, also respond to the neurotrophic component. 

In summary, medium conditioned by cultured chick liver cells 
contains a low-molecular-weight neurotrophic substance that 
promotes neuronal metabolism and CA production in disso- 
ciated chick SCG neurons cultured in the presence of NGF. This 
component has little effect on neuronal survival and shows no 
net&e-promoting activity. It appears to be specific for sym- 
pathetic neurons, since it does not increase neuronal growth or 
induce CA production in other types of cultured chick neurons. 
This component is thus clearly distinct from other known fac- 
tors. Work is in progress to further characterize the biochemical 
nature of the neurotrophic activity present in LCM. 
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