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Overlapping and Distinct Actions of the Neurotrophins BDNF, NT-3,
and NT-4/5 on Cultured Dopaminergic and GABAergic Neurons of

the Ventral Mesencephalon

Carolyn Hyman, Melissa Juhasz, Carl Jackson, Paul Wright, Nancy Y. Ip, and Ronald M. Lindsay

Regeneron Pharmaceuticals, inc., Tarrytown, New York 10591

The neurotrophins brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) were
compared for their effects in promoting the survival and/or
regulation of expression of phenotypic markers of dopami-
nergic and GABAergic neurons in cultures derived from em-
bryonic rat ventral mesencephalon. Dopaminergic neuron
number and phenotypic expression were monitored by ty-
rosine hydroxylase (TH) immunocytochemistry, and mea-
surement of high-affinity dopamine uptake activity and do-
pamine content, respectively. High-affinity GABA uptake,
glutamic acid decarboxylase (GAD) activity, and endoge-
nous GABA content were used to detect GABAergic neu-
rons. Seven days of treatment with either BDNF or NT-3
resuited in dose-dependent increases in the number of TH-
positive neurons, with maximal responses of 3-fold and 2.3-
fold, respectively, Dopamine uptake activity and dopamine
content were similarly increased. The effects of BODNF and
NT-3 on dopamine uptake activity showed no additivity. NT-
4/5 treatment elicited the greatest increase (7-fold) in the
number of TH-positive neurons, as well as a 2.6-fold increase
in dopamine content. In marked contrast to BDNF or NT-3,
NT-4/5 had no effect on dopamine uptake capacity. BDNF,
NT-3, or NT-4/5 also produced dose-dependent elevations
of 2-3-fold in GABA uptake activity. These effects were not
additive. GAD activity was increased by BDNF (1.8-fold) and
NT-3 (threefold) treatment, but not by NT-4/5, whereas GABA
content was increased to a similar extent by all three neu-
rotrophins. NGF had no eftect on any of the parameters mea-
sured in this study. Northern analyses indicated that the
mRNAs encoding TrkB and TrkC, the functional high-affinity
receptors for BDNF and NT-4/5, and NT-3, respectively, are
expressed in the substantia nigra of aduit rat brain, as well
as in cultures of developing ventral mesencephalon. Taken
together, our results indicate that BDNF and NT-3 have
broadiy similar effects in promoting the survival and differ-
entiated phenotype of both dopaminergic and GABAergic
neurons of the developing substantia nigra. Although BDNF
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and NT-4/5 are thought to act through the same high-affinity
receptor, TrkB, it is evident that these two neurotrophins
have distinct as well as overlapping actions toward mes-
encephalic dopaminergic or GABAergic neurons.

[Key words: neurotrophin, dopaminergic, GABAergic, ty-
rosine hydroxylase, glutamic acid decarboxylase, substantia
nigra]

NGF, the best-characterized neurotrophic factor, supports sur-
vival, growth, and differentiation of cultured sympathetic and
neural crest-derived sensory neurons in the PNS (Bradshaw,
1978; Thoenen and Barde, 1980; Thoenen et al., 1987), as well
as basal forebrain cholinergic neurons of the CNS (Hartikka and
Hefti, 1988; Hatanaka et al., 1988). It is now evident that NGF
is a member of a family of structurally and functionally related
molecules, termed the neurotrophins. This family includes brain-
derived neurotrophic factor (BDNF) (Barde ct al., 1982; Lei-
brock et al., 1988), neurotrophin-3 (NT-3) (Ernforset al., 1990a;
Hohn et al., 1990; Maisonpierre et al., 1990a; Rosenthal et al.,
1990), and neurotrophin-4/5 (NT-4/5; alternatively known as
NT-4 or NT-5) (Berkemeier et al., 1991; Hallb6ok et al., 1991;
Ip et al., 1992). Within the PNS, BDNF and NT-3 have been
shown to be survival factors for neural crest— and neural pla-
code—derived sensory neurons (Lindsay et al., 1985; Davies et
al., 1986; Hofer and Barde, 1988; Hohn et al., 1990; Maison-
pierre et al., 1990a), with little or no effect on sympathetic
neurons. In contrast to a very limited distribution of NGF-
responsive neurons in the brain, as indicated by both tissue
culture and in vivo studies, the widespread CNS distribution of
high-affinity receptors for BDNF and NT-3 (TrkB and TrkC,
respectively) suggests that many populations of CNS neurons
are potentially responsive to BDNF and/or NT-3. Recent tissue
culture studies have indicated that both septal cholinergic neu-
rons and nigral dopaminergic neurons are responsive to BDNF
(Alderson et al., 1990; Hyman et al., 1991; Kniisel et al., 1991).
In contrast to well-established trophic effects on septal cholin-
ergic neurons (Hartikka and Hefti, 1988; Hatanaka et al., 1988),
NGF appears to be without effect on nigral dopaminergic neu-
rons (DalToso et al., 1988; Kniisel et al., 1990, 1991; Spina et
al., 1992), and currently there are no reports of effects of NGF
on nigral GABAergic neurons.

Responsiveness to neurotrophins in vitro or in vivo has been
shown to correlate well with the capacity for specific, receptor-
mediated retrograde axonal transport. This has been particularly
well established for NGF (Hendry et al., 1974; Stockel et al.,
1975; Johnson et al., 1978; Seiler and Schwab, 1984), where the
specificity of retrograde transport of NGF in adult PNS agrees
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well with its neuronal specificity toward developing PNS neu-
rons in vitro (Levi-Montalcini and Angeletti, 1968; Thoenen
and Barde, 1980; Lindsay, 1988). In addition, the demonstra-
tion of selective retrograde transport of NGF in the CNS has
proven to be predictive of neuronal populations that respond
to this neurotrophin (Schwab et al., 1979; Seiler and Schwab,
1984). More recently, BDNF, NT-3, and NGF have been shown
to have unique patterns of retrograde axonal transport in both
peripheral and central neurons (DiStefano et al., 1992), patterns
that correlate to their known in vitro and in vivo specificities.
For example, specific retrograde transport of radiolabeled NGF
and BDNF to the medial septum and diagonal band of Broca
following intrahippocampal injections was in agreement with
observed overlapping effects of these two neurotrophins on cul-
tured septal cholinergic neurons (Alderson et al., 1990; Kniisel
et al., 1991). Similarly, in agreement with in vitro findings, re-
ceptor-mediated retrograde transport to the substantia nigra (s.
nigra) was observed after intrastriatal injection of either BDNF
or NT-3, but not NGF, in adult rat brain (Wiegand et al., 1992).
In addition, the demonstration of a high level of NT-3 receptors
in adult rat striatum (Altar et al., 1993) may be indicative of a
receptor-mediated nature of this phenomenon.

The genes encoding NGF, BDNF, and NT-3 are expressed
in many regions of adult rat brain. Northern analysis and in situ
hybridization studies have shown that these three neurotrophins
are expressed at particularly high levels in the hippocampal
formation (Ernfors et al., 1990b; Maisonpierre et al., 1990b).
Both within the hippocampus and other brain regions, however,
Northern analysis has revealed striking differences in the tem-
poral patterns of expression of NGF, BDNF, and NT-3 mRNA.
NT-3 mRNA appears to be most highly expressed early in de-
velopment, at stages associated with ongoing neurogenesis,
whereas NGF and, to an even greater extent, BDNF mRNA
expression appear to be most abundant in adult brain. With
regard to the nigrostriatal dopamine (DA) system, BDNF mRNA
expression has been reported in adult mouse striatum (Hofer et
al., 1990), but not in adult rat striatum (Maisonpierre et al.,
1990b). More recently, a substantial peak of BDNF mRNA
expression has been found in early postnatal rat striatum, at
levels that diminish with maturation (R. Ventimiglia, personal
communication). BDNF and NT-3 expression have also been
detected in the adult rat s. nigra and ventral tegmental area
(VTA,; Gall et al., 1992). Furthermore, during early postnatal
development the s. nigra has been shown to express the mRNA
encoding BDNF (Friedman et al., 1991). In contrast to the other
neurotrophins, levels of expression of NT-4/5 within the brain
are relatively low (Berkemeier et al., 1991). At present, it is
unclear whether innervated targets, local support cells, or both
are the source of trophic factors that promote survival and dif-
ferentiation of responsive neuronal populations in the CNS in
vivo.

A detailed understanding of the receptors that are involved
in eliciting signal transduction by the neurotrophins has begun
to emerge. NGF has been known for some time to bind with a
transmembrane glycoprotein of approximately 75 kDa with a
K,of 10 °*mM (Johnson et al., 1986; Radeke et al., 1987) known
as the low-affinity NGF receptor or p75'N6FR_ Both BDNF (Rod-
riguez-Tébar et al., 1990) and NT-3 (Squinto et al., 1991) have
the capacity to compete with NGF for binding to this receptor.
However, in order to mediate a biological response, high-afhnity
binding (K, = 10-"" M) is required (Richardson et al., 1986).
TrkA, a membrane-spanning receptor tyrosine kinase, the pro-

tein product of the trk proto-oncogene, has recently been iden-
tified as a functional high-affinity receptor for NGF (Kaplan et
al., 1991; Klein et al., 1991a; Meakin and Shooter, 1991; Ne-
breda et al., 1991). A related molecule, TrkB, has been found
to be a functional receptor for BDNF, NT-4/5, and, to a lesser
extent, NT-3 (Klein et al., 1991b; Soppet et al., 1991; Squinto
et al., 1991; Ip et al., 1992, 1993). A third family member,
TrkC, functions as the preferred high-affinity receptor for NT-3
(Lamballe et al., 1991). One model of the molecular components
constituting high-affinity (and thus signal-transducing) binding
sites for NGF suggests the involvement of both TrkA and
p75"N6FR (Hempstead et al., 1991; Kaplan et al., 1991). Alter-
natively, there is considerable in vitro evidence that the Trk
proteins alone (perhaps as ligand-induced homodimers) con-
stitute high-affinity, functional neurotrophin receptors (Glass et
al., 1991; Klein et al., 1991a; Squinto et al., 1991; Ibanez et al.,
1992; Jing et al., 1992).

A recent in situ hybridization study (Merlio et al., 1992) has
shown that trkB and trkC transcripts are expressed in the s.
nigra of the adult rat brain. Given that BDNF and NT-3 are
also expressed in this region of the adult brain (Gall et al., 1992),
it is possible that neurotrophins may act locally in a paracrine
or autocrine fashion. Whereas BDNF exhibits a developmen-
tally regulated pattern of expression in the s. nigra, it remains
to be determined if TrkB expression in this nucleus follows a
similar ontogenic pattern.

In addition to BDNF, many mitogenic growth factors have
been reported to affect the survival and/or maturation of nigral
dopaminergic neurons, both in vivo and in vitro. Purified factors
that have been shown to elevate transmitter-specific differen-
tiation of these cells include basic fibroblast growth factor (bFGF),
insulin, insulin-like growth factors [ and I, transforming growth
factor « (TGFa), and epidermal growth factor (EGF) (Ferrari et
al., 1989, 1990; Kniisel et al., 1990; Casper et al., 1991; Alexi
and Hefti, 1993; Beck et al., 1993). The actions of TGFa, bFGF,
and EGF on dopaminergic neurons have been suggested to be
indirectly mediated through a non-neuronal population of di-
viding cells (Kniisel et al., 1990; Casper et al., 1991; Alexi and
Hefti, 1993). Indeed, mesencephalic glial cell lines are known
to secrete factors that can support the survival of dopaminergic
neurons (Engele et al., 1991), and local nigral support cells have
been reported to have the same ability (O’Malley et al., 1991).
bFGF has been shown through immunocytochemical staining
to be present in both astroglial cells of rat striatum and s. nigra,
and nigral dopaminergic neurons (Cintraetal., 1991), suggesting
it may play a role in the support of nigral neuron viability.
However, the precise physiologic roles of these mitogenic fac-
tors, as well as BDNF and NT-3, in development and main-
tenance of the nervous system remain to be elucidated.

In this report, we describe the effects of the neurotrophins
BDNF, NT-3, and NT-4/5 on both dopaminergic and GA-
BAergic neurons present in dissociated cultures of embryonic
rat ventral mesencephalon. This culture system contains the
anlage of the s. nigra, a midbrain nucleus that is well charac-
terized neuroanatomically, functionally, and neurochemically
(Moore and Bloom, 1978). The s. nigra is composed of the pars
compacta, which contains predominantly dopaminergic neu-
rons, and the pars reticulata, a region enriched in neurons of a
GABAergic phenotype. Identifying neurotrophic factors that ef-
fect either of these neuronal populations is of interest due to
the focal degeneration of the s. nigra in Parkinson’s disease. A
variety of phenotypic markers specific to each of these neuronal



populations were measured after neurotrophin treatment in or-
der to assess their responsiveness. Both BDNF and NT-3 were
found to support the survival of dopaminergic and GABAergic
neurons in vitro in a manner consistent with utilization of a
common pathway. In contrast, NT-4/5 was found to elevate
tyrosine hydroxylase (TH) levels without affecting the DA up-
take capacity of the cultures. The effects of NT-4/5 on GA-
BAergic neurons were of a smaller magnitude than those ob-
served for BDNF or NT-3, although the nature of the effect was
similar. In addition, this report shows by in situ hybridization
analysis that TrkB and TrkC are expressed by neurons of the
adult rat s. nigra. Finally, and consistent with the observed
effects of their cognate ligands, TrkB and TrkC mRNA are shown
by Northern blot analysis to be present in the cultures used in
this study.

Materials and Methods

Preparation of ventral mesencephalon cultures from E 14 rat brain. Cul-
tures were prepared from the ventral mesencephalon of embryonic day
14 (E14) rat embryos as before (Hyman et al., 1991; Spina et al., 1992).
The single-cell suspension obtained following trypsinization and me-
chanical dissociation of the brain tissue was seeded at a density of 5 x
10¢ cell per cm? onto 35 mm dishes that had been precoated with poly-
L-lysine and merosin (Collaborative Research). After a 4 hr incubation
in minimal essential medium supplemented with glutamine (2 mm),
glucose (6 mg/ml), penicillin G (0.5 U/ml), streptomycin (5 ug/ml), and
fetal calf serum (FCS; 7.5%) to allow for cell attachment to the sub-
stratum, cells were cultured in the presence or absence of trophic factors
in a defined medium consisting of F12 and basal Eagle medium (BME;
1:1, v/v) with N2 supplements as described by Bottenstein and Sato
(1979), except that the insulin concentration was reduced to 20 ng/ml,
and glutathione was included at 2.5 ug/ml.

*H-dopamine uptake measurement. The measurement of high-affinity
dopamine (DA) uptake activity was carried out according to the method
of Tomozawa and Appel (1986). In each treatment group for which
high-affinity DA uptake was to be measured, groups of six plates were
used. Triplicate cultures were assayed for uptake of *H-dopamine in the
presence of 5 uM benztropine to determine nonspecific uptake, and three
further cultures were assayed under identical conditions except for the
omission of benztropine, in order to assess total uptake. Uptake was
carried out using *H-dopamine (New England Nuclear; 40 Ci/mmol) at
a final concentration of 50 nM, for 15 min. Specific uptake was calculated
as the difference between total uptake and that uptake which occurred
in the presence of 5 uM benztropine. The nonspecific uptake represented
between 10-15% of the total uptake in the cultures.

*H-GABA uptake measurement. The measurement of high-affinity
GABA uptake activity was carried out according to the method of
Tomozawa and Appel (1986). Groups of cultures to be tested for high-
affinity GABA uptake comprised sets of six culture dishes. Measurement
of the total uptake of "(H-GABA (50 um) was carried out for three cultures
in each group; the remaining three cultures were assayed for nonspecific
uptake, that which occurs in the presence of 1.0 mm L-2,4-diamino-
butyric acid. Specific uptake was calculated as the difference between
total and nonspecific uptake measurements. Routinely, the nonspecific
uptake comprised 5-10% of the total GABA uptake.

Tyrosine hydroxylase immunocytochemical staining. Cultures to be
stained for tyrosine hydroxylase (TH)—containing neurons were fixed in
4% paraformaldehyde and preincubated in phosphate buffer containing
2% horse serum (Vector Labs, Malverne, PA). After a brief incubation
in phosphate buffer containing 0.02% saponin to permeabilize the cells,
cultures were incubated overnight at 4°C with mouse anti-rat TH IgG
at 1.0 ug/ml in phosphate buffer containing 1.5% horse serum and 0.02%
saponin. Following rinses to remove unbound primary antibody, the
cells were incubated with horse anti-mouse IgG conjugated to biotin
(Vector Labs, Malverne, PA) at a concentration of 15 ug/ml. Specifically
bound antibody was subsequently visualized following incubation with
avidin-horseradish peroxidase (HRP) (Vector Labs ABC reagent) and
diaminobenzidine (DAB).

Glutamic acid decarboxylase immunocytochemical staining. Cultures
to be stained for glutamic acid decarboxylase (GAD) were prefixed in
a 1:1 mixture of 4% paraformaldehyde and F12/BME (1:1, v/v) for 10
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min, followed by 30 min incubation in 4% paraformaldehyde. Cultures
were then incubated in the presence of phosphate buffer containing 4%
goat serum and 0.02% saponin, after which the cultures were incubated
overnight at 4°C with goat anti-feline GAD,, antiserum (generously
supplied by Dr. A. Tobin, UCLA) at a dilution of 1:7500. Cultures were
washed, incubated with goat anti-rabbit IgG at a concentration of 1.5
wg/ml, and specifically bound antibody was detected after binding of
avidin-HRP by development using DAB with NiSO, intensification
(Hancock, 1982).

Measurement of dopamine and GABA content. Dopamine content
was determined by an adaptation of the method of Refshauge et al.
(1974) and DiPaulo et al. (1982). Cultures were prepared and maintained
in vitro for various times, either in the presence or absence of trophic
factors. At the end of the culture period, cells were harvested and im-
mediately acidified with 0.4 N perchlorate containing 0.1 mwm ascorbate
and 2.5 ng/ml dihydroxybenzylamine (an internal standard). Following
homogenization and centrifugation to remove precipitated protein, the
catecholamines in the extract were absorbed onto alumina (ICN). The
samples were then washed extensively, and the catecholamines recov-
ered by extraction from the alumina with 174 nM acetic acid containing
0.05% sodium disulfite and 0.025% EDTA. The protein content of the
sample was determined after resuspension of the pelleted precipitate in
PBS by the method of Smith et al. (1985). The catecholamine extracts
were injected into the HPLC system (Waters 600E) and separated using
a reverse-phase C,; column by isocratic elution in a mobile phase con-
sisting of the following: 0.01 M NaPQ,, 1.0 mm EDTA, and 0.05 mm
sodium octyl sulfate, pH 3.0. Quantitation of the various catecholamines
was carried out after electrochemical detection (ESA 5100A detector)
of the peaks eluted from the HPLC, and the data were normalized to
the protein content of the sample. GABA determinations were carried
out, after derivatization with o-phthalaldehyde, by an HPLC separation
using a reverse-phase C; column in a mobile phase consisting of 25%
methanol, 3.1% acetonitrile, 0.1 m Na,PO,, pH 6.8. Quantitation of the
various amino acids was performed after electrochemical detection (ESA
5500 coulochem electrode array system detector) of the eluted peaks
from the HPLC, and the data normalized to the protein content of the
sample.

Neurofilament protein assay. The assay for neurofilament protein con-
tent was carried out according to the method of Doherty et al. (1984).
Cultures were washed three times in PBS, and fixed in 4% paraformal-
dehyde in phosphate buffer for a period of 2 hr at 4°C. Following three
washes in PBS, the cells were permeabilized by incubation with PBS
containing 0.1% Triton X-100 for 15 min, and then further incubated
for 60 min in PBS containing 10% FCS to block nonspecific binding
sites. The cultures were then incubated with the anti-neurofilament
mouse monoclonal antibody RT-97 for 60 min at room temperature,
in PBS/10% FCS, washed three times in PBS/10% FCS, and further
incubated with sheep anti-mouse IgG conjugated to HRP (Jackson Labs)
for 60 min. The cells were then washed three times with PBS, and twice
with distilled H,O, and subsequently exposed to 0.2% o-phenylenedi-
amine (OPD) and 0.2% sodium citrate buffer. After 30 min, the con-
version of OPD to its oxidized product was stopped by the addition of
4.5 M H,SO,. Aliquots of the reaction mixture were removed for de-
termination of optical density at 492 nm using a Flow Titretek multiscan
apparatus.

Glutamic acid decarboxylase activity. Measurement of GAD enzy-
matic activity was carried out according to the method of Kimura and
Kuriyama (1975). Cultures were harvested in 50 mm KH,PO, contain-
ing 0.25% Triton X-100. Briefly, 5.2 ul of the extract was reacted with
14C-glutamate and saturating concentrations of cofactors for 2 hrat 37°C.
The reaction was stopped with H,SO,, and the vessels were further
incubated for 60 min to achieve quantitative absorption of '*CO, by
hyamine base. The radioactivity was measured by scintillation spec-
trometry.

Tyrosine hydroxylase activity. Measurement of TH enzymatic activity
was carried out according to the method of Acheson et al. (1984). Cells
were harvested from 60 mm culture dishes in 100 ul of 20 mm Tris,
0.1% Triton X-100, pH 8.6. Extracts were assayed immediately after a
brief sonication to insure complete disruption of cells. The radioactivity
was measured by scintillation spectrometry.

Northern blot analysis of trkB and trkC expression. Cultures were
prepared as described above, and treated with BDNF (50 ng/ml) or
NT-3 (20 ng/ml) for various periods of time. Total RNA was prepared
following the procedure of Chomczynski and Sacchi (1987). The RNA
samples (4 ug/lane) were fractionated in agarose-formaldehyde gels and
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Table 1. BDNF, NT-3, and NT-4/5 increase TH activity in
mesencephalic cultures

TH activity

Treatment (% control)
Control 100 = 3
BDNF (50 ng/ml) 152 + |**
NT-3 (I ng/ml) 159 + 8**
NT-4/5 (2.5 ng/ml) 132 + 2%+
NGF (25 ng/ml) 93 £ 5

Cultures prepared from E14 ventral mesencephalon were maintained for 7 d in
the presence or absence of one of the neurotrophins as indicated. TH activity was
determined on day 8. Results are expressed as a percentage of TH activity in the
untreated, control cultures and represent the mean + SEM, n = 3 or 4. TH activity
in control cultures was 0.7 fmol/8 min/ug protein.

** p < (0.005, Student’s ¢ test.

transferred to nylon membrane (MSI) as described by Maniatis (1982).
Blots were hybridized with a *P-cRNA rat TrkB probe spanning a
sequence that includes a portion of the coding region for the intracy-
toplasmic kinase domain, as well as the remaining C-terminal amino
acids and a short (211 base pair) 3’ untranslated sequence (nucleotide
bases 2545-3126). The TrkC ¢cDNA probe used for these studies con-
sisted of a 330 base sequence, *?P-labeled by random hexamer labeling
as previously described (Maisonpierre et al., 1990b), and corresponds
to that portion of the extracellular domain of TrkC encoded by nucle-
otides 1-309.

Localization of trkB and trkC expression in adult brain by in situ
hvbridization. Adult female Sprague-Dawley rats (200-325 gm) were
killed, and the brains removed and frozen in methylbutane at —20°C.
Coronal sections (10 um) cut on a cryostat were processed for in situ
hybridization localization using probes to TrkB kinase domain and
TrkC extracellular domain. Riboprobes were transcribed in the presence
of *S-cytosine triphosphate using T, or T, RNA polymerase (Promega)
for the generation of ““antisense” and “‘sense” sequences. The antisense
RNA sequence used for the TrkB localization studies was a 526-base-
long RNA, complementary to a portion of the region encoding the
intracytoplasmic tyrosine kinase domain of rat TrkB (nucleotide bases
2300-2823). The RNA sequence used for TrkC localization was a 330-
base-long RNA, complementary to a portion of the region encoding the
extracellular domain of rat TrkC (nucleotide bases 1-309). The pro-
cessing of the sections through the prehybridization and hybridization
steps was carried out as described by Friedman et al. (1992). Finally,
sections were dried through ascending alcohol concentrations and ex-
posed to Amersham Hyperfilm MP for 7 d. Following development,
the slides were dipped in Kodak NTB-2 emulsion diluted 1:1 (v/v) with
2% glycerol. Emulsion autoradiograms were allowed to expose for 5-6
weeks, developed in Kodak D-19, counterstained with cresyl violet, and
coverslipped.
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Purification of neurotrophins. Recombinant human BDNF and NT-3
were prepared and purified as previously described (DiStefano et al.,
1992; Spina et al., 1992). Murine NGF was purified as described by
Bocchini and Angeletti (1969), and kindly supplied by Dr. R. Alderson
(Regeneron, Tarrytown, NY). BDNF and NT-3 were generously pro-
vided by Dr. J. Miller (Amgen, Thousand Oaks, CA). Human recom-
binant NT-4/5 expressed in E. coli was generously provided by Drs. J.
Fandl and N. Tobkes (Regeneron). Biological activity of each of the
neurotrophins was routinely assayed in cultures of chick embryo PNS
neurons.

Results

Effect of neurotrophins on dopaminergic neurons

Confirming earlier reports (Hyman et al., 1991; Kniisel et al.,
1991), BDNF promoted the survival and differentiation of do-
paminergic neurons in cultures of embryonic rat ventral mes-
encephalon. Asshown in Figure 14, 7 d of treatment with BDNF
elicited a dose-dependent elevation of TH-positive neuron num-
ber, with a maximal 3-fold increase at 25 ng/ml. Similar cultures
maintained in the presence of NT-3 for 7 d displayed a maximal
increase of 2.3-fold in TH-positive neurons, which was reached
at between 2.5 and 5.0 ng/ml (see Fig. 5B). This effect of NT-3
was dose dependent but, unlike BDNF, the highest concentra-
tion of NT-3 tested (25 ng/ml) produced a submaximal effect.
Addition of NT-4/5 to cultures every other day, as shown in
Figure 1C, was found to produce the most robust effect of all
the neurotrophins tested, elevating the dopaminergic cell num-
ber by 6.9-fold at a concentration of 10 ng/ml. As was the case
for NT-3, the highest concentration tested (25 ng/ml) led to a
slight attenuation of the increase in dopaminergic cell number.
The effective concentration ranges for NT-3 and NT-4/5 were
also similar. As summarized in Table 1, treating cultures for |
week with BDNF, NT-3, or NT-4/5 increased the levels of TH
enzymatic activity, as measured radiometrically.

To compare further the effects of the neurotrophins on do-
paminergic neurons we determined high-affinity DA uptake ac-
tivity in control and treated cultures. Replicate cultures were
assayed for both high-affinity DA uptake and the number of
TH-positive neurons, such that the DA uptake values obtained
could be normalized to the number of dopaminergic neurons.
Following 3 d in vitro, DA uptake activity was the same in
control and BDNF-treated cultures, 2.14 = (0.25 and 2.25 *+
0.08 cpm/15 min/TH neuron, respectively. After 6 d in vitro,
there was a large increase in DA uptake capacity relative to the

800

[} 0.1 0.5 2.5 10 25

NT-4/5 (ng/ml)

BDNF, NT-3, and NT-4/5 increase the survival of TH-positive neurons. Cultures were prepared at 50,000 cells/cm? in 35 mm culture

dishes. Upon media change to serum-free conditions, triplicate cultures were exposed to increasing concentrations of either BDNF, NT-3 (given
as single additions at the day of plating), or NT-4/5 (given as every other day multiple additions). The cultures were maintained for 7 d in vitro,
and were subsequently processed for TH immunocytochemical analysis. The number of TH-positive neurons present in each culture was then
determined microscopically. Data are expressed as a percentage of the TH-positive neurons counted in control cultures (no neurotrophin addition).
Results here and in subsequent figures represent the mean + SD where n = 3 or greater.
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Figure 2. Effects of BDNF, NT-3, and NT-4/5 on high-affinity DA
uptake activity. Cells were plated at 50,000 cells/cm? or 100,000 cells/
cm?® (4, BDNF dose response) in 35 mm culture dishes. Upon media
change to serum-free conditions, cultures, five to a group, were exposed
to increasing concentrations of either BDNF, NT-3, or NT-4/5. 4, Dose—
response curves for BDNF, NT-3, and NT-4/5. DA uptake activity is
expressed as a percentage of the control value measured in untreated
cultures. B, Results obtained from cultures grown in the absence or
presence of NGF (50 ng/ml), BDNF (50 ng/ml), NT-3 (25 ng/ml), NT-
4/5 (2.5 ng/ml), or a combination of 50 ng/ml BDNF and 12.5 ng/ml
NT-3. The cultures were maintained in vitro for a period of 7 d. Results
are expressed relative to controls.

three day cultures, in agreement with previously published stud-
ies (Tomozawa and Appel, 1986). However, the DA uptake
value in control and BDNF-treated cultures was not significantly
different (62.5 £ 7.8 vs. 83.3 + 12.0 cpm/15 min/TH neuron,
respectively). Thus, on a per neuron basis, BDNF treatment did
not lead to increased DA uptake capacity, rather BDNF treat-
ment caused a coordinate increase in both TH-positive neurons
and high-affinity DA uptake.

Results of individual and combinatorial actions of the neu-
rotrophins on the high-affinity DA uptake activity of the cultures
are shown in Figure 2. Both BDNF and NT-3 produced satu-
rable dose-dependent increases in DA uptake activity (Fig. 24).
The dose responses for DA uptake were similar to those ob-
served for the elevation of TH-positive neuron number (Fig. 1).
In marked contrast, and despite potent effects in elevating the
number of TH-immunoreactive neurons, NT-4/5 was without
effect on high-affinity DA uptake.

In order to determine whether BDNF and NT-3 have distinct
or broadly overlapping effects on dopaminergic neuron phe-
notype, additivity experiments were carried out in which cul-
tures were exposed to saturating concentrations of BDNF, NT-
3, NT-4/5, or combinations of these neurotrophins. High-affin-
ity DA uptake after 7 d in vitro was used as a measure of possible
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Figure 3. BDNF, NT-3, and NT-4/5 increase DA content of mesen-
cephalic cultures. Cultures plated at 50,000 cells/cm? into 60 mm culture
dishes were treated with murine NGF (50 ng/ml), human recombinant
BDNF (10 ng/ml), NT-3 (10 ng/ml), or NT-4/5 (2.5 ng/ml). The cultures
were maintained in vitro for 8 d, and then processed for DA determi-
nation as described. Results are expressed as DA content in pg/ug protein
(n = 6). Data are the mean + SEM. ** p < 0.001; *, p < 0.05; compared
to control, Student’s ¢ test.

additive or synergistic effects of combinations of BDNF and
NT-3. The results of a representative experiment are shown in
Figure 2B, where the combination of BDNF and NT-3 had no
greater effect than either factor alone. Individually, NGF and
NT-4/5 were without effect, and combinations with either of
these two factors and BDNF or NT-3 did not alter the extent
to which the uptake was elevated (data not shown). The absence
of any additivity between BDNF and NT-3 suggests that their
actions are exerted either through a common receptor (i.e., TrkB)
or through saturation of a common transduction pathway.

Further evidence of effects of the neurotrophins on nigral
dopaminergic neurons was obtained by measuring DA levels.
As shown in Figure 3, BDNF, NT-3, and NT-4/5 all produced
increases in the DA content of cultures grown with these factors
for 8 d. Consistent with earlier reports showing a lack of NGF
effect on dopaminergic neurons (DalToso et al., 1988; Kniisel
et al., 1990), NGF treatment did not change DA content.

Effect of neurotrophins on GABAergic neurons

To examine possible effects of the neurotrophins on nigral GA-
BAergic neurons, high-affinity GABA uptake, GABA content,

Table 2. Effects of neurotrophin treatment on the number of GAD-
positive neurons in mesencephalic cultures

GAD-positive neurons

Treatment (cells/cm?)
Control 300 = 70
BDNF (50 ng/ml) 362 + 16
NT-3 (20 ng/ml) 489 + 30*

NT-4/5 (2.5 ng/ml) 414 + 54
NGF (25 ng/ml) 397 + 14

Cultures prepared from E14 ventral mesencephalon were maintained in 35 mm
dishes for 7 d in the presence or absence of one of the neurotrophins as indicated.
Immunocytochemical staining for GAD was carried out as in Materials and Meth-
ods. GAD-positive neurons were counted in random fields covering one-third of
the dish. Results represent the mean + SEM (n = 4),

*p < 0.05, Student’s ¢ test.
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Figure 4. Immunocytochemical stain-
ing of GABAergic neurons with anti-
GAD,, antiserum. Cells were prepared
as described and plated at 50,000 cells/
cm? in 35 mm culture dishes. After 3,
6,and 10 d, cultures were processed for
immunocytochemical staining using a
polyclonal antiserum directed against
recombinant feline GAD (courtesy Dr.
A. Tobin, UCLA). A-C, Photomicro-
graph of GAD-positivecellsin 3, 6, and
10 d cultures, respectively. D, Control
indicating the lack of staining obtained
in the absence the primary antibody us-
ing cultures maintained for 7 d in vitro.
Scale bar, 100 pm.

and GAD activity were measured in control and treated cultures.
The presence of GABAergic neurons in the cultures was first
detected by immunocytochemical staining using an antibody
specifically directed against the 67 kDa form of GAD, which is
found in terminal processes and neuronal perikarya (Gonzales
etal.,, 1991; Kaufmanetal., 1991). Figure 4 shows representative
GAD staining patterns obtained in cultures maintained in the
absence of any neurotrophic factors for 4, 7, or 11 d (Fig. 44-
C, respectively). No staining was observed in the absence of
primary antibody (Fig. 4D). Cell counts indicated that the num-
ber of GAD-positive neurons in cultures maintained for 1 week
in vitro in the absence of neurotrophins represented 3.3 + 0.7%
of the total cell count at that time. As shown in Table 2, only
NT-3 produced a significant increase (63%) in the number of
GAD-positive neurons after 7 d in vitro.

Although BDNF did not increase the number of GAD-pos-
itive neurons, BDNF as well as NT-3 produced dose-dependent
increases in GAD enzymatic activity in cultures maintained for
7d, as shown in Figure 5, 4 and B, respectively. NT-3 produced

a greater increase than BDNF (3-fold vs 1.8-fold), whereas NT-
4/5 was without effect at any concentration tested (Fig. 5C, and
up to 200 ng/ml, data not shown).

As another marker of GABAergic neurons, we explored the
effects of each of the neurotrophins on the high-affinity GABA
uptake capacity of cells cultured for 7 d. As shown in Figure
6A, all three neurotrophins tested (BDNF, NT-3, and NT-4/5)
elicited increases of two- to threefold in GABA uptake. The
dose responses of BDNF and NT-3 were similar, reaching max-
ima at approximately 20 ng/ml. NT-4/5 was effective at lower
concentrations than BDNF or NT-3, saturating at 10 ng/ml with
decreased effects at higher concentrations. When we assessed
possible additive or synergistic effects on GABA uptake, no
combinatorial effects of any of the neurotrophins were observed
(Fig. 68). NGF (50 ng/ml) had no effect on GABA uptake ac-
tivity.

As a further marker of the GABAergic phenotype, we mea-
sured GABA content in cultures treated with each of the neu-
rotrophins (Fig. 7). BDNF, NT-3, and NT4/5 all produced mod-
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Figure 5. BDNF and NT-3 increase GAD activity in mesencephalic cultures. Cells were prepared as described, and plated at 50,000 cells/cm? in

35 mm dishes. Upon media change after the initial attachment period, cultures were exposed to increasing concentrations of either BDNF, NT-3,
or NT-4/5 (n = 5 per group). All cultures were maintained for 7 d in vitro, and were then processed for the measurement of GAD as described.
GAD activity is expressed as a percentage of the control value determined in untreated cultures. The baseline GAD activity in untreated control
samples was calculated as 6.23 = 0.39 pmol/120 min/ug protein. **, p < 0.01; *, p < 0.05; compared to control, Student’s # test.
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Figure 6. Effects of BDNF, NT-3, and NT-4/5 on high-affinity GABA
uptake activity. Cells were plated at 50,000 cells/cm? in 35 mm dishes.
After the initial attachment period, the culture medium was changed
to a serum-free formulation, and BDNF, NT-3, or NT-4/5 was added
in increasing concentrations. After 7 d, cultures were processed for the
measurement of high-affinity GABA uptake as described. 4, Dose-
response curves for BDNF, NT-3, and NT-4/5. The GABA uptake
activities are expressed as a percentage of the GABA uptake determined
in control cultures. B, GABA uptake activity determined in cultures
which were maintained in vitro in the presence of either 25 ng/ml BDNF,
10 ng/ml NT-3, 2.5 ng/ml NT-4/5, 50 ng/ml NGF, or combinations of
BDNF and NT-3 or NT-4/5 at these same concentrations. The baseline
GABA uptake activity in untreated control cultures was calculated as
41,358 + 2161 cpm/15 min/dish.

est but significant increases in the GABA content of cultures
grown with these factors for 7 d. Again, NGF treatment was
without effect. These data are consistent with the increases ob-
served in the high-affinity GABA uptake activity measurements.

Analysis of Trk receptor distribution in substantia nigra

To address the question of the site of action of the neurotrophins
in mediating the above effects on cultured nigral neurons, it was
of interest to ascertain the expression pattern of high-affinity
BDNF and NT-3 receptors (TrkB and TrkC, respectively) in
both embryonic cultures and adult rat brain s. nigra. As shown
in Figure 8, in situ hybridization clearly indicated high levels
of TrkB (Fig. 8B,C) and TrkC (Fig. 8D-F) mRNA in both the
VTA and s. nigra of adult rat brain. The distribution of TrkC
is more widespread than TrkB. Examination of the TrkC lo-
calization pattern at higher magnification (Fig. 8E,F) demon-
strates that TrkC is expressed in large perikarya, indicative of
neurons.

To ascertain if TrkB and TrkC are expressed in embryonic
rat ventral mesencephalic tissue, RNA prepared from E14 mes-
encephalic cultures grown in the presence or absence of BDNF
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Figure 7. BDNF, NT-3, and NT-4/5 increase the GABA content of
mesencephalic cultures. Cultures were prepared as described, and plated
at 50,000 cells/cm? into 35 mm dishes. Upon change to serum-free
media, BDNF (50 gm/ml), NT-3 (10 ng/ml), NT-4/5 (2.5 ng/ml), or
NGF (50 ng/ml) was added (n = 6 per group). Cultures were maintained
for 7 d before being processed for GABA determination as described.
The GABA content is expressed as pg/ug protein (n = 6). Data are the
mean + SEM. * p < 0.05 compared to control, Student’s ¢ test.

or NT-3 for various times was probed by Northern blot analysis.
As shown in Figure 94, a probe to the kinase domain of TrkB
indicated the presence of a 9 kilobase (kb) transcript under all
conditions. Exposure of cultures to BDNF or NT-3 for up to
29 hr did not substantially alter the expression levels of TrkB
mRNA. The 9 kb transcript detected is one of the two brain-
specific transcripts described by Klein et al. (1990), and was
shown to correspond to the full-length TrkB tyrosine kinase cell
surface receptor. In the blot probed for TrkC (Fig. 9C), a 14 kb
transcript was detected both in adult brain and E14 ventral
mesencephalon culture RNA. This species has been identified
as the major transcript encoding full-length TrkC (Valenzuela
et al., 1993). The expression level of this transcript was not
strikingly altered in NT-3-treated cultures. An additional 5 kb
TrkC transcript was detected. Migrating just above the 28S ri-
bosomal RNA band, this is one of two known transcripts that
encode truncated forms of TrkC (Valenzuela et al., 1993).

Discussion

Numerous studies have demonstrated that the survival and/or
differentiation of cultured dopaminergic neurons is enhanced
by exogenously added factors, widely ranging in their degree of
purity and characterization. Several reports have described tro-
phic activities for nigral dopaminergic neurons in the major
target field of these cells, the striatum (Tomozawa and Appel,
1986; DalToso et al., 1988; Carvey et al., 1989, 1991; Njjima
et al., 1990). However, the nature of the trophic agent(s) de-
scribed in these studies remains poorly understood. In addition,
it is open to question whether or not the striatum is likely to
be the sole source of trophic support for neurons of nigrostriatal
pathways. It is possible that locally acting growth factors pro-
duced in the s. nigra could, through paracrine or autocrine ac-
tion, provide trophic support for nigrostriatal neurons. In sup-
port of this, BDNF and NT-3 mRNA have been localized to
the s. nigra in both adult and developing rat (Friedman et al.,
1991; Gall et al., 1992). BDNF has been shown to be trophic
for embryonic rat nigral dopaminergic neurons (Hyman et al,,
1991; Kniisel et al., 1991). In this report, we extend these find-
ings, demonstrating that BDNF, NT-3, and NT4/5, but not
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Figure 8. Localization TrkB and TrkC

mRNA in adult rat s. nigra: dark-field
photomicrographs of coronal sections
of adult rat brain showing the autora-
diographic localization of hybridiza-
tion signal to mRNA encoding TrkB (B,
(") and TrkC (D, F). A, Schematic il-
lustration of a cross section of the area
of midbrain that is representative of the
brain sections in B-F. Ag, aqueduct; SN,
s. nigra. At low magnification (B), TrkB
mRNA is detected in the VTA and me-
dial s. nigra. C, Higher magnification
of the left hemisphere, ventral aspect
of the tissue section shown in B. D, A
tissue section corresponding to that in
C, hybridized to TrkC cRNA. F and F,
High-magnification pair of matching
bright-field/dark-field photomicro-
graphs of the tissue section in D, show-
ing the autoradiographic localization of
TrkC hybridization to large perikarya,
presumed to be neurons. Scale bar: 3125
um for B; 2185 um for C and D; 546
pum for £ and F.

NGF, have overlapping yet distinct effects on embryonic nigral
dopaminergic and GABAergic neurons. In agreement with a
recent report (Merlio et al., 1992) and consistent with a con-
tinuing role of the neurotrophins in the maintenance of mature
nigral neurons, high-affinity receptors for BDNF and NT-4/5,
and NT-3 (TrkB and TrkC, respectively) have been localized
to the s. nigra in adult rat brain. In addition, TrkB and TrkC
mRNA was detected in cultures derived from E14 ventral mes-
encephalon. These findings suggest a direct action of BDNF and
NT-4/5, and NT-3 in supporting the survival and/or differen-
tiation of nigral dopaminergic and GABAergic neurons.

As previously described (Hyman et al., 1991; Spina et al.,
1992), in the defined medium, serum-free culture conditions
used in this study the vast majority of cells have a neuronal
morphology. Virtually no astrocytes are detected using anti-
bodies to glial fibrillary acidic protein and few flat fibroblastic
cells are evident.

The dose-response data shown in Figure 1 demonstrate that
BDNF, NT-3, and NT-4/5 exert their effects on dopaminergic
neurons in a dose-dependent, saturable manner. The relative
magnitude of the increase in dopaminergic cell number elicited
by BDNF and NT-3 was approximately the same, yet saturation
was reached for NT-3 at a concentration fivefold less than that
required for BDNF. This difference in the relative potency of
BDNF and NT-3 appears to be specific for mesencephalic neu-
rons, as the specific activities for BDNF and NT-3 in the stan-
dard chick embryo dorsal root ganglion bioassay system are
essentially identical (Hory-Lee et al., 1993). Unlike BDNF, NT-3
at higher doses produced a submaximal effect. Of all the neu-
rotrophins, NT-4/5 had the most dramatic effect on dopami-

nergic neuronal survival, producing an almost sevenfold in-
crease in TH-positive neurons after 1 week in vitro. In the
experiment shown in Figure 1, NT-4/5 was replenished as mul-
tiple, every other day additions; similar treatment with BDNF
over 8 d in vitro produced a maximal fivefold increase in TH-
positive neurons (Hyman et al., 1991). Interestingly, the effect
of NT-3 was essentially the same whether added as a single dose
at the beginning of the experiment or when freshly added every
other day.

Treatment of cultures with BDNF led to a parallel increase
in high-affinity DA uptake activity and the number of TH-
positive neurons, suggesting that while BDNF promotes do-
paminergic neuron survival, it does not induce nerve terminal
sprouting in vitro. Assuming relatively uniform distribution of
DA uptake sites, one would expect that increased neuritic growth
would have led to a proportionally greater increase in DA up-
take. Although a systematic morphometric analysis has not yet
been carried out, we did not observe any dramatic effects of the
neurotrophins on neurite outgrowth from TH-positive neurons,
a finding consistent with the recent morphometric data reported
by Beck et al. (1993). This is in marked contrast to very striking
effects of BDNF and NT-3 on the morphology of striatal GA-
BAergic neurons (Ventimiglia et al., 1993).

Increased DA uptake activity produced by BDNF or NT-3
treatment was shown to be dose dependent and saturable (Fig.
2). The effect of BDNF was in agreement with previous findings
of Kniisel et al. (1991), but unlike the present data, the same
authors found no effect of NT-3 on nigral dopaminergic neurons.
Our contrasting findings indicating that NT-3 treatment does
increase the survival of nigral dopaminergic neurons may be
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Figure 9. Northern blot analysis of TrkB and TrkC mRNA in cultures derived from E14 ventral mesencephalon. Cells were plated at 50,000
cells/cm? into 60 mm dishes. After maintenance in serum-free conditions for 72 hr, BDNF (50 ng/ml) or NT-3 (25 ng/ml) was added and cultures
were maintained for 5, 16, 24, or 29 hr. Northern blots prepared from the cultures were probed for TrkB or TrkC mRNA. 4, Autoradiogram of
a blot following hybridization with the TrkB probe. C, control; B, BDNF; TB, total adult rat brain RNA. B, The corresponding ethidium bromide
stained gel. C, Autoradiogram of a blot following hybridization with the TrkC probe. C, control; N, NT-3; TB, total brain RNA. D, Corresponding

ethidium bromide stained gel.

reflective of differences in culture conditions, non-neuronal cell
content of the cultures, or the embryonic stage of the tissue that
was used to generate the cultures. Curiously, NT-4/5, which had
the greatest effect of all the neurotrophins in elevating the num-
ber of TH-positive neurons, had no effect on high-affinity DA
uptake activity. Thus, the effects of NT-4/5 on the dopaminergic
neuron population are apparently distinct as well as overlapping
with that observed for BDNF. This suggests that although BDNF
and NT-4/5 show equivalence as TrkB ligands when this re-
ceptor is expressed in the artificial setting of a fibroblast (Glass
et al.,, 1991; Ip et al., 1992, 1993), in the context of TrkB-
expressing neurons, the signal transduction pathways of BDNF
and NT-4/5 may not be identical.

BDNF, NT-3, and NT-4/5 all increased DA content of ventral
mesencephalic cultures after 7 d in vitro. The increased DA
content was to be expected, since the number of TH-positive
neurons was increased by all these factors. The specificity of this

effect was further demonstrated by the lack of any increase in
DA content in NGF-treated cultures, entirely consistent with
previous studies where NGF has been shown to have no effect
on dopaminergic neurons in vitro (DalToso et al., 1988; Kniisel
et al., 1990, 1991).

The observation that combinations of BDNF and NT-3 did
not produce any greater increase in high-affinity DA uptake over
that obtained with either factor alone suggests that TrkB and
TrkC are coexpressed on the majority of nigral dopaminergic
neurons. Furthermore, it suggests that postreceptor signal trans-
duction elicited by these two neurotrophins may be through a
common transduction pathway. It has been documented that
NT-3 can bind to the high-affinity receptor for BDNF, TrkB,
and elicit a functional response, albeit at higher concentrations
than BDNF (Klein et al., 1991b; Squinto et al., 1991). However,
in primary neuronal cultures, the concentrations of NT-3 re-
quired to elicit effects through TrkB are much higher than those
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required to activate its cognate receptor, TrkC (Ip et al., 1993).
Given that the EC,, of the NT-3 response in the uptake assay
was less than 2.5 ng/ml (Fig. 24), it is unlikely that any of the
NT-3 effects were mediated through TrkB.

In this study we have shown that TrkB and TrkC mRNA are
expressed in adult rat s. nigra with an expression pattern con-
sistent with dopaminergic neurons. The pattern of in situ hy-
bridization is reminiscent of that observed in retrograde trans-
port studies where iodinated BDNF or NT-3 were injected into
striatum of adult rats (Wiegand et al., 1992). Consistent with
the observed responses to BDNF and NT-4/5, and NT-3 we
have shown that RNA prepared from cultures derived from E14
ventral mesencephalon contains TrkB and TrkC mRNA, as
detected by Northern blot analysis, using probes that hybridize
to transcripts encoding full-length Trk receptors. Although ini-
tial reports of BDNF distribution in adult rat brain indicated
low levels of expression in striatum, more recent studies dem-
onstrate a wave of expression of this neurotrophin in early post-
natal striatum, consistent with target-derived support of
dopaminergic neuron survival (Ventimiglia, personal commu-
nication). Moreover, recent in situ hybridization studies have
shown expression of BDNF and NT-3 mRNA in both devel-
oping and adult rat s. nigra (Friedman et al., 1991; Gall et al.,
1992). It is possible that BDNF or NT-3 produced in this area
acts on nigral afferents in a target-derived manner, or acts locally
in a paracrine or autocrine fashion within the s. nigra itself.

The s. nigra zona reticulata contains GABAergic neurons that
are detectable by immunocytochemical staining with anti-GAD
antibodies (Oertel et al., 1982; Mugnaini and Oertel, 1985). It
is known that this enzyme exists in mammalian brain in two
forms (M, values 65,000 and 67,000), which are encoded by
two different genes (Erlander and Tobin, 1991; Erlander et al.,
1991). The two forms differ in their intraneuronal distribution;
the 65 kDa form is present primarily in axon terminals whereas
the 67 kDa form is present in both terminals and cell bodies
(Gonzales et al., 1991; Kaufman et al., 1991). Furthermore, the
two forms of this enzyme differ in their relative affinities for the
cofactor pyridoxal phosphate (Kaufman et al., 1991). Because
of the close topographical relationship between dopaminergic
and GABAergic neurons in the s. nigra (Oertel et al., 1982), we
assessed the presence and the potential effects of neurotrophins
on the latter population of cells in our cultures. In the first
instance, immunocytochemical staining was carried out with an
antibody directed against the 67 kDa GAD, as in situ hybrid-
ization has shown this to be the predominant form of GAD in
the s. nigra (Mercugliano et al., 1992). GAD-positive neurons
comprised about 3.3% of the total cell number (as calculated
from the total cell count) after 7 d in vitro. This was approxi-
mately sixfold higher than the number of dopaminergic neurons
in similar control cultures (Hyman et al., 1991).

Responses of the GABAergic neurons to neurotrophin treat-
ment were studied by examination of several independent phe-
notypic markers, including GAD activity, GAD-immunoposi-
tive neurons, high-affinity GABA uptake, and measurement of
the GABA content of the cultures. The results of experiments
with NT-3 treatment suggest that this neurotrophin supports
the survival of nigral GABAergic neurons in a manner similar
to its effect on nigral dopaminergic neurons. BDNF treatment,
while elevating GAD activity, endogenous GABA content, and
high-affinity GABA uptake, did not increase the number of
GAD-positive neurons. Thus, the primary action of BDNF on
nigral GABAergic neurons seems to be toward their phenotypic

expression rather than survival. Cotreatment of cultures with
BDNF and NT-3 did not lead to an additive effect on the GA-
BAergic neurons as determined by GABA uptake activity. This
again suggests coexpression of both TrkB and TrkC on most
nigral GABAergic neurons, and a convergence of signal trans-
duction pathways activated by either of these receptors. Similar
to the effect observed after BDNF or NT-3 treatment, NT-4/5
led to increases in the GABA content as well as high-affinity
GABA uptake activity. However, unlike BDNF and NT-3, NT-
4/5—-treated cultures did not exhibit increased GAD activity. In
the case of NT-4/5, the paradoxical finding of increased GABA
content in the absence of any effect on GAD activity may be
an indication of an inhibition in either GABA metabolism (via
transamination and entry in the Kreb’s cycle) or release.

Previous reports have shown that nigral dopaminergic and
GABAergic neurons are responsive to exogenously added tro-
phic activities present both in crude extracts (Tomozawa and
Appel, 1986) as well as partially purified preparations (DalToso
et al., 1988) of striatal tissue. It is possible that these observa-
tions reflect the presence of either BDNF or NT-3 in striatal
tissue. Treatment of mesencephalic cultures with bFGF has been
reported to lead to increased DA and GABA uptake activities
with time in culture (Ferrari et al., 1989). A growing body of
evidence suggests that this is most likely to be an indirect effect,
mediated through actions of bFGF on astroglial cells (Knisel
et al., 1990; Engele and Bohn, 1991). At the low cell density
used in our studies there are very few astrocytes in the cultures
even after 8 d in vitro (Hyman et al., 1991), arguing against such
an indirect effect with the neurotrophins. The general pattern
of expression of TrkB and TrkC in the adult rat s. nigra is
consistent with the neurotrophins BDNF, NT-3, and NT-4/5
having a direct effect on the dopaminergic and GABAergic neu-
rons. More definitive demonstration of this, however, will re-
quire colocalization of TH and TrkB/TrkC, as well as colocal-
ization of GAD and TrkB/TrkC in this region of brain. The
detection in our cultures of trkB and trkC transcripts that encode
full-length TrkB (Klein et al., 1990) and TrkC (Valenzuela et
al., 1993) is again compatible with the observed effects of BDNF
and NT-4/5, and NT-3. However, the Northern data alone do
not distinguish between an indirect or direct mode of action of
neurotrophins toward dopaminergic and GABAergic neurons.

In contrast to the pronounced effects of BDNF, NT-3, and
NT-4/5 on dopaminergic and GABAergic neurons, we found
no broad effect of the neurotrophins on the great majority of
the neurons in the cultures. As determined by immunoassay,
the neurofilament protein content of cultures maintained for 7
d with BDNF (50 ng/ml) or NT-3 (25 ng/ml) was not found to
be significantly different from control cultures (123 + 21% and
119 + 7%, respectively). This suggests that these factors do not
exert their effects via a nonspecific or general effect on all neu-
ronal cells in this culture system, and is consistent with a pre-
vious report that indicated no change in the overall cell number
following BDNF treatment (Hyman et al., 1991).

The neurotrophic effects of BDNF, NT-3, and NT-4/5 re-
ported in this study are clearly distinct from those recently de-
scribed for glial cell line-derived neurotrophic factor (GDNF)
(Lin et al., 1993). While BDNF, NT-3, and NT-4/5 were shown
to exert their effects on both dopaminergic and GABAergic
neurons, GDNF was found to affect dopaminergic neurons only.
In further contrast to the action of BDNF, GDNF was reported
to elevate DA uptake activity on a per TH-positive neuron basis.
A more detailed description of GDNF effects will be required



to evaluate it adequately as a specific neurotrophic factor for s.
nigra dopaminergic neurons.

The results of the present study extend the rationale for ex-
amining the effects of BDNF, NT-3, and NT-4/5 on nigral func-
tion in vivo. BDNF, when chronically infused into adult rat brain
just above the s. nigra, has recently been shown to elicit an effect
on nigral DA neurons that is consistent with augmented DA
release (Altar et al., 1992). It may therefore be predicted that
BDNF infusion to the s. nigra prior to nigrostriatal lesion could
potentiate the function of surviving DA neurons, or protect these
neurons from lesion-induced damage. However, the finding that
BDNF as well as NT-4/5 and NT-3 have potent actions on
cultured GABAergic neurons as well as dopaminergic neurons
indicates that interpretation of in vivo studies will also require
careful analysis of potential effects of these neurotrophins on
nondopaminergic neurons.
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