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NGF and Excitatory Neurotransmitters Regulate Survival and 
Morphogenesis of Cultured Cerebellar Purkinje Cells 
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The development of cerebellar Purkinje cells is subject to 
regulation by multiple epigenetic signals. To define mech- 
anisms by which trophic and presynaptic stimulation may 
potentially regulate Purkinje cell ontogeny, we studied the 
effects of NGF and excitatory transmitters on Purkinje cell 
survival and morphological maturation in dissociated cell 
culture. Purkinje cells were identified by expression of vi- 
tamin D-dependent calcium-binding protein and by their 
characteristic morphology. NGF receptors were selectively 
localized to Purkinje cells by both ligand and monoclonal 
antibody binding, suggesting responsivity to the trophic 
agent. Simultaneous exposure to depolarizing agents and 
NGF specifically enhanced Purkinje cell survival in culture. 
NGF, in combination with either high potassium or veratridine 
markedly increased survival of Purkinje cells. Furthermore, 
NGF together with the excitatory neurotransmitters aspar- 
tate or glutamate promoted a 2-fold increase in survival. In 
addition, NGF increased Purkinje cell size and promoted 
neurite elaboration. These effects required simultaneous ex- 
posure to NGF and either aspartate, glutamate, or pharma- 
cologic depolarizing agents. Effects on survival or neurite 
elaboration were not evoked by exposure to trophic factors 
or transmitters alone. Our results suggest a novel mecha- 
nism for regulation of development, in which trophic factor 
and afferent stimulation interact to promote survival and 
morphogenesis of developing Purkinje cells. 

Increasing evidence suggests that NGF plays an important role 
in the CNS (for review, see Thoenen et al., 1987; Whittemore 
and Seiger, 1987; Dreyfus, 1989). While initial studies indicated 
that basal forebrain cholinergic neurons respond to NGF (Hefti 
et al., 1984; Martinez et al., 1985), more recent evidence suggests 
that NGF may have widespread functions in the CNS. The 
transient expression of NGF receptors (NGF-Rs) in multiple 
brain areas (Large et al., 1986; Escand6n and Chao, 1989; Lu 
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et al., 1989; Allendoerfer et al., 1990) suggest that NGF regulates 
the ontogeny of diverse neuronal populations. 

In particular, previous studies indicate that cerebellar Pur- 
kinje cells express NGF-Rs during early development in several 
species (Eckenstein, 1988; Schatteman et al., 1988; Yan and 
Johnson, 1988). The selective expression of NGF-Rs by Pur- 
kinje cells Suggests that NGF may be critical for cerebellar on- 
togeny. Purkinje cells, the major efferent neurons of the cere- 
bellum, play a central role in the formation of precise cerebellar 
cortical networks and are critical for integration of motor func- 
tion. We have previously found that the biologically active, 
high-affinity NGF-Rs are localized to developing Purkinje cells 
(Cohen-Cory et al., 1989). The transient expression of NGF-Rs 
in vivo coincides with the period of active differentiation and 
synaptogenesis, suggesting that NGF may regulate the ontogeny 
of this cell type. We have now examined the potential role of 
NGF during development by studying Purkinje cell survival 
and differentiation in culture. 

Purkinje cells constitute a particularly advantageous model 
to characterize the role of NGF in brain neuron development: 
The cellular events that lead to the morphological and functional 
differentiation of Purkinje cells (Altman, 1972; Altman and Bay- 
er, 1985) and the role that several environmental signals play 
in cerebellar ontogeny (for review, see Ito, 1984) have been 
extensively studied. Multiple epigenetic factors are known to 
regulate Purkinje cell development. For example, afferent 
innervation is of major importance for differentiation of de- 
veloping Purkinje cells (Rakic and Sidman, 1973; Berry and 
Bradley 1976b; Bradley and Berry 1976a,b; Sotelo and Arsenio- 
Nunes, 1976). Interactions among several epigenetic signals may 
be essential for proper regulation of neuronal development (for 
review, see Purves, 1988). Consequently, we examined the ac- 
tions of both NGF and putative afferent transmitters in the 
regulation of Purkinje cell development. Responses to trophic 
factor and excitatory neurotransmitters were analyzed in dis- 
sociated cell culture. 

We have found that NGF in combination with the putative 
excitatory neurotransmitters aspartate and glutamate markedly 
increased survival and promoted morphological maturation of 
Purkinje cells. 

Materials and Methods 
Tissue dissociation and cell culture. Cerebella from embryonic day 18 
(E 18) SpragueDawley rats were used to establish dissociated cell cul- 
tures. Timed pregnant rats were killed by exposure to CO, vapor. Fetuses 
were removed by cesarean section and transferred to a sterile petri dish 
with phosphate-buffered saline (PBS). Fetal cerebella were dissected 
from surrounding brain tissue. In brief, the skull was removed, and the 
midbrain was dissected to expose the cerebellum and underlying brain 
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stem. Only cerebellar tissue medial to the cerebellar peduncles was 
dissected, and the meninges were completely removed. Pooled tissue 
from 24 litters was minced into OS-l.O-mm pieces and mechanically 
dissociated in 2 ml of nutrient medium. Culture conditions were mod- 
ified after those described previously (Hatten, 1985). Cultures were 
maintained in nutrient medium containing Minimal Essential Medium 
(MEM) with Earle’s salts supplemented with 2 mM glutamine (Gibco, 
Grand Island, NY), glucose (6 mg’ml), heat inactivated horse serum 
(10% vol/vol), and low concentrations of penicillin (0.5 U/ml) and 
streptomycin (0.5 &ml). Cells were counted and plated on poly-D- 
lysine-coated petri dishes (35 mm) at a final density of 1 x lo6 cells/ 
dish. Cultures were maintained in nutrient medium at 37°C in a 95% 
sir/5% CO, humidified incubator. As indicated, NGF (200 U/ml), po- 
tassium chloride (25 mM), veratridine (VRT; 0.5 PM), aspartic acid (10 
PM), and glutamic acid (10 PM) were added to the medium at the time 
of plating. The concentration of the drugs used in this study was de- 
termined from dose-response experiments. We chose doses yielding 
optimal effects without toxicity. The medium was replaced once after 
4-5 d in culture, with the addition of fresh drugs. 

Preparation of NGF. The 0 subunit of NGF was prepared from adult 
mouse salivary glands as previously described (Mobley et al., 1976) 
and bioactivity was determined following published procedures (Fenton, 
1970). 

Immunocytochemistry. After 7 d in culture, dissociates were rinsed in 
PBS and fixed for 3 hr at 4°C in 4% paraformaldehyde in 0.1 M phosphate 
buffer (pH, 7.4). Polyclonal antibodies against neuron-specific enolase 
(NSE; Polysciences, Inc. Laboratories; 1: 1000 dilution) were used for 
immunostaining the neuronal populations in culture. To detect the Pur- 
kinje cell population specifically, a polyclonal antibody to vitamin D-de- 
pendent calcium-binding protein (CaBP), generously provided by Dr. 
S. Christakos, was used at a 1:20dO dilution (Christakos et al., 1987). 
The 192-IaG monoclonal antibodv directed against the rat NGF-R. 
generously-provided by Dr. E. M. johnson (Yai and Johnson, 1988); 
was used at a 1: 10 dilution. The immunostaining method involved the 
use of the avidin-biotin complex (ABC) technique (Vectastain ABC kit, 
Vector Labs.) to visualize staining. Biotinylated secondary antibodies 
were obtained from Vector Laboratories. 

NGF binding assay. The lz51-NGF binding protocol used in this study 
has been previously described (Bemd et al., 1988). In brief, El 8 cere- 
bellar cell cultures were grown for 7 d, nutrient medium was removed, 
and cultures were washed with 3 changes of MEM with 0.6% glucose 
for 2 hr at 37°C to remove any endogenous NGF. For 1251-NGF binding, 
cultures were incubated with 0.2 tn.4 Y-NGF for 1 hr at 37°C in MEM, 
0.6% glucose, and 5 mg/ml bovine serum albumin. Following incuba- 
tion, cultures were rinsed rapidly 6 times in ice-cold PBS and fixed with 
4% paraformaldehyde. Cultures were immunostained, dipped in L4 
emulsion (Ilford), and exposed for autoradiography. 

Morphometric analysis and assessment of cell survival. Cultures were 
examined using a Nikon Labophote 100 microscope. Immunopositive 
cell counts were obtained by analyzing an area equivalent to 10% of the 
dish surface. The number of CaBP-positive cells was expressed as the 
percent of cells in experimental versus control cultures. Morphometric 
measurements were performed using representative, isolated CaBP-im- 
munopositive cells in sparse cultures. Cell diameter and neurite length 
were measured with an eyepiece micrometer. Numbers of neurites and 
branch points per cell were determined by counting. We defined “neu- 
rons with spiny processes” as those CaBP-positive cells with processes 
0.5-1.0 pm in length protruding from central neurites. A drawing tube 
coupled to the Nikon microscope was used for tracing CaBP-positive 
cells. An analysis of variance (ANOVA) program was used for the sta- 
tistical analysis of data. 

Results 

To evaluate the potential role of NGF during Purkinje cell on- 
togeny, we established a culture system allowing analysis of 
responses to trophic factor stimulation. Dissociated rat cere- 
bellar cell cultures maintained in serum-containing medium fos- 
tered survival and differentiation of Purkinje cells. The use of 
mixed cultures (neuronal and non-neuronal cells) promoted dif- 
ferentiation of Purkinje cells in a relatively rich environment 
(Fig. 1). This system allowed detailed analysis of the effects of 
NGF on survival and differentiation of individual neurons. Pur- 
kinje cells were visualized immunocytochemically with CaBP 

antibodies (Fig. 2). CaBP is a cell-specific antigen exclusively 
expressed by Purkinje cells within the cerebellum (Jande et al., 
1981; Christakos et al., 1987). Phase microscopy confirmed 
immunopositivity of the entire cell body and processes,of CaBP- 
positive cells in culture. Immunopositive cells appeared as phase- 
bright neuronlike cells, exhibiting morphology characteristic of 
developing Purkinje cells (Fig. 2). 

Purkinje cells in culture express NGF receptors 

While previous studies indicated that Purkinje cells express NGF 
receptors in vivo, expression in culture had yet to be delineated. 
In fact, Purkinje cells identified both morphologically and by 
CaBP immunoreactivity expressed NGF-Rs by immunocyto- 
chemical criteria. Using the optimal culture conditions, the anti- 
rat NGF-R monoclonal antibody 192-IgG revealed the presence 
of positive cells that were morphologically identified as deve- 
loping Purkinje cells (Fig. 3). In all cases examined, NGF-R 
antigenicity colocalized with CaBP immunoreadtivity (not 
shown). Expression of NGF-R was confirmed by lZSI-NGF bind- 
ing studies. Incubation with radioactive NGF specifically la- 
beled binding sites on CaBP-positive cells (Fig. 4A). Silver grains 
were restricted to CaBP-immunopositive cells, suggesting that 
expression of NGF-R is limited to the Purkinje population. 
Specific lZ51-NGF binding was completely abolished in control 
cultures incubated with lOOO-fold excess unlabeled NGF (Fig. 
4B). The expression of NGF-Rs by Purkinje cells in culture 
suggests that these cells retain the potential ability to respond 
to NGF in vitro. 

NGF and depolarizing stimuli enhance Purkinje cell survival 

Dissociated cell culture allows the study of neuronal survival 
in a rigorously controlled series of environments. However, nor- 
mal afferents and cell-cell interactions are disrupted. Because 
impulse activity apparently regulates Purkinje cell development 
in vivo, cells were grown under depolarizing conditions, and 
NGF effects were analyzed. Neuronal cell number was markedly 
increased in cultures grown for 7 d in high-potassium medium 
(25 mM KCl). Treatment with high potassium alone increased 
the cell number by 40% (Figs. 1,5). Moreover, NGF significantly 
increased Purkinje cell number by 75% over control with no 
potassium (Fig. 5). However, NGF had no effect in the absence 
of high potassium. The effect of NGF and potassium in com- 
bination was specific and significantly different from that elicited 
by either agent alone (Fig. 5). 

To determine whether depolarization per se was responsible 
for the potassium-elicited effect, cultures were grown in the 
presence of veratridine (VRT). The alkaloid depolarizes neurons 
by opening sodium channels, a mechanism distinct from that 
of potassium. VRT depolarization increased survival of all neu- 
rons, mimicking potassium. VRT treatment alone increased 
Purkinje cell survival by 130% (Fig. 6). Moreover, a further and 
significant 70% increase in survival was elicited by NGF in the 
presence of VRT (Fig. 6). Consequently, depolarization with 
either high potassium or VRT was required for NGF actions 
on cell survival. These observations raised the possibility that 
afferent excitatory transmitters and trophic agents act in concert. 

NGF and excitatory neurotransmitters enhance Purkinje 
cell survival 

In the developing rat cerebellum, synaptogenesis largely tran- 
spires during the first postnatal weeks, coincident with high 
NGF-R message expression (Buck et al., 1988; Lu et al., 1989). 
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Figure 1. Visualization of neurons in culture by immunocytochemical staining with NSE antibody. Cerebellar cells were grown for 7 d in culture 
under standard conditions (A) or in the presence of NGF (B), potassium (C), or potassium with NGF (0). Note the increase in neuronal cell number 
and neurite length by treatment with potassium or potassium with NGF. Scale bar, 100 pm. 

However, at birth, prior to the establishment of cerebellar ex- 
citatory afferent synapses, developing Purkinje cells are already 
sensitive to L-aspartate and L-glutamate (Woodward et al., 197 1; 
DuPont et al., 1987). To ascertain whether normal innervation 
is necessary for trophic regulation of Purkinje cell development, 
we analyzed the role of both aspartate and glutamate on survival. 
The combination of NGF and either aspartate or glutamate 
markedly enhanced survival of Purkinje cells (Figs. 7, 8). A 
specific, 100% increase in survival was observed after exposure 
to aspartate and NGF (Fig. 7). A similar effect was obtained 
with glutamate and NGF (Fig. 8). Unlike effects noted with the 
pharmacological agents, the specific transmitters L-aspartate and 
L-glutamate alone had no effect on the survival of CaBP-positive 
cells (Figs. 7, 8). Moreover, upon exposure to higher doses of 
glutamate (0.05-l mM), a toxic effect was observed on all cells 
(not shown). Consequently, in vivo, excitatory neurotransmit- 
ters, in concert with the trophic protein, may regulate Purkinje 
cell survival. 

NGF and depolarizing agents regulate cell size and shape 

To define NGF actions on Purkinje cell development further, 
we examined the effects of NGF and depolarizing agents on the 
morphological maturation of cells in culture. Several parameters 
were evaluated. 

Neuritic morphology 
Potassium and NGF. Treatment with potassium alone signifi- 
cantly increased neurite outgrowth in all Purkinje cells (Table 
1, Fig. 1). Moreover, treatment with both potassium and NGF 
elicited specific changes, increasing neurite number per cell (Ta- 
ble 1; cf. control cultures) and neurite branching (Table 1, Fig. 
1). In contrast, NGF alone had no significant effect on neurite. 
number or neurite branching. Treatment with NGF and high 
potassium increased the proportion of cells with spiny neurites 
(Table 1). 

Aspartate/glutamateand NGF. In agreement with the survival 
results, treatment with aspartate or glutamate had only a mod- 
erate effect on neurite morphology. However, treatment with 
excitatory neurotransmitters and NGF markedly enhanced neu- 
ritic length and complexity (Fig. 9). NGF, in combination with 
aspartate, significantly increased neurite branching (Table 2). 
The treatment similarly increased the proportion of Purkinje 
cells with spiny neurites (Table 2). 

Cell size 
NGF in combination with high potassium (Table l), aspartate 
(Table 2, Fig. 9) or glutamate (Fig. 9) significantly increased 
the size of the soma of CaBP cells. These effects were not ob- 
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Figure 2. Immunocytochemical vi- 
sualization of Purkinje cells in culture. 
Cerebellar cell cultures were grown for 
7 d in the absence (A) or presence of 
either NGF (B), potassium (C), or po- 
tassium with NGF (0) and immuno- 
stained with CaBP antibodies. Note the 
marked enhancement in neurite elab- 
oration by treatment with potassium 
with NGF. Scale bar, 40 pm. 

served by treatment with aspartate, glutamate, or potassium 
alone. 

Discussion 
Localization of the biologically active, high-affinity NGF bind- 
ing sites to developing Purkinje cells suggested that the factor 
regulates ontogeny of this specific neuronal population. The 
present study indicates that NGF and depolarizing signals in- 
fluence survival and morphological differentiation of Purkinje 
cells in culture. 

A culture system to study Purkinje cell growth 

To begin defining the trophic mechanisms that may regulate 
Purkinje cell development, we studied NGF in a system readily 
accessible to experimental manipulation. Dissociated embry- 
onic cell cultures provide a particularly advantageous model, 
since survival and differentiation of Purlcinje cells parallel 
that observed in vivo. In culture, Purkinje cells develop and 
express several traits normally present in vivo (see below) and 
can be visualized immunocytochemically with CaBP antibodies 

Table 1. Effects of potassium and NGF on Purkinje cell size and neurite elaboration 

Control NGF K’ K’ + NGF 

Cell diameter &m) 18.5 f 0.5 20.4 f  0.6 20.9 f  0.5 22.4 + 0.6* 
Neurite number 4.5 f  0.2 5.6 -t 0.2 5.6 + 0.3 6.3 f  0.2* 
Neurite length &m) 218 +24 339 f  36 521 +- 49** 592 + 40** 
Branch point number 3.8 rtr 0.4 5.1 + 0.4 5.2 f  0.4 7.4 + 0.5*** 
Neurons with spiny processes 8% 30% 38% 78% 

El 8 rat cerebeilar cells were grown in culture and immunostained for CaBP. Fifty cells, in 3 separate dishes prepared 
on the same day, were analyzed per experimental condition. Doses of 25 rnM KC1 qd 200 U/ml NGF were used. 
Statistical analysis was by l-way ANOVA and Scheffe P test. Each value represents mean f SEM. *, Significantly 
different from control; **, significantly different from control and NGF, ***, significantly different from control, NGF, 
and potassium. p < 0.05. 
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Figure 3. Immunocytochemical visualization of NGF-R-positive cells 
in culture. Cerebellar cultures were grown for 7 d in the presence of 
potassium and NGF and immunostained with the anti-rat 192-IgG 
antibody. NGF-R-immunopositive cells were recognized as Purkinje 
cells by morphology and similarity to CaBP-positive cells in sister cul- 
tures (not shown). Note the punctate staining over the cell body and 
developing dendrites. Scale bar, 20 pm. 

(Christakos et al., 1987). However, some ofthe epigenetic signals 
known to be important for Purkinje cell development are absent 
in culture. For example, afferent innervation is known to play 
a critical role during development, and in cell culture normal 
circuitry is disrupted. Consequently, we examined the role of 
afferent neurotransmitters as well as NGF in the regulation of 
Purkinje cell ontogeny. 

During normal cerebellar development, differentiation of Pur- 
kinje cells is influenced by 2 distinct afferent systems: the parallel 
and climbing fibers. In classical studies, Ram&y Cajal provided 
the first evidence that climbing fibers guide Purkinje dendritic 
growth (Ram6n y Cajal, 19 11); subsequent evidence indicated 
that climbing fibers play an important role in neurite branching 
(Bradley and Berry 1976a,b; Sotelo and Arsenio-Nunes, 1976). 
More recently, Mason and Blazeski (1989) have shown that 

Figure 4. lz51-NGF binding to Purkinje cells in culture. ‘Y-NGF bind- 
ing was identified as silver grains over CaBP-immunopositive cells in 
culture. A, Bright-field illumination reveals the presence of silver grains 
over an immunoreactive Purkinje cell. B, In control cultures exposed 
to excess unlabeled NGF at the time of incubation with radioactive 
NGF, only background silver grains were detected. Cell cultures were 
prepared from E 18 cerebella and grown for 7 d in serum-supplemented 
medium alone. For binding studies, the ‘Y-NGF binding protocol was 
used (see Materials and Methods); cultures were then fixed and im- 
munostained for CaBP and treated for autoradiography. The exposure 
time was 17 d. 

Table 2. Effects of aspartate and NGF on Purkinje cell size and neurite branching 

Control NGF ASP ASP + NGF 

Cell diameter (pm) 17.6 +- 0.3 18.1 t 0.3 19.1 & 0.4 21.0 + 0.3** 
Neurite number 4.3 k 0.1 4.6 k 0.1 4.5 + 0.2 4.8 + 0.2 
Neurite length (pm) 263 + 38 302 k 36 352 + 36 404 f  36 
Branch point number 3.8 f  0.4 4.4 + 0.3 5.0 * 0.4 5.8 f  0.3* 
Neurons with spiny processes 1% 2% 12% 26% 

El8 rat cerebellar cells were grown in culture and immunostained for CaBP. Fifty cells, in 3 separate dishes prepared 
on the same day, were analyzed per experimental condition. Doses of 10 PM aspartic acid and 200 U/ml NGF were 
used. Statistical analysis was by l-way ANOVA and Scheffe F test. Each value represents mean + SEM. *, significantly 
different from control; **, significantly different from control, NGF, and aspartate. p < 0.05. 



The Journal of Neuroscience, February 1991, 7 7(2) 467 

200 

= 
e 
E 
8 

t 

* 100 

5 
0 

0 

** 

I  

* 

- 

- 

‘j 

300 

= 
e 
E 
z 

200 

E 

x 
= 
2 100 

0 

Control rKF K K+NGF 

Figure 5. Effects of potassium and NGF on Purkinje cell survival. El8 
rat cerebellar cells were grown in culture in the presence or absence of 
elevated potassium, NGF, or potassium with NGF and immunostained 
for CaBP. Numbers of positive cells were obtained by analyzing 10% 
of the dish area. Triplicates of 4 independent experiments were analyzed 
per condition. Data is expressed as percent CaBP cell number compared 
to controls grown alone. Each experimental value represents mean cell 
number + SEM. Statistical analysis was by l-way ANOVA and Scheffe 
F test. Doses of 25 mM KC1 (KY-and 200 U/ml NGF were used. Values 
deuicted are as follows: Control, 100 +- 4.89%: NGF. 108.25 + 4.17%: 
K,-137.71 ? 12.49%; K + NGF; 175.43 ? 15.44%. The actual number 
of cells in representative control cultures was 1923.2 + 35.2 1. *, Differs 
from control and NGF, **, differs from control, NGF, and K by p < 
0.05. 

initial afferent interactions between climbing fibers and undif- 
ferentiated Purkinje cells occur during late embryonic stages, 
prior to dendritic differentiation. During this early stage of cer- 
ebellar development, the local expression of NGF message and 
the expression of NGF receptors by Purkinje cells coincide with 
the establishment of initial climbing fiber contacts. Consequent- 
ly, these epigenetic signals may interact during development. 

Study ofcerebellar mutants (Rakic and Sidman, 1973; Sotelo, 
1975; Sadler and Berry, 1989) and of granule cell ablation (Berry 
and Bradley, 1976a; Crepe1 et al., 1980) have also indicated that 
excitatory stimulation by parallel fibers is required for normal 
maturation of Purkinje cells. Indeed, parallel fiber stimulation 
coincides with the peak of NGF-R message expression (Buck et 
al., 1988). Therefore, we examined the interaction of NGF and 
depolarizing influences in the regulation of Purkinje cell devel- 
opment. Initially, we examined receptor expression in vitro. 

Purkinje cells express NGF receptors in culture 
During early development in vivo, Purkinje cells express low- 
and high-affinity NGF-Rs, suggesting potential responsivity to 
NGF (Cohen-Cory et al., 1989). We now find that Purkinje cells 
retained the ability to express NGF-Rs in culture. A highly 
sensitive lZ51-NGF binding assay revealed NGF-Rs localized to 
Purkinje cells in control cultures. Moreover, receptor number 
was enhanced after treatment with depolarizing agents (see be- 
low), allowing the detection of NGF-Rs by monoclonal antibody 
binding. The selective localization of NGF-Rs to Purkinje cells 
suggested that receptor expression is specifically limited to this 
population. In turn, selective expression suggested that Purkinje 
cells might be responsive to NGF in culture. 

control VRT VRT+NGF 

Figure 6. Effects of VRT and NGF on Purkinje cell survival. El 8 rat 
cerebellar cells were grown in culture and immunostained for CaBP. 
Numbers of positive cells were obtained as described in Figure 5. In 
this case, duplicates of 4 independent experiments were analyzed per 
condition. Doses of 0.5 PM VRT and 200 U/ml NGF were used, Values 
depicted are as follows: Control, 100 ? 5.42%; NGF, 122.71 + 6.29%; 
VRT, 234.85 k 8.24%; VRT + NGF, 286.85 & 8.02%. The actual 
number of cells in representative control cultures was 1527 + 64.17. *, 
Differs from control and NGF; **, differs from control, NGF, and VRT 
by p < 0.05. 

NGF and pharmacologic depolarizing agents enhance Purkinje 
cell survival 
The selective expression of NGF-Rs by Purkinje cells in culture 
led us to analyze the putative effects ofNGF on the development 
of this population. Since presynaptic innervation regulates 
neuronal differentiation in several systems (Black, 1978) and 
potentially guides Purkinje cell development, we examined the 
roles of NGF and depolarizing signals. As an initial approach, 
we examined the possibility that NGF regulates Purkinje cell 
survival. In control experiments, Purkinje cell survival declined 
after 1 week in culture. At this time, only a fraction (1 O-20%) 
of the cells plated survived. Indeed, decreasing survival with 
time is characteristic of cerebellar macroneurons grown in mixed 
cultures (Hockberger et al., 1989) and has been associated with 
a neuronotoxic activity released to the culture medium (Grau- 
Wagemans et al., 1984). Treatment with either high potassium 
or VRT alone increased numbers of all neuronal types, as in- 
dicated by an increase in NSE-positive cells (Fig. 1). This result 
confirmed the well-known effects of depolarizing agents in the 
promotion of survival of many different populations in culture 
(Lasher and Zagon, 1972; Nishi and Berg, 1981; Gallo et al., 
1987; Hockberger et al., 1987, 1989; Moran and Patel, 1989). 

In addition, however, simultaneous exposure to depolarizing 
agents and NGF specifically increased Purkinje cell numbers in 
our cultures. NGF, in combination with either high potassium 
or VRT, selectively increased survival of CaBP-positive neu- 
rons, an effect significantly different from the general action of 
potassium or VRT. Yet, NGF alone did not increase survival 
of Purkinje cells. The observation that depolarizing signals are 
required for NGF-induced survival suggests that neuronal de- 
polarization may influence receptivity to the trophic agent. Con- 
sequently, afferent innervation in combination with trophic sup- 
port may govern survival. 
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Figure 7. Effects of aspartate and NGF on Purkinje cell survival. El 8 
rat cerebellar cells were grown in culture, immunostained for CaBP, and 
analyzed as described for Figure 5. In this case, duplicates of 2 inde- 
pendent experiments were analyzed per condition. Doses of 10 PM as- 
partate (Asp) and 200 U/ml NGF were used for the time in culture. 
Values depicted are as follows: Control, 100 k 4.49%; NGF, 115.0 k 
6.72%; Asp, 99.75 + 8.42%; Asp + NGF, 194.0 k 15.70%. The actual 
number of cells in representative control cultures was 1688 k 99.42. 
**, Differs from control, NGF, and aspartate by p < 0.05, 

Although it is apparent from our data that NGF, in combi- 
nation with depolarizing agents, regulates Purkinje cell survival, 
2 other possibilities warrant consideration. First, NGF could 
act to induce cell proliferation, potentially resulting in increased 
Purkinje cell number. This is unlikely, however, because Pur- 
kinje neurons are postmitotic at the time of dissociation. A 
second possibility is that NGF could act to induce neuronal 
differentiation and, therefore, expression of CaBP. While we 
have not definitively excluded the latter possibility, published 
results indicate that CaBP expression is restricted to Purkinje 
cells in the cerebellum (Christakos et al., 1987). Studies currently 
in progress are addressing these different mechanisms. 

NGF and excitatory neurotransmitters enhance Purkinje cell 
survival 
Parallel and climbing fibers constitute the 2 major excitatory 
afferents of Purkinje cells; L-glutamate and L-aspartate are gen- 
erally regarded as the respective excitatory transmitters. There- 
fore, we examined the effects of aspartate and glutamate on cell 
survival. Treatment with aspartate or glutamate, in combination 
with NGF, markedly enhanced survival of Purkinje cells. Our 
observation suggests that the combination of excitatory trans- 
mitter and NGF is required to enhance survival. Although Pur- 
kinje cells are sensitive to excitatory amino acid iontophoresis 
at the time of dissociation (Woodward et al., 1971; DuPont et 
al., 1987), the transmitters alone do not alter survival (Hock- 
berger et al., 1989; S. Cohen-Gory, C. F. Dreyfus, and I. B. 
Black, unpublished observations). Our evidence suggests a novel 
mechanism in which trophic factors and afferent stimulation 
interact to promote survival of developing Purkinje cells. 

The effects of excitatory neurotransmitters on the survival of 
Purkinje cells apparently differ from those of the general phar- 
macologic depolarizing agents. While potassium and VRT alone 
increased cell survival, aspartate and glutamate elicited effects 

control NJ GIU GbNGF 

Figure 8. Effects of glutamate and NGF on Purkinje cell survival. E 18 
rat cerebellar cell cultures were immunostained for CaBP and analyzed 
as described for Figure 5. Duplicates of 2 independent experiments were 
analyzed per condition. Doses of 10 PM glutamate (G/u) and 200 U/ml 
NGF were used. Values depicted are as follows: Control, 100 + 8.96%; 
NGF, 107.33 k 14.19%; Glu, 124.41 k 9.52%; Glu + NGF, 184.23 + 
19.02%. The actual number of cells in representative control cultures 
was 1691.4 + 150.95. *, Differs from control by p -C 0.05. 

only in combination with NGF. The fact that naturally occurring 
transmitters had more restricted effects suggests that these agents 
act through specific receptors, expressed only by restricted pop- 
ulations in culture. Alternatively, aspartate and glutamate may 
act through a mechanism distinct from depolarization. A pu- 
tative role for excitatory neurotransmitters as trophic agents 
during development remains a possibility. 

Differences of effects of pharmacologic depolarizing agents 
and excitatory neurotransmitters may also be attributable to 
different mechanisms of action. Elevated potassium is known 
to act through a more general mechanism to alter survival (Iash- 
er and Zagon, 1972; Kingsbury et al., 1985; Hockberger et al., 
1989; Moran and Patel, 1989). Potassium and VRT, conse- 
quently, may stimulate multiple neuronal and non-neuronal 
populations, leading to manifold indirect effects. In contrast, 
since NGF-Rs are restricted to Purkinje cells (see above), the 
trophic factor probably acts directly on this specific population. 

NGF and excitatory neurotransmitters regulate cell size and 
shape 

While afferents are known to regulate the morphological differ- 
entiation of Purkinje cells (Rakic and Sidman, 1973; Berry and 
Bradley 1976b; Bradley and Berry, 1976a,b; Sotelo and Arsenio- 
Nunes, 1976; for review, see Ito, 1984), underlying mechanisms 
remain unclear. To define mechanisms by which the 2 epigenetic 
signals, NGF and innervation, may regulate differentiation, we 
examined the effects of trophic and excitatory stimulation on 
morphological maturation. 

In fact, NGF increased cell size and promoted neurite elab- 
oration of developing Purkinje cells. The effects required si- 
multaneous exposure to NGF and either aspartate, glutamate, 
or pharmacologic depolarizing agents. Since only minimal 
differences in maturation were observed with any agent alone, 
our results suggest that presynaptic transmitters and NGF act 
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Figure 9. Morphological maturation of Purkinje cells elicited by excitatory neurotransmitters and/or NGF. Camera lucida tracings of representative 
CaBP-positive cells were obtained from each experimental condition. Note the marked enhancement in neurite elaboration and in cell size after 
treatment with glutamate with NGF, or aspartate with NGF. L-Aspartate and L-glutamate were used at 10 PM final concentration, and NGF was 
used at 200 U/ml. Scale bar, 40 pm. 
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in concert to induce differentiation. The mornhological features 
I  Y 

exhibited by these neurons in culture are similar to thefeatures 
of Purkinje cells developing in viva (Altman, 1972; Berry and 
Bradley, 1976a; Morris et al., 1985). 

Regulation of neurite elaboration bv NGF in combination 

pression of the nerve growth factor receptor gene in multiple brain 
areas. Dev Brain Res 44:259-268. 

Christakos S, Rhoten WB, Feldman SC (1987) Rat calbindin D28K 
purification, quantitation, immunocytochemical localization and 
comparative aspects. In: Methods in enzymology, Vol 139’ (Means 
AR, ed), pp 534-551. San Diego: Academic. 

with aspartate, the putative climbing fiber transmitter, or with 
glutamate, the putative parallel fiber transmitter, suggests that 
afferent stimulation and NGF interact to regulate dendritic de- 
velopment in vivo. Consequently, the temporal appearance of 
the 2 afferent signal categories may fine tune the regulation of 
dendritic arborization. 

A potential mechanism for the interaction of depolarizing 
signals and trophic injluences 

During development, individual neurons are exposed to many 
environmental signals that eventually determine cell fate. In- 
teractions among signals, and appropriate temporospatial ex- 
pression, may regulate normal, orderly neuronal development 
and function. The idea that neural activity modulates trophic 
interactions during development has gained considerable atten- 
tion over the last few years (for review, see Purves, 1988). A 
number of models based on evidence from both the PNS and 
CNS suggest that trophic support may be regulated by neural 
activity. One possible mechanism of interaction between excit- 
atory amino acids and trophic agents has recently been proposed 
for the development of hippocampal neurons in culture (Matt- 
son et al., 1989). 
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