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Neurotrophin-4/5 (NT-4/5) and Brain-Derived Neurotrophic Factor
(BDNF) Act at Later Stages of Cerebellar Granule Cell

Differentiation
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The developing cerebellum expresses genes which encode
for both neurotrophins and their receptors. The present
study was designed to determine at what stages during
cerebellar granule cell neurogenesis neurotrophin family
molecules may act. We report here that in purified, well-
characterized granule cell cultures (Gao et al., 1991; 1992),
none of the neurotrophins stimulated proliferation of gran-
ule cell precursors or rescued phenotypic defect of mutant
weaver granule cell precursors in the initiation of neuronal
differentiation. However, neurotrophin-4/5 (NT-4/5) and
BDNF, but not neurotrophin-3 (NT-3) or NGF, promoted
neurite extension and survival of differentiated cerebellar
granule cells. Both of these effects were blocked by the
specific inhibitor for Trk tyrosine kinases, K-252a. NT-4/5
and BDNF also enhanced neurite extension by weaver
granule cells which were rescued by wild-type granule
cells during differentiation. Moreover, TrkB immunohisto-
chemistry performed on sections of the developing wild-
type and weaver cerebella revealed that only differentiated
granule cells, but not the precursor cells, make high levels
of TrkB receptor. These findings together suggest that NT-
4/5 and BDNF promote the maturation and maintenance of
differentiated granule cells, effects which are downstream
to the weaver gene. Since no additive effects were seen
with the combination of NT-4/5 and BDNF, it seems likely
that the two neurotrophins activate the same receptor trkB
for signal transduction.

[Key words: external germinal layer, weaver, neuronal
proliferation, neurite extension, neuronal survival, K-252a,
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The cerebellar granule neuron has provided an opportune model
system for studies on mammalian CNS neurogenesis as it is
generated in a displaced zone, the external germinal layer
(EGL), in the postnatal cerebellum (Ramon y Cajal 1889, 1911).
While cells in the superficial zone of the EGL are mitotic (Miale
and Sidman, 1961; Fuyjita et al., 1966; Fujita, 1967; Altman,
1972), cells in the deep EGL start to undergo an initial phase of
neuronal differentiation by extension of long parallel fibers (Ra-
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mon y Cajal, 1889, 1911; Gao and Hatten, 1993). After migra-
tion along Bergmann glial fibers (Rakic, 1971; Edmondson and
Hatten, 1987; Gregory et al., 1988; Hatten, 1990, Gao and Hat-
ten, 1993) and passing through the molecular layer and Purkinje
cell layer, the granule cells position themselves in the internal
granule cell layer where they mature by the extension of peculiar
neuritic arborizations (Ramon y Cajal, 1889, 1911; Gao and Hat-
ten, 1993).

The characteristic morphology, cell size, and large number of
EGL granule cell precursors in the early postnatal mouse has
allowed their purification for in vitro analyses (Hatten, 1985,
1987; Gao et al., 1991, 1992). The purified EGL cells express
immunocytochemical, cytological and ultrastructural features of
immature granule cells in vitro (Hatten, 1985, 1987; Gao et al,,
1991) and assume the identity of granule neurons after they are
implanted into the developing cerebellum in vivo (Gao and Hat-
ten, 1994).

Another advantage of working with the cerebellum is the
availability of neurological mutant mice. In one particular mu-
tant mouse called weaver, cerebellar granule cell precursors pro-
liferate normally in the superficial layer of the EGL (Rezai and
Yoon, 1972), but fail to initiate neuronal differentiation. These
mutant cells fail to extend neurites (Willinger and Margolis,
1985; Gao et al., 1992; Gao and Hatten, 1993) or migrate away
from the EGL (Rakic and Sidman, 1973; Sotelo and Changeux,
1974; Hatten et al., 1984; Gao and Hatten, 1993). As a result,
this mutant cerebellum serves as a good system to study signals
for initiation of neuronal differentiation (Gao et al., 1992).

The highly restricted spatial pattern of dividing and differ-
entiating cells in the EGL suggests that epigenetic signals reg-
ulate neuronal proliferation and neuronal differentiation in the
developing cerebellum. By taking advantage of the ability to
purify the EGL cells, we have previously been able to reconsti-
tute the EGL of the developing cerebellum by reaggregating the
purified EGL cells in vitro to study mammalian CNS neurogene-
sis (Gao et al., 1991, 1992). For example, we have demonstrated
that cell—cell interactions among EGL granule cell precursors
promote neuronal proliferation and allow the EGL precursor
cells to continue to divide for a prolonged time (Gao et al.,
1991). When the reaggregated EGL cells are transferred to a
poly-D-lysine substrate, they rapidly undergo neuronal differ-
entiation by extending a halo of neurites (Gao et al., 1991). By
mixing weaver and wild-type EGL precursor cells in the reag-
gregate culture system, we found that a membrane-bound signal
encoded by the weaver gene in wild-type EGL cells rescues the
weaver cell phenotype by inducing the mutant cells to undergo
neurite extension and neuronal migration along glial fibers (Gao



et al., 1992). In addition, the implantation of weaver EGL cells
into the developing wild-type cerebellum confirmed that the
weaver cells can be rescued by local signals in the developing
wild-type cerebellum to undergo neuronal differentiation (Gao
and Hatten, 1993). These experiments together indicate that the
weaver gene acts at the initial stages of granule cell differenti-
ation.

The neurotrophin family which includes NGF (Levi-Montal-
cini and Angeletti, 1968), BDNF (Barde et al., 1982; Leibrock
et al., 1989), NT-3 (Ernfors et al., 1990; Hohn et al., 1990; Jones
and Reichardt, 1990; Maisonpierre et al., 1990; Rosenthal et al.,
1990), and NT-4/5 (Berkemeier et al., 1991; Ip et al., 1992) has
been implicated in the regulation of neuronal proliferation and
differentiation during neurogenesis (Patterson, 1978; Anderson,
1989; Cattaneo and McKay, 1990; Rosenthal et al., 1990;
DiCicco-Bloom et al., 1993; Henderson et al., 1993). Indeed,
these neurotrophins and their receptors have been reported to be
widely distributed in the developing cerebellum (Hofer et al.,
1990; Klein et al., 1990; Maisonpierre et al., 1990; Ernfors et
al., 1992; Rocamora et al., 1993; Timmusk et al., 1993). How-
ever, the stages these neurotrophins act at during neurogenesis
have not been well-demonstrated for cerebellar granule cells.
The present experiments were designed to determine the possi-
ble influence of the four neurotrophin family members on four
stages of cerebellar granule cell neurogenesis including prolif-
eration, initiation of differentiation, maturation, and mainte-
nance. We report here that none of the neurotrophins stimulated
neuronal proliferation or induced neuronal differentiation of
weaver EGL cells. However, NT-4/5 and BDNE but not NT-3
or NGE promoted neurite extension and survival of differenti-
ated granule cells. NT-4/5 and BDNF also enhanced neurite ex-
tension of weaver granule cells which were first rescued by wild-
type granule cells in the initiation of neuronal differentiation. In
addition, TrkB antibody labeling on postnatal wild-type and
weaver cerebellar sections indicate that only differentiated gran-
ule neurons, but not the precursor cells, make high levels of
TrkB protein which is the high affinity receptor for BDNF and
NT-4/5 (Klein et al., 1990, 1991; Berkemeier et al., 1991; Ip et
al., 1992, 1993). These experimental data suggest that while the
weaver gene acts at the initial stage of granule cell differentia-
tion, NT-4/5 and BDNF play a trophic role for maturation and
maintenance of differentiated granule cells.

Materials and Methods

Purification of cerebellar EGL cells. EGL cells were purified from
C57BI/6 mouse cerebella on postnatal days 5-6 (P5-P6) when EGL
was abundant, as described previously (Hatten, 1985, 1987; Gao et al.,
1991). To obtain virtually pure populations of cells, a granule cell frac-
tion was separated with a step gradient of Percoll, and EGL cells were
purified by preplating the granule cell fraction on a poly-D-lysine—treat-
ed substrate two or three times (30—40 min each).

Some of the experiments were carried out with EGL cells purified
from homozygous weaver B6CBA-A¥-J-wv (wv/wv) mouse cerebella
harvested on P5-P6. Weaver (wv/wv) cerebella were identified by their
smaller overall dimensions, especially at the midline, and smaller num-
ber of folia (Rakic and Sidman, 1973). The medial third of weaver (wv/
wv) cerebella on either side of the midline was dissociated into a single
cell suspension (Hatten et al., 1986) and EGL cells were purified as
described (Gao et al., 1991, 1992).

Cell cultures. For reaggregate cultures, freshly harvested EGL cells
were plated in uncoated Nunc 16-well Lab-Tek culture slides (approx-
imately 2 X 109 cells/well) in either serum-supplemented medium (see
Gao et al., 1991; BME plus 10% horse serum, 5% fetal bovine serum,
9 mg/ml glucose, 0.3 mg/ml glutamine, 50 U/ml penicillin, and 50 wg/
ml streptomycin) or serum-free medium (see Henderson et al., 1993;
L-15 plus 0.2 nM progesterone, 0.1 mm putrescine, 0.1 mg/ml ovotrans-
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ferrin, 5 pg/ml insulin, 2 mg/ml glucose, 22.5 mM sodium bicarbonate,
and 50 U/ml penicillin and 50 pg/ml streptomycin).

For monolayer cell cultures, 100,000 cells were plated in 35 mm
Nunc tissue culture dish pretreated with poly-D-lysine (1 mg/ml). Cul-
tures were maintained in serum-free medium (see above) in the absence
or presence of different neurotrophins.

DNA synthesis assays. To measure *H-thymidine incorporation, an
identical number of cells (5 X 10°) were plated in 96 well plates in the
serum-free medium in the absence or presence of different neurotro-
phins, *H-thymidine (1 pCi/well) was added for 21 hr at 24 hr of cul-
ture, and cells were harvested using a Tomtec cell harvester. Cpm/well
were then counted with a matrix 9600 gas counter (Packard Instrument
Company, Downers Grove, IL).

Bromo-deoxyuridine (BrdU) immunocytochemistry. BrdU labeling
was performed by a modification of Gratzner (1982) as described pre-
viously (Gao et al., 1991). The cell reaggregates were cultured in 16
well Lab-tek culture slides in the serum-free medium in the absence or
presence of 10 ng/ml of different neurotrophins. After 1 d, BrdU (1:
200; Boehringer cell proliferation kit) was added to the culture medium
for 21 hr, after which the cells were fixed in 100% ethanol containing
5% acetic acid (20 min), treated with 2N HCI (40 min), and incubated
with an anti-BrdU monoclonal antibody (Boehringer; 1:10 in phosphate
buffered saline containing 0.1% Triton X-100) (2 hr). The cultures were
then incubated with a biotinylated sheep anti-mouse secondary antibody
(1:200) and a streptavidin horseradish peroxidase conjugate (1:200,
Amersham Life Science) for 30 min each. After diaminobenzidine—
peroxidase reaction, the cells were dehydrated with ethanol, cleared in
xylene and mounted in Permount (Fisher). The mitotic index was mea-
sured by counting the percentage of labeled cells with Nomarski optics,
at different optical planes within the reaggregate. For each value, a
random sample of 2000 cells was counted, as described (Gao et al.,
1991).

The same mitotic assay was performed on low cell density, mono-
layer cell cultures (100,000 cells/35 mm dish) that were also used for
examinations of cell survival.

Coculture of weaver EGL cells and wild-type EGL cells in cellular
reaggregates. As previously described (Gao et al., 1992; Gao and Hat-
ten, 1993), freshly purified weaver EGL cells were resuspended in 1 ml
of diluent solution (Cell linker kit, Sigma) and mixed with 1 ml of 2
pwM PKH26 (provided by the manufacturer), after which the cells were
mixed by pipetting (3 min). The reaction was stopped by the addition
of 2 ml of serum (1 min). The cells were then diluted with an equal
volume of serum-supplemented culture medium, and washed (3X) by
centrifugation. Dye-labeled weaver cells were counted, mixed at a ratio
of 1:10 with unlabeled wild-type cells and plated in reaggregate cultures
as described (Gao et al., 1992).

Quantitation of neurite extension by cellular reaggregates. For neu-
rite extension assays, after 24—48 hr in culture, cellular reaggregates
were transferred to a 8-well plastic Lab-Tek culture slide treated with
poly-p-lysine (1 mg/ml) in serum-free medium (see above) as previ-
ously described (Gao et al., 1992). All processes extended from the
reaggregates could be stained by a monoclonal antibody against neu-
rofilament protein (data not shown) as these were purified cells. Follow-
ing fixation of the cultures in 2% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) for 1 hr, neurite extension was quantitated by measuring
the distance from the perimeter of the neurites to the edge of the reag-
gregate. We took an average measurement of each reaggregate at four
different points (both vertically and horizontally). For each of the ex-
perimental groups, data were collected from 30-40 different reaggre-
gates with similar size from three to five cultures.

Cell counts. For the monolayer, low density cultures, viable cells
were identified through trypan blue exclusion under a phase contrast
microscope, and counted using a grid ocular reticule covering an area
of 1 mm2. For each culture, 10-20 fields were counted. Data were col-
lected from three to five cultures for each of the experimental groups.

Growth factors and K-252a. All neurotrophins (Genentech, Inc.) were
added to the cultures at the time of plating or at the time when the
cellular reaggregates were transferred to a poly-D-lysine substrate. To
block the effects of the neurotrophins, 100 nM of K-252a (Calbiochem,
San Diego, CA), a specific inhibitor for Trk tyrosine kinase receptors
(Berg et al., 1992; Nye et al., 1992; Tapley et al., 1992), was added to
some of the experimental cultures at the same time when neurotrophins
were added. In other experiments, bFGF (10 ng/ml), which was previ-
ously shown to promote granule cell survival (Hatten et al., 1988; Co-
hen et al., 1990), was added to the culture along with K252a to dem-



2658 Gao et al. » Neurotrophin Effects on Granule Cell Neurogenesis in vitro

14000
Il Ctrl T
. NGF
g 12000 7] NT3
\% ES BDNF
c N B NT4/5
g 10000 [ IGE-1
o
@]
2 8000
Q
Q
£
g 6000
i)
S
Z 40007
=
I
@ 2000+
04 1 10 ‘
Concentration of growth factors (ng/ml)
Figure 1. Neurotrophins do not stimulate *H-thymidine incorporation

by P5-P6 EGL granule cell precursors in the reaggregate cultures. In
each case, an identical number of EGL cells (5 X 10°) were plated in
serum-free medium in the absence or presence of different neurotro-
phins or IGF-1. *H-Thymidine was added 24 hr after plating and in-
corporation was measured 21 hr later. Data from triplicate cultures are
expressed as mean * SEM. In contrast to IGF-1 which induced a nearly
twofold increase (at a concentration of 10 ng/ml), none of neurotrophins
stimulated the *H-thymidine incorporation by the EGL cells.

onstrate that 100 nM of K252a was not toxic to these cells and to
confirm that K252a was a specific Trk tyrosine kinase inhibitor.

TrkB immunohistochemistry. P7 wild-type and weaver mice were
transcardially perfused with 4% paraformaldehyde (in 0.1 M phosphate
buffer, pH 7.4). After the cerebella were dissected out, postfixed in the
same fixative for 2 hr, cryoprotected with a 30% sucrose solution, sag-
ittal sections were cut at the midline portion of the cerebella using a
cryostat machine. The sections were first blocked with a histomark
blocking solution (Kirkegaard Perry Lab) and then incubated with a
rabbit antibody against the extracellular domain of TrkB (Yan et al.,
1994; anti-TrkB,; ., 2 pg/ml) in PBS containing 3% normal goat serum
and 2% Triton X-100 overnight at 4°C. A biotinylated donkey anti-
rabbit secondary antibody and a streptavidin-horseradish peroxidase
conjugate (1:200, Amersham Life Science) were used before diamino-
benzidine—peroxidase reaction. The sections were then dehydrated in
ascending graded alcohols, cleared in xylene, and mounted in Permount.

The TrkB antiserum was a gift from Drs. Stuart Feinstein and Monte
Radeke (UCSB) and was previously characterized. It specifically rec-
ognizes purified extracellular domain of TrkB, but not TrkA and TrkC,
and the immunoreactivity of the TrkB antiserum can be blocked by
preincubation with TrkB peptide 23-36 (Yan et al., 1994). Immunocy-
tochemically, it specifically labels 293 cells expressing TrkB, but not
TrkA or TrkC (K. Beck, personal communication). In the present ex-
periments, when the primary antibody was omitted, no labeling was
seen on the sections.

Results

Neurotrophins do not stimulate neuronal proliferation of EGL
granule cell precursors in the reaggregate culture

When purified EGL precursor cells from the developing cere-
bellum are cultured as reaggregates, neuronal proliferation can
be replicated in vitro (Gao et al., 1991). To determine if neu-
rotrophin family members had any effects on precursor cell pro-

Table 1. BrdU labeling index of EGL cells in reaggregate
cultures in the absence or presence of different neurotrophins or
IGF-1

Cultures Labeled cells (%)
Control 294 + 1.9
NGF 29.7 + 32
BDNF 275 = 2.1
NT-3 28.8 £ 2.3
NT-4/5 272 * 22
IGF-1 424 + 46

EGL granule cell precursors were purified from mouse cerebellum on P5-P6
and maintained in reaggregate cultures in serum-free medium in the absence
or presence of 10 ng/ml of different neurotrophins of IGF-1 for 1 d prior to
BrdU labeling. The number of labeled nuclei was quantitated by Nomarski
microscopy and is expressed as a percentage of the total cell population. For
each value, a random sample of approximately 2000 cells was counted and
data are expressed as mean + SEM.

liferation in the reaggregate culture system, DNA synthesis of
the EGL granule cell precursors was measured by *H-thymidine
incorporation and by counting mitotic figures that were revealed
by bromo-deoxyuridine (BrdU) immunocytochemistry. As
shown in Figure 1, none of the neurotrophins increased the total
*H-thymidine incorporation by the EGL precursors at a wide
range of concentrations tested (from 0.1 to 10 ng/ml). Similarly,
an equivalent number of BrdU-labeled cells, as indicated by mi-
totic indices of 27-30%, were seen in all of the reaggregate
cultures either in the absence or presence of neurotrophins (Ta-
ble 1). As a positive control, when 10 ng/ml of insulin-like
growth factor (IGF-1) was added to the culture, a nearly twofold
increase of *H-thymidine incorporation (Fig. 1; see also Gao et
al., 1991), as well as a 45% increase in the BrdU labeling index
were observed (Table 1). The results from both *H-thymidine
incorporation and BrdU immunocytochemistry strongly suggest
that neurotrophins do not stimulate the proliferation of EGL
granule cell precursors.

Neurotrophins fail to rescue phenotypic defect of weaver EGL
precursor cells in initiation of neuronal differentiation

Weaver EGL cells provide a good system for studying signals
required for the initiation of neuronal differentiation as their pro-
liferation occurs normally (Rezai and Yoon, 1972) but their dif-
ferentiation, as indicated by neurite extension, fails (Willinger
and Margolis, 1985; Gao et al., 1992; Gao and Hatten, 1993).
To test whether any of the neurotrophins was able to rescue the
defect of weaver granule cells in initiation of neuronal differ-
entiation, we purified EGL cells from weaver cerebella and let
them reaggregate before transferring them to a poly-D-lysine
substrate in serum-free medium in the absence or presence of
different neurotrophic factors. None of the four neurotrophin
family members rescued the phenotypic defect of weaver cells
in the initiation of neuronal differentiation. Figure 2 shows typ-
ical examples of weaver cell reaggregate cultures in the absence
(Fig. 2A) or presence of NT-4/5 or BDNF (Fig. 2B,C). In con-
trast to the wild-type EGL cell cultures which extended a halo
of neurites (Gao et al., 1992; also see below), the weaver EGL
cells failed to extend neurites. Even after a longer culture time,
the maximal length of neurites extended by weaver cells was
still limited to 5-25 pum regardless of the absence or the pres-
ence of the neurotrophins (Fig. 2).
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Figure 2. Neurotrophins fail to rescue weaver cell phenotypic defect in initiation of neuronal differentiation. EGL cells were purified from weaver
mouse cerebellum on P5—P6 and reaggregated in serum-medium for 36 hr before transferred to a poly-p-lysine substrate in serum-free medium in
the absence (A) or presence of 10 ng/ml of NT-4/5 (B) or 10 ng/ml of BDNF (C). In contrast to the reaggregate culture of the wild-type EGL cells
which extended a halo of neurites (see Fig. 3), neither NT-4/5 or BDNF rescued the phenotypic defect of weaver cells in neuronal differentiation.
The mutant EGL cells failed to extend long neurites regardless of the absence or the presence of neurotrophins. Phase contrast microscopy. Scale

bar, 100 pm.

NT-4/5 and BDNF promote neurite extension by differentiated
cerebellar granule neurons

Previously, we showed that interactions among EGL cells induce
postmitotic EGL cells to undergo neuronal differentiation initi-
ated by outgrowth of neurites (Gao et al., 1991, 1992; Gao and
Hatten, 1993). To examine the role of neurotrophins in later
stages of neuronal differentiation, wild-type EGL cells, whose
differentiation had been initiated by signals within the cellular
EGL reaggregates, were transtferred to poly-D-lysine, exposed to
neurotrophins (10 ng/ml) and analyzed 48 hr later for neurite
extension (Gao et al., 1991). While NGF and NT-3 showed no
effects, NT-4/5 and BDNF significantly increased neurite exten-
sion (Figs. 3, 4). When the distance was measured at both hor-
izontal and vertical points between the perimeter of the field of
neurites and the edge of the reaggregate, neurite extension by
granule neurons was increased by nearly threefold in the pres-
ence of NT-4/5 orfand BDNF (Figs. 3, 4). In contrast to the
reaggregate culture of weaver EGL cells (Fig. 2), neurites ex-
tended by the control reaggregate culture (without neurotro-
phins) were approximately 100 wm long and increased in length
by about 50 pm per day (Fig. 34). In the presence of NT-4/5
or/fand BDNE, the reaggregates extended neurites as long as 300
pm after 2 d on a poly-D-lysine substrate (Figs. 3, 4). Although
NT-4/5 was slightly more effective than BDNF at a concentra-
tion of 10 ng/ml, statistically NT-4/5 and BDNF had equivalent
effects (Fig. 4).

To determine if NT-4/5 and BDNF could have synergistic ef-
fects, both neurotrophins were added to the culture. No additive
effects were observed when both NT-4/5 and BDNF were pres-
ent in the culture (Figs. 3C, 4).

In addition, to examine the specificity of the neurite-promot-
ing effects of NT-4/5 and/or BDNE K-252a, a specific inhibitor
for Trk tyrosine kinase receptors (Berg et al., 1992; Nye et al.,
1992; Tapley ct al., 1992), was added to the culture. As shown

in Figures 3D and 4, K252a, at a concentration of 100 nM, com- -

pletely blocked the neurite-promoting effects of these two neu-
rotrophins.

NT-4/5 and BDNF promote weaver cell neurite extension
after their initiation of neuronal differentiation are
rescued by wild-type cells

Previously, it was reported that wild-type granule cells can res-
cue the phenotypic defect of weaver cells in initiation of neu-
ronal differentiation (Gao et al., 1992). To provide additional
evidence that neurotrophins promote the maturation of differ-

-entiated granule cells, we examined neurite extension by weaver

cells after their rescue by wild-type cells. When dye-labeled,
purified weaver EGL cells were mixed with unlabeled, purified
wild-type EGL cells in reaggregate cultures in the absence or
presence of different neurotrophins, only NT-4/5 and BDNF pro-
moted overall reaggregate neurite extension (Fig. 5). In the cul-
tures containing 10 ng/ml of NT-4/5 or BDNE dye-labeled neu-
rites, extended by weaver cells in the reaggregate, were also
enhanced in the same manner as the wild-type cells in these
intermixed cultures (Fig. 5D,F), as compared to control cultures
(Fig. 5B). The longest neurites extended by the weaver cells in
the reaggregate reached the boundary of the halo of neurites.
These results support the idea that although NT-4/5 and BDNF
do not induce the initiation of EGL cell differentiation, they
promote the maturation of the differentiated granule cells.

NT-4/5 and BDNF promote the survival of wild-type
cerebellar granule cells

To study the possible effects of neurotrophins on maintenance
of differentiated cerebellar granule cells, purified granule neu-
rons were plated as a monolayer culture at low density (100,000
cells/35 mm dish) in defined serum-free medium with or without
neurotrophic factors. As cells were not in direct contact at this
low density, they ceased proliferation and underwent differen-
tiation by extending neurites, When BrdU immunocytochemistry
was performed in these cultures, a mitotic labeling index of ap-
proximately 1.2-1.6% was detected regardless of the presence
or absence of neurotrophins (not shown). These results indicate
that DNA synthesis is minimal under this culture condition and
are in agreement with the data obtained previously (Gao et al.,
1991). In control cultures, more than 60% of the cells died after
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Figure 3. Neurite extension of the EGL cell reaggregates is promoted by NT-4/5 and BDNE EGL cells were purified from mouse cerebellum on
P6, and maintained in cellular reaggregates for 30 hr in serum-containing medium, after which they were transferred to a substratum coated with
poly-p-lysine (I mg/ml) in serum-free medium alone (A), in serum-free medium with 10 ng/ml of NT-4/5 (B), with both NT-4/5 and BDNF (C) or
with a cocktail of NT-4/5, BDNE and K-252a (100 nm) (D). The cultures were assayed 2 d after transfer to the poly-D-lysine substratum. Whereas
EGL cells in the control culture extended a small dense halo of neurites onto the culture surface (A), EGL cells in the reaggregate cultures containing
NT-4/5 (B), or a combination of NT-4/5 and BDNF (C) extended nearly threefold longer neurites. K-252a, a specific inhibitor for Trk tyrosine
kinases, blocked the neurite-promoting effects of NT-4/5 and BDNF (D). Phase contrast microscopy. Scale bar, 100 pm.

2 d, presumably due to a lack of trophic factors. While NGF
and NT-3 had no effects, NT-4/5 and BDNF showed very sig-
nificant survival-promoting effects on differentiated granule
cells (Figs. 6B,C; 7TA).

The survival-promoting effects of NT-4/5 and BDNF were
dose dependent (Fig. 74). At a concentration of 0.1 ng/ml, NT-
4/5 was more effective than BDNE had 60% more neurons in
the culture as compared to the control. At higher concentrations
(1 ng/ml and 10 ng/ml), both NT-4/5 and BDNF were equally
effective. The average number of granule cells in a given area
increased as much as twofold in the presence of NT-4/5 or
BDNF at a concentration of 10 ng/ml (Figs. 6, 7A). Although
NT-4/5 showed a slightly better effect, no statistical difference
was found between the two neurotrophins at concentrations of
1-10 ng/ml. Since the neurotrophins did not affect neuronal pro-
liferation (see above), the increased cell number we observed
with NT-4/5 and BDNF reflected a survival effect.

As seen in neurite extension assays, no additive effect of NT-
4/5 and BDNF was observed (Figs. 6C, 74). Furthermore, the
specific inhibitor for Trk tyrosine kinase receptors, K252a, com-
pletely blocked the survival-promoting effects of NT-4/5 and/or
BDNF (Figs. 6D, 7B). As K252a produced a slight decrease in
both neurite outgrowth (Fig. 4) and cell survival (Fig. 7B), it

was possible that 100 nm of K252a was toxic to these cells. To
rule out this possibility, basic fibroblast growth factor (bFGF)
(10 ng/ml), which was previously shown to promote granule cell
survival (Hatten et al., 1988; Cohen et al., 1990), was added to
the culture along with K252a. A 70% increase in cell number
was observed in these cultures (Fig. 78), suggesting that K252a
is not toxic to the cells and confirming that K252a is a specific
inhibitor for Trk tyrosine kinase receptors (Berg et al., 1992;
Nye et al., 1992; Tapley et al., 1992).

When purified weaver EGL precursor cells were plated as a
monolayer at low density as described above, virtually all cells
died within 2 d. In contrast to the survival effects of NT-4/5 and
BDNF on wild-type granule cells, none of the neurotrophins
prevented weaver cells from cell death (not shown).

Differentiated granule neurons, but not the EGL precursors,
make high levels of TrkB receptor

To examine the expression pattern of the high affinity receptor
for BDNF and NT-4/5, the TrkB, during granule cell neuroge-
nesis, immunohistochemistry with a TrkB antiserum (anti-
TrkB,; 4; Yan et al., 1994) was performed on sagittal sections
of P7 wild-type cerebellum containing different developmental
stages of granule neuron. As shown in Figure 8, A and C, intense
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Figure 4. Quantitation of the effects of neurotrophins on neurite extension by the reaggregate cultures. For each reaggregate culture, 30-40
randomly selected cellular reaggregates of equivalent size were measured from three to five cultures. The average distance was measured between
the edge of the reaggregate and the perimeter of the neurites extended by the reaggregates. These results indicated a clear neurite-promoting effect
of 10 ng/ml of NT-4/5, BDNEF, and a combination of NT-4/5 and BDNE but not NT-3 or NGFE K-252a (100 nm) blocked completely the effects of
NT-4/5 and/or BDNE The error bars are for SEM, and asterisks indicate p < 0.001 (r test) as compared to the control culture. Abbreviations: B,

BDNF; K, K-252a.

labeling was seen in the migrating granule cells in the molecular
layer (ML). These migrating granule neurons had just passed the
initial stage of differentiation including extension of long par-
allel fibers and elaboration of a leading migratory process (see
Ramon y Cajal, 1889, 1911; Gao and Hatten, 1993). In contrast,
the precursor cells in EGL were unlabeled. Purkinje cells (which
were aligned as one layer in P7 wild-type cerebellum) as well
as some cells in the internal granule cell layer (IGL) were weak-
ly labeled. Consistent with these observations, no cells except
the Purkinje neurons were weakly labeled in the P7 weaver cer-
ebellum (Fig. 8B8,D). As the weaver EGL precursor cells failed
to differentiate and migrate, virtually no molecular layer and
internal granule cell layer were formed in the P7 weaver cere-
bellum. As reported previously, the Purkinje cells were some-
what dispersed and not aligned as one layer in the mutant cer-
ebellum (Rakic and Sidman, 1973). These results indicate that
only partially differentiated granule cells, but not the dividing
precursors or cells initiating differentiation, make high levels of
TrkB protein, and support the model for actions of NT-4/5 and
BDNF at the late stages of granule cell differentiation.

Discussion

In the present study, we examined the effects of four members
of the neurotrophin family on cerebellar granule cell neuroge-
nesis including neuronal proliferation, initiation of neuronal dif-
ferentiation, maturation of neuronal differentiation, and neuronal
maintenance. In the reconstituted EGL in vitro model, neither
DNA synthesis measured by *H-thymidine incorporation nor cell

division detected by BrdU immunocytochemistry was stimulated
by the neurotrophins, Similarly, neurotrophins failed to induce
the weaver EGL cells to undergo granule cell differentiation.
However, NT-4/5 and BDNE but not NGF and NT3, promoted
neurite extension and survival of the differentiated granule cells.
These results strongly indicate that neurotrophins do not influ-
ence neuronal proliferation and initiation of neuronal differen-
tiation, but as shown by NT-4/5 and BDNE they play a trophic
role on maturation and maintenance of differentiated granule
neurons.

The high levels of TrkB receptor found only in differentiated
granule cells in ML, but not the precursor cells in the EGL,
demonstrated by immunohistochemistry in the developing cer-
ebellum support the model that NT-4/5 and BDNF act at the
later stages of granule cell differentiation. This model is also in
agreement with Northern and in situ hybridization studies related
to expression of BDNF mRNA, NT-4/5 mRNA, and TrkB
mRNA in developing and adult cerebellum (Hofer et al., 1990;
Klein et al., 1990; Maisonpierre et al., 1990; Phillips et al., 1990,
Merlio at al., 1992; Rocamora et al., 1993; Timmusk et al.,
1993). These studies showed that the expression level of TrkB
is relatively low in the neonatal cerebellum but continues to
increase progressively during the next few weeks (Klein et al.,
1990). Moreover, both NT-4/5 mRNA and BDNF mRNA are
expressed in the developing cerebellum (Maisonpierre et al.,
1990; Rocamora et al., 1993; Timmusk et al., 1993), which im-
plicates the role of these two neurotrophins during the devel-
opment of granule neurons. The differential responsiveness of
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Figure 5. Weaver granule cell neurite extension is enhanced after their initiation of differentiation is rescued by wild-type granule cells in cellular
reaggregates. EGL cells were purified from weaver mouse cerebellum on P5-P6 and mixed with EGL cells purified from P35 wild-type cerebellum
at a ratio of 1:10. The mixed cells were then allowed to reaggregate for 30 hr before transferred to a poly-m-lysine—coated 8 well Lab-Tek culture
slide in serum-free medium without neurotrophins (A, B), with 10 ng/ml of NT-4/5 (C, D), or 10 ng/ml of BDNF (E, F). The reaggregates were
assayed for neurite extension 48 hr later. As described previously (Gao et al., 1992), in all cultures, weaver cells were labeled with the membrane-
soluble dye PKH26 prior to coculture. By phase contrast microscopy (A, C, E) a halo of neurites were seen to extend from all reaggregates. Using
fluorescent illumination (B, D, F), dye-labeled weaver cells, as the wild-type cells, were seen to have extended about threefold longer neurites in
the reaggregate cultures containing either NT-4/5 or BDNF (D, F) as compared to the control culture (B). Scale bar, 100 pm.

granule cell precursors and differentiated granule cells to NT-
4/5 and BDNF and special expression pattern of the TrkB re-
ceptor in the developing cerebellum therefore strongly suggest
that these two neurotrophins act at later stages of neuronal dif-
ferentiation, in the facilitation of neuritic arborizations and in
the maintenance of these cells.

Segal et al. (1992) have previously shown that BDNF induces
c-fos expression in cultured embryonic granule cells and pro-
motes survival of these cells after 7 d in vitro at a concentration
of 20-50 ng/ml. During preparation of this manuscript, Lind-

holm and coworkers (1993a) also reported that treatment with
BDNF (10 ng/ml) increases c-fos mRNA and promotes survival
of postnatal granule neurons in vitro. The present study is con-
sistent with these earlier observations with BDNE Furthermore,
our experiments demonstrated the stage-specific effects of both
NT-4/5 and BDNF during granule cell neurogenesis, which
somewhat contrasts with results obtained with organotypic cul-
tures of newborn rat cerebella (Segal et al., 1992). In 3 or 4 d
organotypic cultures, BDNF at a concentration of 50 ng/ml in-
duces c-fos—like immunoreactivity in the EGL. The simplest ex-
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Figure 6. NT-4/5 and BDNF promote the survival of differentiated granule cells. EGL cells were purified from wild-type mouse cerebellum on
P6, and plated in poly-D-lysine—coated (1 mg/ml) Nunc 35 mm culture dishes as a monolayer at low density (100,000 cells/dish) in serum-free
medium with or without neurotrophins. In the absence of neurotrophins, more than 60% of cells died (A). In the presence of 10 ng/ml of NT-4/5
(B) or NT-4/5 and BDNF (C), granule cell survival was dramatically enhanced. In the presence of K-252a (100 nm), the promoting effect of NT-

4/5 and BDNF (10 ng/ml) was completely blocked (D). Scale bar, 100 pm.

planation for the discrepancy between our TrkB immunohisto-
chemical staining and c-fos induction in organotypic cultures is
that c-fos responses to BDNF may result from modulators other
than TrkB receptor (Squinto et al., 1991) and are secondary
events. Alternatively, 3 or 4 d organotypic cultures may not
exactly represent the in vive situation. In the present study, data
collected from experiments with both wild-type and weaver cells
correlate well with the TrkB immunohistochemical staining in
the developing cerebellum.

As compared to the effects of BDNF in the present experi-
ments, we observed an equivalent or slightly stronger effect by
NT-4/5 on both neurite extension and neuronal survival. In ad-
dition, no additive effect of NT-4/5 and BDNF was observed.
These data suggest that the two neurotrophins act probably
through the same receptor for signal transduction as both of the
neurotrophins are known to bind to and induce autophosphory-
lation of the TrkB receptors (Berkemeier et al., 1991; Ip et al.,
1992, 1993; Escandon et al., 1994). The equal potency of these
two neurotrophins on neuronal survival and differentiation has
also been observed in cultures of midbrain dopaminergic neu-
rons (Hynes et al., 1994) and distinct populations of sensory
neurons (Davies et al., 1993). In this light, it is interesting to
note that recent RNase protection assays by Timmusk et al.
(1993) indicate that NT-4/5 mRNA is expressed at higher levels
than BDNF mRNA in early postnatal cerebellum (P1-P7). Al-
though the cellular localization of NT-4/5 in cerebellar cells re-
mains to be determined, the existence of high levels of NT-4/5

in the neonatal cerebellum and its neurite extension and surviv-
al-promoting effects on differentiated granule neurons suggest
that NT-4/5 could be one of the physiological trophic factors for
later stages of granule cell differentiation.

It is rather intriguing to note that although both NT-3 mRNA
and Trk C mRNA, which encodes for the NT-3 high affinity
receptor (Lamballe et al., 1991; Tsoulfas et al., 1993), are strong-
ly expressed in the developing cerebellum (Maisonpierre et al,
1990; Ernfors et al., 1992; Lindholm et al., 1993b; Rocamora et
al.,, 1993), so far no physiological effects of NT-3 on granule
neurons have been identified. NT-3 has been reported to induce
c-fos expression in cultured granule neurons, but not to promote
survival of these cells (Segal et al., 1992; Lindholm et al.,
1993a). One of the physiological roles for NT-3 on granule neu-
rons could be that NT-3 is involved in regulating differentiation
or survival of other cerebellar neurons such as the target, Pur-
kinje cell. For example, Lindholm et al. (1993b) have recently
shown that NT-3 promotes the survival and differentiation of
Purkinje cells in vitro. Support for this model comes from the
additional finding that when purified Purkinje cells are cocul-
tured with purified granule cells, the survival and differentiation
of Purkinje cells is enhanced dramatically (Baptista et al., 1994).

Our observation that NGF did not show any effects on gran-
ule cell neurogenesis including neuronal proliferation, neurite
extension and cell survival is in agreement with the lack of TrkA
receptors on granule cells (Lindholm et al., 1993a). In the cer-
ebellum, NGF has been reported to have an effect on Purkinje
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Figure 7. Quantitation of the effects of neurotrophins on granule cell survival. Data were collected from randomly selected areas in the low
density, monolayer granule cell cultures containing different neurotrophins at different concentrations (A), or containing 100 nm K-252a alone or
along with 10 ng/ml of NT-4/5, BDNE both NT-4/5 and BDNE or 10 ng/ml of bFGF (B). Viable cells were counted by trypan blue exclusion
under a phase contrast microscope with a grid ocular reticule covering an area of 1 mm?. Three to five cultures were examined for each culture
condition, and 10-20 areas were counted for each culture. The error bars are for SEM, and asterisks indicate p << 0.001 (¢ test) as compared to the
control culture. Abbreviations: B, BDNF,; K, K-252a.

cell survival and differentiation in combination with excitatory granule cell survival. In contrast, the survival-promoting effect
neurotransmitters (Cohen-Cory et al., 1991). However, whether of bFGF was not affected by K252a. Therefore, the effects we
this will have any indirect effect on granule cell differentiation observed represent direct and specific effects of the neurotro-
remains to be determined as these two types of cells are synaptic phins on these cells.

partners. The finding that NT-4/5 or BDNF failed to rescue the phe-

The heterogeneity of CNS cell cultures is usually problematic notypic defect of weaver cells in initiation of neuronal differ-
for interpretation of whether neurotrophins act directly or indi- entiation and survival, supports the notion that a membrane-
rectly. In the present experiments, the cultures of granule cells bound signal is required to induce these precursor cells to
were purified to 99% homogeneity using morphological, im- undergo the initial stage of granule cell differentiation (Gao et
munocytochemical and ultrastructural analyses (Hatten, 1985, al., 1992). Previous in vitro studies on weaver cell differentiation

Gao et al., 1991, 1992). When such purified EGL cells are im- (Gao et al., 1992) demonstrated that once the mutant cells are
planted into the developing cerebellum, all cells differentiate rescued by wild-type cells to undergo neuronal differentiation,
into granule neurons, as they all adopt their special ““T-shaped” their defects in expressing other neuronal genes such as TAG-1
morphology, a particular laminar localization and characteristic (Furley et al., 1990), an adhesion molecule involved in neurite
neuritic arborization pattern (Gao and Hatten, 1994). Moreover, extension, and astrotactin (Edmondson et al., 1988; Stitt and
K-252a, a specific inhibitor for Trk tyrosine kinases (Berg et al., Hatten, 1990; Fishell and Hatten, 1991), a molecule involved in
1992; Nye et al., 1992; Tapley et al., 1992), blocked completely the process of neuronal migration, can also be corrected (Gao
the effects of NT-4/5 and/or BDNF on neurite extension and et al., 1992). In the present experiments, once the weaver cells

NN

Figure 8. Expression pattern of TrkB receptor in wild-type and weaver developing cerebella. Nomarski micrographs of TrkB immunohistochemistry
on sagittal sections of P7 wild-type and weaver cerebella at low (A, B) and high magnifications (C, D), respectively. In the wild-type cerebellum
(A, C), while the migrating granule neurons (arrowheads) in ML were heavily labeled, the EGL was unlabeled. Purkinje cells (arrows) and a few
cells in IGL were weakly stained. In the weaver cerebellum (B, D), virtually no ML and IGL were formed as the mutant EGL precursor cells failed
to differentiate and migrate. While the Purkinje neurons (arrows) which were not aligned well as one layer in the mutant cerebellum, were weakly
labeled, no immunoreactivity was seen in EGL of the weaver cerebellum. EGL, external germinal layer; ML, molecular layer; PCL, Purkinje cell
layer; IGL, internal granule cell layer. Scale bar: A and B, 100 wm; C and D, 20 um.
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were rescued by wild-type cells during initiation of differentia-
tion, their neurite extension was also enhanced by NT-4/5 and
BDNE Therefore, both the present and our previous experiments
(Gao et al., 1992) imply that once weaver cells are rescued, they
are capable of expressing subsequent neuronal genes and be-
come responsive to other local signals in the developing cere-
bellum, which are responsible for later stages of granule cell
differentiation. In addition, TrkB antibody labeling on wild-type
and weaver developing cerebella indicates that only the differ-
entiated granule cells, but not the EGL precursor cells, make
high levels of the TrkB receptor. It is quite likely that the weaver
EGL cells that normally do not express the TrkB gene, will
express high levels of TrkB gene once they are rescued by wild-
type cells, as shown in the case of TAG-1 or astrotactin (Gao
et al., 1992). A good example for neuronal precursors to switch
from a neurotrophin-unresponsive to a neurotrophin-responsive
stage has been demonstrated in an elegant study on embryonic
sensory neurons (Buchman et al., 1993).

In conclusion, along with our previous studies (Gao et al.,
1992), the present experiments support a model of sequential
actions of neuronal genes expressed during mammalian CNS
neurogenesis (Kuhar et al., 1993). While a membrane-bound sig-
nal encoded by the weaver gene is required for the initial stage
of cerebellar granule cell differentiation, NT-4/5 and BDNF can
act as trophic factors at later stages of granule cell differentia-
tion, where they appear to influence the maturation and main-
tenance of these cells.
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