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Granule Neuron Regulation of Purkinje Cell Development: Striking a
Balance Between Neurotrophin and Glutamate Signaling
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Granule neurons, presynaptic afferents of Purkinje cells, are
potent regulators of Purkinje cell development. Purified Purkinje
cells survive and differentiate poorly, whereas coculture with
granule neurons enhances their survival and dendritic develop-
ment. Here we investigate the role of neurotrophins in granule-
Purkinje cell interactions. BDNF or NT-4 improves, but NT-3 or
CNTF reduces, survival of isolated Purkinje cells. When granule
neurons are present, however, BDNF or NT-4 treatment leads to
Purkinje cell loss. This decrease is overcome by anti-BDNF or

TrkB-1gG-blocking reagents or by CNQX, a non-NMDA gluta-
mate receptor antagonist. Furthermore, BDNF increases the
spine density on the surviving Purkinje cells. These results sug-
gest that Purkinje cell survival and differentiation are context-
dependent and require a balance between neurotrophin- and
activity-dependent signaling.
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Afferent regulation of CNS target cell development has been
studied extensively (Kandel et al., 1995). In the cerebellum,
experimental and genetic ablations have identified granule neu-
ron afferents as being more influential than olivocerebellar climb-
ing fiber afferents for Purkinje cell survival and development
(Altman and Anderson, 1972; Rakic, 1975; Privat and Drian,
1976; Sotelo and Arsenio-Nunes, 1976; Mariani et al., 1977,
Hatten and Heintz, 1995). Previously, we directly tested granule
neuron involvement in these processes using methods for purifi-
cation of cerebellar Purkinje cells (Baptista et al., 1994) and
granule neurons (Hatten, 1985; Baird et al., 1992). These exper-
iments demonstrated that the granule neuron is a potent regula-
tor of Purkinje cell survival and differentiation. Although purified
Purkinje cells survive poorly when cultured alone, developing
axons but only rudimentary dendrites (Baptista et al., 1994) (see
Fig. 1A4), coculture of purified Purkinje and granule cells im-
proves survival of the Purkinje cells and triggers their dendritic
differentiation (Baptista et al., 1994) (see Fig. 1C).

What molecules underlie granule neuron regulation of Purkinje
cell survival and differentiation? A variety of neurotrophin and
Trk mRNAs and proteins have been localized in Purkinje cells
(Yan and Johnson, 1988; Cohen-Cory et al., 1989; Lindholm et
al., 1993; Rocamora et al., 1993; Gao et al., 1995; Torres et al.,
1995) (see Discussion) or in granule cells (Yan and Johnson,
1988; Hofer et al., 1990; Ernfors et al., 1992; Wheeler and Both-
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well, 1992; Lindholm et al., 1993; Rocamora et al., 1993; Lein-
gartner et al., 1994; Muller et al., 1994; Gao et al., 1995; Segal et
al., 1995) (see Discussion), suggesting that neurotrophins may be
involved in granule—Purkinje cell interactions. Moreover, neuro-
trophins and CNTF affect Purkinje cell development in vitro
(NGF, Cohen-Cory et al., 1991; NT-3, Lindholm et al., 1993;
BDNF, Mount et al., 1993; CNTF, Larkfors et al., 1994, 1996).
All of these experiments, however, were performed in cultures of
whole dissociated cerebellum, confounding the interpretation of
which cells act or react in specific signaling events. We therefore
chose to examine the role of neurotrophins in granule neuron-
mediated Purkinje cell development using cocultures of granule
and Purkinje cells. In addition, we studied the interplay between
neurotrophins and neurotransmitters in this reductionist system.

Neurotrophin signaling pathways interact with neurotransmit-
ter systems during a number of developmental processes (for
review, see Lo, 1995; Thoenen, 1995; Bonhoeffer, 1996; Hender-
son, 1996; Katz and Shatz, 1996; Snider and Lichtman, 1996;
Schuman, 1997). These include cell survival (Cohen-Cory et al.,
1991; Mount et al., 1993; Meyer-Franke et al., 1995; Riddle et al.,
1995), axon arborization (Cabelli et al., 1995, 1996, 1997; Galuske
et al., 1996; Prakash et al., 1996), dendritic differentiation (McAl-
lister et al., 1995, 1997), synaptic transmission (Lohof et al., 1993;
Levine et al., 1995; Stoop and Poo, 1996), and plasticity (Kang
and Schuman, 1995, 1996; Figurov et al., 1996; Patterson et al.,
1996; Akaneya et al., 1997; Schuman, 1997). Despite these diffi-
cult and elegant analyses, the cell types that mediate the collab-
oration of neurotrophin- and activity-dependent processes are
largely unknown.

This study shows that neurotrophin action depends on the
context in which a cell is growing. Survival of purified Purkinje
cells cultured alone is increased by BDNF or NT-4, but surpris-
ingly, survival of Purkinje cells cultured with granule neurons,
their normal presynaptic afferents, is diminished by the same
treatment. This neurotrophin-induced death is blocked by a non-
NMDA receptor antagonist, revealing that a precise balance
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between the neurotrophin and neurotransmitter signaling systems
is required for Purkinje cell survival.

MATERIALS AND METHODS

Animals. Experiments were performed with C57BL/6J mice from a
timed pregnancy breeding colony with the plug date considered embry-
onic day 0 (E0). For mixed cerebellar cultures or for purified Purkinje
cells, cerebella were taken from animals on the first day after birth,
designated postnatal day 0 (P0). For any single Purkinje cell purification
experiment, 30 PO pups were used, but occasionally it was necessary to
use some P1 pups as well. Granule neurons were purified from pups on
postnatal day 4.

Culture media and substrates. The composition of the media differed
somewhat from that published previously (Baptista et al., 1994). Serum-
free medium was composed of Eagle’s basal medium with Earle’s salts
(Life Technologies, Gaithersburg, MD) supplemented with bovine serum
albumin (10 mg/ml; A-9418, Sigma, St. Louis, MO), glutamine (2 mm;
Life Technologies), glucose (32 mm), penicillin—streptomycin (29 U/ml
each; Life Technologies), and Sigma I-1884 supplement (1:100 dilution,
giving final concentrations of 5 ug/ml insulin, 5 ug/ml transferrin, and 5
ng/ml sodium selenite). Serum-containing medium was composed of
Eagle’s basal medium with Earle’s salts, glutamine, glucose, penicillin—
streptomycin, and 10% horse serum (Life Technologies).

Culture surfaces were pretreated overnight at 4°C with high molecular
weight (>300,000 kDa) poly-D-lysine (500 ug/ml; Sigma or Specialty
Media) and washed three times with distilled water before use.

Mixed cerebellar cultures. Mixed cerebellar cultures were prepared as
previously published (Baptista et al., 1994). Briefly, animals were killed
by decapitation. Cerebella were dissected into calcium- and magnesium-
free PBS (CMF-PBS), and meninges were removed. Cerebella were
digested with trypsin (1% in CM F-PBS; Worthington, Freehold, NJ) for
3 min at room temperature. Trypsin was replaced with DNase (0.05% in
BME; Worthington), and cerebella were triturated with fire-polished
Pasteur pipettes of three sequentially decreasing bore sizes. Cells were
centrifuged and resuspended in CMF-PBS with DNase, and the cell
slurry was passed through a 33 um nylon mesh filter. Cells were resus-
pended in horse serum medium, counted, diluted with serum-free me-
dium, and plated at a density of 11 X 10° cells/cm? in Nunc Lab-Tek
(Naperville, IL) 7 mm diameter wells (300,000 cells per well in 0.2 ml).
This plating density produced a uniform monolayer.

Purkinje cell purification. Purkinje cells were purified essentially as
previously described (Baptista et al., 1994) with some details changed.
Briefly, cerebella were cut into three pieces and digested with papain (10
U/ml; Worthington) in a solution containing Earle’s balanced salts (1X;
Life Technologies), NaHCO; (26 mm), glucose (0.5%), L-cysteine, and
EDTA (0.5 mm) at 35.5°C for 45-60 min. The papain solution was
replaced with ovomucoid-(0.2%; Boehringer Mannheim, Indianapolis,
IN) or horse serum-containing medium, and tissue chunks were tritu-
rated sequentially with fire-polished Pasteur pipettes of three decreasing
sizes to give a single-cell suspension. Cells were centrifuged and resus-
pended in ice-cold CMF-PBS containing DNase and then loaded onto
cushions of 35% Percoll in CMF-PBS with EDTA. The cells accumu-
lating at the 0-35% interface were removed and washed with CM F-PBS.

This cell fraction was resuspended in BME with 0.6% glucose and
transferred onto anti-GD3 dishes prepared as follows. Four 6 cm Petri
dishes (Falcon 1007) were coated the night before the purification at 4°C
with goat anti-mouse IgG (Cappell-Worthington, Durham, NC; 20 pug/ml
in 50 mm Tris Cl, pH 9.5), washed with PBS the morning of the
preparation, double-coated with anti-GD3 supernatant (HB8445, from
the R24 hybridoma; American Type Culture Collection, Rockville, MD)
at room temperature, washed again with PBS, and preblocked with
bovine serum albumin (2 mg/ml; Sigma A-9418) in BME at 35.5°C for 1
hr. Glial cells were allowed to attach to the anti-GD3 dishes for 45 min
at 35.5°C, and nonadherent cells were transferred onto anti-Thy 1.2
dishes prepared as follows. Four 6 cm Petri dishes were coated the night
before the purification at 4°C with anti-Thy 1.2 (Boeringer Mannheim
1199 005; 2.7 pg/ml in 50 mm Tris Cl, pH 9.5), washed with PBS, and
preblocked with BME containing BSA at 35.5°C during the anti-GD3
panning step. Cells were allowed to attach to the anti-Thy 1.2 dishes for
45 min at 35.5°C, and then nonadherent cells and debris were removed by
seven to nine washes with warmed CM F-PBS. Adherent, highly enriched
Purkinje cells were removed from the final panning plates with trypsin-
EDTA (0.05%, 0.53 mm; Life Technologies 25300-013) at 35.5°C for 10
min. The trypsin was inactivated by adding horse serum-containing
medium, and the cells were centrifuged and resuspended in serum-free
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medium, counted, and plated at a density of 30,000 cells per Lab-Tek well
(Nung; this corresponds to 1 X 107 cells/cm?). Cultures prepared in this
way consisted of 85-95% calbindin-D,g-positive Purkinje cells, with
<5% GFAP-positive cells. When Purkinje cells and granule cells were
cocultured, the granule cells were plated first in serum-free medium, and
Purkinje cells were plated on top of the granule cells on the next day.

Granule cell purification. Cerebellar granule neurons were purified as
previously described (Hatten, 1985; Baird et al., 1992). Briefly, cerebella
were collected and digested as for the mixed cerebellar cultures (above),
resuspended in CMF-PBS with DNase, and put through a two-step
Percoll gradient. The dense cell fraction at the interface between the 35
and 60% Percoll phases was collected, and non-neuronal cells were
removed by two sequential platings on Petri dishes precoated overnight
with poly-D-lysine (100 ug/ml; Sigma) and washed as for the Lab-Tek
wells. Nonadherent neuronal cells were collected, centrifuged at 1100
rpm for 5 min, counted, and plated into poly-D-lysine-coated Lab-Tek
wells at 300,000 cells per well (this corresponds to 11 X 107 cells/cm?).
Cultures purified in this way consisted of ~95% granule cells and
typically contained <5% GFAP-positive cells.

Growth factors, blocking antibodies, and glutamate receptor antagonists.
Growth factors and TrkB-IgG were generously provided by Dr. G.
Yancopoulos (Regeneron Pharmaceuticals, Tarrytown, NY). For each
cerebellar cell combination, dose-response curves were generated for
each growth factor. Subsequent experiments were designed to include
concentrations of each growth factor that gave maximal Purkinje cell
survival at 6 and 14 days in vitro (div). Optimal growth factor concen-
trations were as follows: NT-3, 50 ng/ml; NT-4, 50 ng/ml; BDNF, 10
ng/ml; and CNTF, 10 ng/ml. TrkB-IgG was used at a final concentration
of 25 pg/ml.

Turkey polyclonal anti-BDNF antiserum (Ghosh et al., 1994) was
obtained from Dr. J. Carnahan (Amgen, Thousand Oaks, CA) and used
at a final dilution of 1:100.

The NMDA receptor antagonist D-APV and the non-NMDA recep-
tor antagonist CNQX were purchased from Tocris Cookson and used
at 50 uMm.

Immunocytochemistry. Purkinje cells were visualized as previously
published (Baptista et al., 1994) by immunostaining with a rabbit poly-
clonal antibody against calbindin-D,g, (Swant, Bellinzona, Switzerland).
This marker has been shown to label Purkinje cells specifically within the
cerebellum (Wassef et al., 1985; Christakos et al., 1987). In some exper-
iments, glial cells were identified by immunostaining with a rabbit poly-
clonal antibody against glial fibrillary acidic protein generously supplied
by Dr. R. Liem (Columbia University).

Cell cultures were fixed in 4% paraformaldehyde in 0.1 M Sorensen’s
phosphate buffer, pH 7.4, for 30 min at room temperature and washed
three times with PBS. Cultures were blocked with 10% normal goat
serum in PBS containing 0.05% Triton X-100 for 30 min. Cultures were
incubated overnight at 4°C with primary antibody diluted 1:1000 in PBS
containing 1% normal goat serum and 0.05% Triton X-100 and then
washed three times with PBS. Cultures were incubated with goat anti-
rabbit peroxidase- or rhodamine isothiocyanate-conjugated secondary
antibody (Boehringer) diluted 1:100 in PBS containing 1% goat serum
and 0.05% Triton X-100 for 30 min at room temperature and washed
three times with PBS. When Hoechst staining was desired, cultures were
incubated for 10 min at room temperature in PBS containing 5 ug/ml
Hoechst 33258 (Boehringer Mannheim) between the second and third
washes. The peroxidase reaction was developed with 0.5 mg/ml diami-
nobenzidine (Wako Chemicals, Richmond, VA) and 0.006% H,O, in
PBS. Cultures stained with peroxidase-conjugated secondary antibody
were dehydrated through an ethanol series and mounted in Permount.
Cultures stained with rhodamine-conjugated secondary antibody and
Hoechst 33258 were mounted in GelMount (BioMeda) and photo-
graphed on a Zeiss AxioPhot.

Analysis of cultures. Purkinje cell survival was determined by counting
all of the calbindin-positive cells in each Lab-Tek well using a Nikon
Optiphot microscope with a 20X objective. The percentage of control
cell survival for each treated well was determined by dividing the
calbindin-positive cell count from that well by the cell count from its
matched, untreated control well. All Purkinje cell survival estimates were
made from at least two wells from each of at least three independent
experiments, giving a total well number of at least six for each estimate.
Calbindin-positive Purkinje cells were photographed using the 20X or
63X objectives on a Zeiss Axiophot with Nomarski optics.

Granule cell survival in Purkinje—granule cell cocultures was esti-
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mated by counting calbindin-D,g -negative granule cells with phase
optics in eight randomly selected field positions using a Leitz Orthoplan
microscope with a 63X objective and a camera lucida to mark the
counted cells. This sample area contained 2000-3000 granule cells,
representing ~1.4% of the total Lab-Tek well surface. The percentage of
control granule cell survival was calculated as described for Purkinje cell
survival above. Granule cell survival data for glutamate antagonist and
TrkB-IgG experiments were collected from at least two wells from each
of at least three independent experiments, giving a total well number of
at least six for each estimate. Granule cell survival data for anti-BDNF
experiments represent five wells from a total of three independent
experiments and four wells from two independent experiments,
respectively.

Statistical analysis. Statistical comparisons were performed using the
SAS software package or using Microsoft Excel paired ¢ tests. ANOVA
was conducted using the SAS General Linear Models (GLM) procedure,
which performs calculations similar to those of the ANOVA procedure
but is preferable for data sets containing unequal sample sizes. For
Figure 2, raw numbers of surviving Purkinje cells were compared with
untreated, matched controls using GLM with Dunnett’s ¢ tests. For
Figure 3, Purkinje cell survival in growth factor-treated cultures was
normalized to a percentage of survival in cultures with serum-free
medium, and the differences in survival between serum-containing and
serum-free conditions were compared within each growth factor treat-
ment using paired ¢ tests. For Figures 4 and 5, raw numbers were
converted to a percentage of untreated control cell survival and then
compared with survival in BDNF-treated cultures using GLM with
Dunnett’s ¢ tests.

RESULTS

Effects of neurotrophins on Purkinje cell survival

As a first approach to exploring the involvement of neurotrophins
in Purkinje cell survival and development, we decided to study
cerebellar cells in culture. This approach permits analysis of
growth factor activities in a defined, serum-free medium, avoiding
the confounding effects of additional growth factors present in
serum. It also facilitates study of specific cell-cell interactions by
allowing subsets of cells to be purified and selectively recom-
bined. These advantages can help distinguish the direct effects of
growth factors from those that are mediated indirectly, through
other cell types, thus complementing in vivo approaches.

To determine the effects of neurotrophins on Purkinje cells in
cultures containing defined cell populations, three cell combina-
tions were studied: purified Purkinje cells cultured alone, purified
Purkinje cells cocultured with purified granule cells, and mixed
cultures from whole cerebella. Cerebellar granule neurons were
purified and plated onto Nunc Lab-Tek wells at a density of
300,000 cells per well (~11 X 107 cells/cm?). Purkinje cells were
purified and plated at 30,000 cells per well. Mixed cultures were
prepared by dissociating whole cerebella and plating 300,000 cells
per well. All cultures were grown in serum-free medium unless
otherwise indicated. Plated cells were allowed to attach to the
culture substrate for 60-90 min, and then the medium was
changed to medium including growth factors, neurotrophin-
blocking reagents, or glutamate receptor antagonists. After the
day of plating, the medium was changed every 3—-4 d, and each
medium change included fresh growth factors or blocking
reagents.

Purkinje cell development in cultures of dissociated whole
cerebellum or in cocultures of purified Purkinje and granule
neurons mimics development in vivo. At E17-P2 in vivo or 7 div,
Purkinje cells have numerous short perisomatic processes. By
postnatal day 7 in vivo or 14 div, apical dendrites emerge, bearing
spines that receive synapses from granule cell parallel fibers (Fig.
1C,E). By P10-adult in vivo or 21 div, higher-order dendrite
branching and high-density spines with synapses are well estab-
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lished (Weber and Schachner, 1984; Hockberger et al., 1989;
Armengol and Sotelo, 1991; Schilling et al., 1991; Baptista et al.,
1994). We chose to examine Purkinje cell survival and develop-
ment at 6 div, during initial dendrite development, and 14 div, a
time when Purkinje cell dendrites are maturing and receiving
granule cell synapses. Cultures were fixed with 4% paraformal-
dehyde at 6 or 14 div and immunostained with an antibody against
calbindin-D,g, , a marker found throughout the brain but specific
within the cerebellum for Purkinje cells (Wassef et al., 1985;
Christakos et al., 1987).

Purkinje cell survival is profoundly affected by cell context.
Purkinje cells cultured alone, with no growth factor treatment,
yield relatively fewer surviving cells than Purkinje cells cocul-
tured with granule cells or in mixed cerebellar cultures (Baptista
et al., 1994) (Table 1). To facilitate comparison of growth factor
effects among different cell combinations, normalization to sur-
vival in control cultures is necessary. Purkinje cell survival in
treated cultures is therefore expressed as a percentage of survival
in matched, untreated control cultures having the same cell com-
bination at the same time point.

Trophic factor modulation of Purkinje cell survival was exam-
ined using three different cell combinations: Purkinje cells alone,
Purkinje cells cocultured with granule neurons, and mixed cere-
bellar cells. Cultures were treated with each of four growth
factors: NT-3, NT-4, BDNF, and CNTF. The concentration of
growth factors used was determined by generating dose—response
curves for each cell combination with each growth factor at
concentrations ranging from 0.1 to 1000 ng/ml (data not shown).
For Purkinje cells cultured alone, 50 ng/ml NT-4 or 10 ng/ml
BDNF gave optimal increases in survival relative to those in
untreated control cultures at 14 div (Fig. 24). In contrast, 50
ng/ml NT-3 or 10 ng/ml CNTF decreased Purkinje cell survival
at 6 or 14 div (Fig. 24). No higher or lower growth factor
concentrations from the dose-response experiments gave greater
Purkinje cell survival for any of the three cell combinations. All
subsequent experiments were therefore conducted using these
concentrations of growth factors.

BDNF or NT-4 increased survival of Purkinje cells cultured
alone (Fig. 24). When Purkinje cells were cocultured with gran-
ule neurons, their normal presynaptic afferents (Fig. 2B), or when
Purkinje cells were cultured in the presence of mixed cerebellar
cells (Fig. 2C), the survival-enhancing effects of NT-4 or BDNF
apparent in Purkinje cells cultured alone were counteracted.
Although NT-4 in cultures of Purkinje cells alone at 14 div gave
148% of untreated control cell survival, NT-4 in Purkinje—gran-
ule cocultures gave only 13% of control cell survival, and NT-4 in
mixed cultures gave 29% of control cell survival (Fig. 2). Al-
though BDNF in cultures of Purkinje cells alone at 14 div pro-
duced 147% of control cell survival, addition of BDNF when
granule cells were present reduced Purkinje cell survival to 24%
of control levels, and BDNF treatment of mixed cultures reduced
Purkinje cell survival to 33% of control levels. NT-3 or CNTF
treatment decreased Purkinje cell survival in all cell combina-
tions tested (Fig. 2). All combinations of these four growth factors
were also tested, but no combination increased Purkinje cell
survival above that in the singly treated cultures (data not shown).

In summary, although BDNF or NT-4 increased the survival of
purified Purkinje cells cultured alone, addition of exogenous
neurotrophins when Purkinje and granule cells were both present
resulted in Purkinje cell death.
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Figure 1. Purkinje cell development with and without granule cell afferents and BDNF. A, B, Purkinje cells cultured alone; C-F, Purkinje cells
cocultured with granule cells; 4, C, E, no BDNF added; B, D, F, with BDNF. All cultures were fixed at 14 div and immunostained with anti-calbinding, g,

peroxidase. Scale bars: A-D, 50 um; E, F, 10 pum.

BDNF and Purkinje cell dendritic differentiation

Purified Purkinje cells cultured alone extend axons but develop
only rudimentary, unbranched dendrites resembling the “periso-
matic process” stage of Purkinje cells in vivo (Baptista et al., 1994)
(Fig. 1A4). Purified Purkinje cells cultured with granule neurons

elaborate axons and mature, highly branched dendrites bearing
spines (Baptista et al., 1994) (Fig. 1C). Despite the increase in
purified Purkinje cell survival with BDNF or NT-4 treatment
(Fig. 24), none of the growth factors tested triggered develop-
ment of mature dendrites in cultures containing only purified
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Table 1. Cell context affects Purkinje cell survival

Cell number

Culture type at initial plating

Purkinje cells per well”

6 div® 14 div

Purkinje cells alone 30,000
Purkinje + granule cells

Purkinje cells 30,000

Granule cells 300,000
Mixed cerebellar cells

(contains approximately

15,000 Purkinje cells at

time of plating) 300,000

619 = 115 (n = 12) 271 + 63 (n = 10)

1453 + 205 (n = 11) 1327 + 194 (n = 13)

597 = 78 (n = 11) 371+ 48 (n = 12)

“Numbers indicate mean * SE.
bdiv, Days in vitro.

Purkinje cells (Fig. 1B) (data not shown). In neurotrophin-
treated cocultures containing Purkinje and granule cells, Purkinje
cell survival was reduced relative to untreated controls, but the
Purkinje cells that did survive developed dendrites with branch
orders similar to those in untreated control cultures (Fig. 1C-F).
BDNPF treatment of cocultures seemed to increase spine density
(Fig. 1E,F). These results will be detailed in a separate report.
Combined with recent data on Purkinje cell development in
BDNF ~/~ mice (Schwartz et al., 1997), these effects on spine
density imply that BDNF may be required for at least two stages
of Purkinje cell dendrite development (see Discussion).

Serum alters responses to growth factor treatment in
mixed cultures

BDNF or NT-4 increases survival of purified Purkinje cells
cultured alone, and NT-3 or CNTF decreases survival of purified
Purkinje cells whether they are cultured alone or with granule
cells. These results are in marked contrast to previous studies that
showed that BDNF decreases (Mount et al., 1993), CNTF in-
creases (Larkfors et al., 1994, 1996), and NT-3 either boosts
(Mount et al., 1994) or has no effect on (Lindholm et al., 1993)
Purkinje cell survival. Several factors could account for the dif-
ferences between the experiments presented here and those from
other laboratories. The first difference is that all of the latter
studies used cultures of mixed cerebellar neurons and glia, rather
than purified cells. The second difference is that others frequently
used serum-containing medium, rather than the serum-free me-
dium used here. The third difference is that others used animals
of ages different from those used here. To determine the source of
the differences between our results and those published previ-
ously, we compared the effects of neurotrophins on matched
mixed cerebellar cultures, from animals of different ages, using
serum-containing or serum-free media.

Under control conditions with no growth factor treatment in
mixed cultures from PO cerebella, more Purkinje cells survive in
serum-free medium than in horse serum-containing medium (Fig.
3; p < 0.05). This trend is reversed when serum and neurotro-
phins are present together; a higher percentage of Purkinje cells
survive relative to controls in neurotrophin-treated cultures with
serum-containing medium than with serum-free medium (Fig. 3).
Only CNTF treatment gave better Purkinje cell survival with
serum-free medium than with serum. It therefore seems likely
that serum affects neurotrophin effects on Purkinje cell survival,
explaining part of the difference between our results and previous
reports.

Another difference between our experiments and those from

other laboratories is the age of the animals used to prepare
cultures. The present experiments studied Purkinje cells purified
from perinatal mice, whereas other laboratories have used mixed
cultures of cerebellar cells from E16 rats. Experiments compar-
ing neurotrophin effects on purified cells from animals of different
ages were not possible in the present study, because the Purkinje
cell purification protocol in its present form requires perinatal
animals. Surface levels of GD3 and Thy 1.2, the cell surface
markers used for the immunopanning steps in the purification
procedure, are optimal at perinatal ages. Comparison of mixed
cerebellar cultures from PO and E14 mice, however, revealed no
age-related differences in the deleterious effects of NT-3, NT-4,
or BDNF on Purkinje cell survival under serum-free conditions
(data not shown). More Purkinje cells in CNTF-treated mixed
cultures survived when the cultures were prepared from E14
rather than PO mice, although we did not observe an increase in
Purkinje cell survival over 100% of untreated control levels with
CNTF treatment, as had been previously reported.

Taken together, these results implicate serum in altering the
response of Purkinje cells to neurotrophin treatment. Although
inclusion of serum does not explain all of the previously men-
tioned quantitative differences in Purkinje cell survival, other
uncontrolled factors, such as different degrees of glial contami-
nation in previous reports, may also account for some differences
between our results and those of others.

BDNF-blocking reagents counteract BDNF-induced
toxicity of Purkinje cells cocultured with granule cells
The expression patterns of neurotrophins and their receptors
within the cerebellum suggest a mechanism for neurotrophin-
induced Purkinje cell loss when Purkinje cells are cocultured with
their granule cell afferents. Granule cells express BDNF RNA
(Hofer et al., 1990; Lindholm et al., 1993; Rocamora et al., 1993)
and TrkB receptors (Gao et al., 1995; Segal et al., 1995). Purkinje
cells, the postsynaptic target of granule cells, do not express RNA
encoding BDNF (Hofer et al., 1990; Rocamora et al., 1993) but
do contain BDNF protein (Dugich-Djordjevic et al., 1995) and
TrkB receptors (Gao et al., 1995). Granule cells may therefore
normally produce BDNF that is transferred to Purkinje cells,
enhancing Purkinje cell survival. Our finding that BDNF in-
creases survival of Purkinje cells cultured alone to 147% of the
control level (Fig. 24), combined with previous findings that
granule cells increase survival of Purkinje cells (Baptista et al.,
1994), supports this hypothesis. Under this model, the BDNF-
induced decrease in Purkinje cell survival (toxicity) in Purkinje
cell-granule neuron cocultures could be attributable to excess,
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Figure 2. Cell context alters trophic factor modulation of Purkinje cell
survival. A, Purkinje cells cultured alone; B, Purkinje cells cocultured with
granule cells; C, mixed cultures of whole cerebellum. Purkinje cell sur-
vival is represented as a percentage of the Purkinje cell number in
untreated, matched control cultures at each time point. Error bars indi-
cate SE. div, Days in vitro. Line, 100% of control cell survival. Asterisks,
Statistically significant differences from untreated control cell survival;
*p < 0.05; **p < 0.01.
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Figure 3. Serum alters responses to growth factor treatment in mixed
cultures. Purkinje cell survival is represented as a percentage of Purkinje
cell number in untreated cultures with serum-free medium. Fewer un-
treated Purkinje cells survive in horse serum than in serum-free medium,
but this trend is reversed when serum and neurotrophins are present
together. Mixed cerebellar cells from perinatal mice were cultured in
serum-free medium or in medium containing 10% horse serum for 14 div.
Error bars indicate SE. Asterisks, Significant differences between serum-
free and serum-containing conditions; *p < 0.05; **p < 0.01.

exogenous BDNF beyond the levels of BDNF normally supplied
to Purkinje cells by the granule neurons.

To test the hypothesis that BDNF in excess of that provided by
granule cells becomes toxic to Purkinje cells in granule—Purkinje
cell cocultures, either TrkB-IgG fusion protein or anti-BDNF
antiserum previously shown to block BDNF signaling (Ghosh et
al., 1994) was added to the culture medium. As in the experiments
shown in Figure 2, BDNF treatment decreased the survival of
cocultured Purkinje cells relative to that of untreated controls
(Fig. 4). TrkB-IgG fusion protein was more efficient than anti-
BDNF at rescuing Purkinje cells from BDNF-induced death (Fig.
4). At 6 div, TrkB-IgG increased Purkinje cell survival in BDNF-
treated cocultures from 31 to 89% of control survival (p < 0.01).
At 14 div, TrkB-IgG increased Purkinje cell survival from 17
(BDNF-only) to 98% (BDNF plus TrkB-IgG) of control survival
(p < 0.01). TrkB-IgG alone had little or no effect on Purkinje cell
survival (Fig. 4A4). Possible explanations for this result are ex-
plored in Discussion.

Inclusion of anti-BDNF in the medium of cultures treated with
BDNF produced a partial rescue from BDNF-induced Purkinje
cell death. This rescue was specific, because treatment of Purkinje—
granule cocultures (or of Purkinje cells cultured alone) with
anti-BDNF alone did not alter Purkinje cell survival relative to
that in untreated control cultures (Fig. 4B) (data not shown). At
6 div, treatment with BDNF gave 56% of control cell survival,
whereas treatment with BDNF and antibody gave 80% of control
cell survival (Fig. 4B). At 14 div, BDNF treatment gave 25% of
control cell survival, whereas addition of BDNF and antibody
gave 54% of control cell survival, double that in cultures treated
with BDNF alone (Fig. 4B).

These results are consistent with the hypothesis that BDNF in
excess of that normally supplied by the granule cells is toxic to
Purkinje cells.
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Figure 4. Reagents that block BDNF signaling block BDN F-induced
toxicity of Purkinje cells cocultured with granule cells. 4, TrkB-IgG
fusion protein experiments; B, anti-BDNF antiserum experiments. Puri-
fied Purkinje and granule cells were cultured in serum-free medium for 6
or 14 div, with or without 10 ng/ml BDNF, TrkB-IgG fusion protein (final
concentration, 25 pg/ml), or turkey anti-BDNF antiserum (final dilution,
1:100). Purkinje cell survival is represented as a percentage of the Pur-
kinje cell number in matched control cultures at each time point. Error
bars indicate SE. div, Days in vitro; Ab, anti-BDNF. Asterisks, Statistically
significant differences from BDNF-treated cultures; *p < 0.05; **p < 0.01.

CNQX, but not APV, rescues cocultured Purkinje cells
from BDNF toxicity

BDNF (or other neurotrophins) increases synaptic transmission
in hippocampal slices and in the neuromuscular junction (Kang
and Schuman, 1995; Stoop and Poo, 1996). We therefore hypoth-
esized that if the glutamatergic granule cells release glutamate in
response to BDNF treatment, decreased survival of Purkinje cells
cocultured with granule cells and treated with BDNF might be
caused by glutamate-induced excitotoxicity. In support of this
idea, dose-response curves revealed that glutamate added to
cultures of purified Purkinje cells decreased their survival, even
at concentrations as low as 3 um (data not shown). Glutamate
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Figure 5. CNQX, but not APV, rescues Purkinje cells from BDNF
toxicity. A, Experiments with CNQX; B, experiments with APV. Purified
Purkinje and granule cells were cocultured in serum-free medium for 6 or
14 div, with or without 10 ng/ml BDNF, 50 um APV (an NMDA receptor
antagonist), or 50 um CNQX (a non-NMDA receptor antagonist). Pur-
kinje cell survival is represented as a percentage of the Purkinje cell
number in untreated control cultures at each time point. Error bars
indicate SE. div, Days in vitro. Asterisks, Statistically significant differences
from BDNF-treated cultures; **p, < 0.01.

receptor antagonists were used in an attempt to block BDNF-
induced toxicity in granule cell-Purkinje cell cocultures treated
with  BDNF. The non-NMDA receptor-specific antagonist
CNQX partially rescued Purkinje cell survival in BDN F-treated
cocultures with granule cells (Fig. 54; p < 0.01 at 6 or 14 div),
whereas the NMDA receptor-specific antagonist APV failed to
rescue cocultured Purkinje cells treated with BDNF (Fig. 5B).
Neither antagonist alone changed the percentage of Purkinje cell
survival in cocultures without BDNF (Fig. 54,B). These results
support the growing literature describing non-NMDA receptor-
mediated forms of excitotoxicity (Tokita et al., 1996; Pozas et al.,
1997), implicating non-NMDA receptor-mediated glutamate ex-
citotoxicity as a mechanism of BDNF-induced cell death in
cocultures of Purkinje and granule cells.
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Table 2. Purkinje cell survival is independent of granule cell number

Purkinje cells Granule cells

Treatment (% of control) (% of control)
Control 100 100

BDNF alone®** 26 = 4 66 = 34
BDNF + TrkB-IgG* 89 +6 120 = 7¢
TrkB-IgG alone” 94 +7 126 £ 6
BDNF + anti-BDNF” 54+7 49 +7
anti-BDNF alone” 105 =29 52=+7
BDNF + CNQX¢ 58 +8 77 * 48
CNQX alone® 100 £ 5 95*5

Purkinje and granule cell survival at 14 div is given as a percentage of control cell
survival (average + SE).

“Data from experiments in Figure 4A4.
’Data from experiments in Figure 4B.
“Data from experiments in Figure 54.
4With BDNF treatment, Purkinje cell loss exceeds granule cell loss.

“TrkB-IgG increases BDNF-treated Purkinje cell survival while increasing granule
cell survival.

fAnti-BDNF increases BDNF-treated Purkinje cell survival despite decreasing
granule cell survival.

8CNQX increases BDNF-treated Purkinje cell survival without restoring granule
cell survival to control levels.

BDNF-induced Purkinje cell loss is not explained by
decreased granule cell number

Granule cell number can influence Purkinje cell survival in co-
cultures (Baptista et al., 1994). To test whether the Purkinje cell
loss in BDNF-treated cocultures was secondary to decreases in
granule cell number, we counted granule cells in cocultures used
for the anti-BDNF, TrkB-IgG, or CNQX experiments presented
in Figures 4 and 5 (Table 2). At 14 div, BDNF treatment reduced
granule cell survival to 66 = 3% of control levels, compared with
Purkinje cell survival at 26 = 4% of control levels (Table 2). At
6 div, BDNF treatment decreased the number of granule cells to
74 £ 10% of control granule cell survival levels, compared with
Purkinje cell survival at 51 = 8% of control levels (data not
shown). Previous work from this laboratory established that re-
ducing granule cell number to 72% of control granule cell levels
produced Purkinje cell survival at 93% of control Purkinje cell
levels (Baptista et al., 1994). Thus, the granule cell numbers
present in our BDNF-treated cultures are sufficient to support
full Purkinje cell survival. Moreover, Purkinje cell survival may
be increased independent of granule cell numbers. TrkB-IgG
treatment restores Purkinje cell survival in BDNF-treated cocul-
tures and increases granule cell number, but CNQX treatment
improves Purkinje cell survival without significant changes in
granule cell number. Anti-BDNF treatment increases Purkinje
cell survival in BDNF-treated cocultures despite decreasing the
number of granule cells (Table 2). We therefore conclude that the
large reductions in Purkinje cell survival seen in BDNF-treated
cocultures are not explained by granule cell loss.

DISCUSSION

A plethora of protein and mRNA localization studies have sug-
gested that neurotrophins function during cerebellar cell matu-
ration, providing the impetus for testing the role of growth factors
in cerebellar cultures (Lindholm et al., 1993; Mount et al., 1993;
Larkfors et al., 1994, 1996). We have extended these early exper-
iments, examining neurotrophin influences on Purkinje cell sur-
vival and dendrite development using purified Purkinje cells and
purified granule cell afferents.
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Neurotrophin effects on Purkinje cell survival vary
depending on cell-cell interactions

Cerebellar granule cells contain BDNF RNA (Hofer et al., 1990;
Lindholm et al., 1993; Rocamora et al., 1993). Purkinje cells do
not express RNAs encoding BDNF or NT3 (Hofer et al., 1990;
Lindholm et al., 1993; Rocamora et al., 1993) but do contain
BDNF and N'T3 proteins in vivo (Zhou and Rush, 1994; Dugich-
Djordjevic et al., 1995). Both granule and Purkinje cells display
TrkB protein on their surfaces (Gao et al., 1995; Segal et al., 1995;
Lindholm et al., 1997).

Based on these expression data and on the fact that granule
cells are presynaptic to Purkinje cells, we predicted that BDNF
signaling would occur in granule—Purkinje cell cocultures and
that exogenous BDNF would affect Purkinje cell survival and/or
differentiation. Consistent with these predictions, BDNF in-
creased the survival of Purkinje cells cultured alone (Fig. 2A4). In
contrast, BDNF added to granule cell-Purkinje cell cocultures
decreased Purkinje cell survival (Fig. 2B) beyond levels that
might be explained by concomitant loss of granule cells (Table 2),
implicating the cellular environment (absence or presence of
granule cells) and corresponding levels of BDNF and TrkB ex-
pression in determining whether BDNF treatment promotes sur-
vival or death of Purkinje cells.

The results presented here differ significantly from those al-
ready in the literature. Specifically, CNTF was reported to in-
crease Purkinje cell survival above untreated controls in mixed
cultures from E16 rats (Larkfors et al., 1994, 1996) but decreased
Purkinje cell survival under our culture conditions (Fig. 2).
BDNF, previously shown to decrease Purkinje cell survival
(Mount et al., 1993), actually increased survival of purified Pur-
kinje cells cultured alone (Fig. 24). Comparison of our methods
with those used previously revealed several differences that may
account for our novel results. Principal among these is use of
serum-containing medium, which alters the effects of all the
growth factors tested here on Purkinje cells (Fig. 3). Our study
included purified cell populations in addition to a mixture of
cerebellar cells, and our results highlight the importance of using
defined cell populations in unraveling which factors directly con-
tribute to Purkinje cell survival and differentiation.

Neurotrophins can mediate cell death

A new view of neurotrophin action is emerging, including the
concept that in addition to their growth- and differentiation-
enhancing effects, neurotrophins can induce neuronal death if
introduced at improper levels or times, either through their Trk
receptors or p75, and associated neurotransmitter receptors
(NGF, von Bartheld et al., 1994; Cassaccia-Bonnefil et al., 1996;
Frade et al.,, 1996; BDNF or NT-3, Fernandez-Sanchez and
Novelli, 1993, 1995; Koh et al., 1995). Such analyses led Koh et al.
(1995) to propose that although neurotrophins function to protect
neurons from apoptosis, they also may potentiate neuronal death
by necrosis (Koh et al., 1995). Results from Hoechst 33258 stain-
ing of granule-Purkinje cell cocultures support this idea. All
Purkinje cells in cocultures with granule cells at 6 or 14 div
contain nuclei diffusely labeled by Hoechst staining, suggesting
that any Purkinje cell death occurring at these times is necrotic
(data not shown). These data indicate that a precise balance
between BDNF signaling and glutamate stimulation is vital for
Purkinje cell survival, with excess BDNF triggering Purkinje cell
death.

The finding that cellular environment and/or contacts can alter
Purkinje cell responses to growth factors has implications for
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experiments involving growth factor administration to the intact
nervous system (Cabelli et al., 1995; Riddle et al., 1995). In such
experiments, the reagents may exert their effects indirectly, by
damaging bystander cells, as well as directly, by stimulating target
cells. These results suggest that general application of neurotro-
phins in vivo may upset critical balances and lead to unintended
neuronal loss.

A model for Purkinje cell-granule neuron interactions

A model for Purkinje and granule cell interactions that hinges on
a balance between glutamate stimulation and neurotrophin sig-
naling illuminates the effects of neurotrophins and glutamate
receptor antagonists on Purkinje cell survival. Purkinje cells
cultured alone survive poorly, developing axons but not dendrites
(Fig. 14). Addition of BDNF increases survival of isolated Pur-
kinje cells but does not drive dendritic differentiation (Fig. 1B).
Granule cells cultured with Purkinje cells enhance Purkinje cell
survival and induce dendrite formation, most likely through a
combination of glutamate stimulation and BDNF production by
the glutamatergic granule cells (Fig. 1C). Adding exogenous
BDNF to such Purkinje—granule cocultures may stimulate the
granule cells to produce even more glutamate, which in turn
becomes excitotoxic to the Purkinje cells. In support of this
hypothesis, glutamate added continuously to Purkinje cells cul-
tured alone was toxic at concentrations as low as 3 um (data not
shown). Decreasing the BDNF overload with anti-BDNF anti-
bodies or with TrkB-IgG brings the system back toward the
proper balance of BDNF and glutamate action, restoring Pur-
kinje cell survival (Fig. 4). Purkinje cells in cocultures with
granule cells also can be protected from BDN F-induced death by
CNQX, a specific non-NMDA glutamate receptor antagonist
(Fig. 5), supporting the hypothesis that Purkinje cell loss in
BDNPF-treated cocultures is attributable in part to glutamate
excitotoxicity. This hypothesis provides one possible explanation
for the lack of effects of anti-BDNF or TrkB-IgG alone on
Purkinje cell survival in cocultures (Fig. 4). Anti-BDNF or
TrkB-IgG may reduce the activity of the granule cells, reducing ill
effects on Purkinje cells from overstimulation by granule cells,
thus boosting survival and counteracting the expected reduction
in Purkinje cell survival predicted from simple BDNF
deprivation.

Alternatively, if excitation of granule cell-Purkinje cell syn-
apses causes an increase in Purkinje cell TrkB levels, the BDNF-
induced Purkinje cell death in cocultures may be attributable to
increased sensitivity of the Purkinje cells to BDNF itself and not
to glutamate excitotoxicity. In this case, CNQX may rescue Pur-
kinje cells in BDN F-treated cocultures by blocking the glutamate
signaling that would normally increase TrkB expression in Pur-
kinje cells, rather than by blocking direct glutamate excitotoxicity.
This alternate model would require that the Purkinje cell distin-
guish between two signaling conditions, responding to changes in
BDNF signaling caused by increased exogenous BDNF with
increased survival versus responding to changes in BDNF signal-
ing caused by increased TrkB receptor levels with decreased
survival. Electrophysiological recordings and measurements of
levels of TrkB in cultures with and without BDNF and CNQX
treatment would clarify which of these two models is correct.

The role of BDNF in cerebellar development

A growth factor such as BDNF with survival effects on Purkinje
cells might be expected to induce their dendritic differentiation. A
precedent for single-factor induction of de novo dendrite forma-
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tion is OP-1, a member of the BMP/TGFB family that has
striking effects on dendrite outgrowth of sympathetic neurons
(Lein et al., 1995). Indeed, NT-3 was previously reported to
increase neurite outgrowth of Purkinje cells in mixed cerebellar
cultures (Lindholm et al., 1993). Although BDNF and NT4
increased the survival of Purkinje cells cultured alone (Fig. 24),
none of the neurotrophins tested here was able to induce Purkinje
dendrite formation de novo, in the absence of granule cells. These
results are consistent with the idea that CNS neurons in general
may require a menu of signals for their survival and dendrito-
genesis (Meyer-Franke et al., 1995).

Our results provide an interesting counterpoint to those of
Segal et al. (1995), who recently reported increased granule cell
death and stunting of Purkinje cell dendrites in BDNF ~/~ mice
(Schwartz et al., 1997). All of the cells in these mice developed
from their genesis in an environment lacking BDNF. Schwartz et
al. (1997) concluded that BDNF acts to influence dendritic mor-
phology but is not required for granule cell-Purkinje cell synapse
formation. In our experimental paradigm, granule and Purkinje
cells are generated and begin to develop in the presence of
normal BDNF levels but are deprived of BDNF by antibody or
TrkB-IgG treatment later on, during a 2 week culture period.
Preliminary evidence indicates that this late deprivation of
BDNF does not alter dendritic branch structure, whereas late
addition of BDNF increases spine density (Fig. 1). Combined
with the results of Schwartz et al. (1997), these observations
suggest that normal Purkinje cell development requires BDNF or
TrkB activity during at least two distinct phases: prenatally, for
effects on future branch structure, and postnatally, for effects on
spine density.

BDNEF effects on spine density would support the idea that
neurotrophins may act on later stages of dendrite development,
including higher-order branching and spine formation (McAllis-
ter et al., 1995, 1996, 1997), as well as on axonal outgrowth
(Ghosh et al., 1994; Cohen-Cory and Fraser, 1995; Cohen-Cory
et al., 1996; Sawai et al., 1996). This is consistent with the
synaptotrophic hypothesis that neurotrophins exert their effect on
neuronal growth, differentiation, and plasticity by mediating syn-
aptic competition (Snider and Lichtman, 1996). One of the pre-
dictions of this hypothesis is that neurotrophins are released in a
restricted manner, possibly at synaptic contacts. Such a mecha-
nism is implicated by recent findings revealing a role for BDNF
in synaptic plasticity (Kang and Schuman, 1995, 1996; Patterson
et al., 1996; Akaneya et al., 1997; Kang et al., 1997) as well as
during refinement of synaptic connections (Cabelli et al., 1995,
1997; Riddle et al., 1995).

In conclusion, these experiments represent a new, reductionist
approach to growth factor assays in cultures of CNS neurons,
comparing the effects of specific factors on defined cell popula-
tions cultured alone with effects on the same cells in culture with
their presynaptic partners. BDNF and NT-4 were each found to
increase survival of Purkinje cells cultured alone. When Purkinje
cells were cocultured with their presynaptic afferent granule cells,
however, the same factors triggered non-NMDA receptor-
mediated death. These observations support the idea that the
neurotrophin and neurotransmitter systems are intimately linked
and must be in proper balance for neuronal survival and normal
development. Further experiments will explore the effects of
neurotrophins on the later stages of differentiation, including
spine development and synaptogenesis.
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