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Summary

Neurotrophins have been proposed to mediate several
forms of activity-dependent competition in the central
nervous system. A key element of such hypotheses is
that neurotrophins act preferentially on active neu-
rons; however, little direct evidence supports this pos-
tulate. We therefore examined, in ferret cortical brain
slices, the interactions between activity and neuro-
trophins in regulating dendritic growth of layer 4 pyra-
midal neurons. Inhibition of spontaneous electrical
activity, synaptic transmission, or L-type calcium chan-
nels each prevented the otherwise dramatic increase
in dendritic arborizations elicited by brain-derived
neurotrophic factor. In developing cortex, this require-
ment for conjoint neurotrophin signaling and activity
provides a mechanism for selectively enhancing the
growth and connectivity of active neurons.

Introduction

Neuronal activity profoundly influences the remodeling
of axons and dendrites during brain development (ax-
ons: Wiesel, 1982; reviewed by Goodman and Shatz,
1993; dendrites: Valverde, 1968; Volkmar and Green-
ough, 1972; Harris and Woolsey, 1981; Katz et al., 1989;
Bailey and Kandel, 1993). Patterns and levels of activity
are thought to form the basis of competition for postsyn-
aptic targets by stabilizing and elaborating coincident
inputs and weakening and removing noncoincident in-
puts (Wiesel, 1982; Goodman and Shatz, 1993). Several
lines of evidence implicate neurotrophins as mediators
of activity-dependent structural plasticity in cortex. Neu-
rotrophins and their receptors are present in neurons of
the developing cortex (Merlio et al., 1992; Ringstedt et
al., 1993; Allendoerfer et al., 1994; reviewed by Lindsay
et al., 1994), and neurotrophin production and secretion
are regulated by electrical and synaptic activity (Castren
et al., 1992; Lindholm et al., 1994; Schoups et al., 1995;
Blochl and Thoenen, 1995; Blochl and Thoenen, 1996;
Goodman et al., 1996). In addition, exogenous neuro-
trophins attenuate the activity-dependent segregation
of lateral geniculate axons into ocular dominance col-
umns (Cabelli et al., 1995; Berardi et al., 1994; Gu et al.,
1994; Galuske et al., 1996), ameliorate the effects of
monocular deprivation (Domenici et al., 1991; Maffei et
al., 1992; Riddle et al., 1995), and regulate dendritic
growth of pyramidal neurons in striate cortex (McAllister
et al., 1995). Finally, both neurotrophic factors and elec-
trical activity can promote survival of central neurons in
vitro (Cohen-Cory et al., 1991; Meyer-Franke et al., 1995;
Ghosh et al., 1994). These observations have led to the
hypothesis that neurotrophins are factors that selec-

tively augment active connections during cortical devel-
opment (Purves, 1988; Fox and Zahs, 1994; Snider, 1994;
Thoenen, 1995; Lo, 1995; Bonhoeffer, 1996).

A general feature of such models is that neurotrophins
must act preferentially on active neurons. We investi-
gated this potential requirement for electrical activity
by examining interactions between neurotrophins and
electrical activity in regulating growth of dendrites of
layer 4 cortical neurons. As the Trk ligands cause the
most pronounced enhancement of layer 4 neuron den-
dritic arborizations (McAllister et al., 1995), interactions
between brain-derived neurotrophic factor (BDNF) and
electrical activity were examined. We focused on three
forms of activity: spontaneously generated action po-
tentials and action potential-evoked synaptic transmis-
sion, glutamatergic synaptic transmission, and activa-
tion of L-type calcium channels (which have been
implicated in synaptic transmission as well as signal
transduction events triggered by receptor tyrosine ki-
nases [Rusanescu et al., 1995; Rosen and Greenberg,
1996; reviewed by Finkbeiner and Greenberg, 1996]). We
found that specific inhibitors of these forms of activity
blocked the otherwise dramatic dendrite growth elicited
by BDNF, indicating that the regulation of dendritic
growth by BDNF requires electrical activity.

Results

Postnatal day 14 (P14) organotypic cortical slices were
treated with either BDNF alone or an activity inhibitor
alone, or with a combination of BDNF and each inhibitor.
The inhibitors used were tetrodotoxin (TTX, 5 uM) to
block Na*-dependent action potentials and action po-
tential-dependent synaptic activity, CNQX (10 uM) to
inhibit non-NMDA receptor-type glutamate receptors,
APV (50 uM) to inhibit NMDA receptors, or nifedipine
(2 M) to block L-type calcium channels. Slices were
cultured for 36 hr and neurons were visualized by parti-
cle-mediated gene transfer of lacZ and subsequent im-
munocytochemistry (Figure 1) (see Experimental Proce-
dures and McAllister et al., 1995).

BDNF and Inhibiting Activity Elicit Distinct

Patterns of Dendritic Growth

Application of BDNF alone to slices strongly enhanced
dendritic growth of layer 4 pyramidal neurons (also as
described previously in McAllister et al., 1995). BDNF
treatment increased the extent and complexity of both
apical and basal dendrites (Figures 1 and 2), roughly
doubling dendritic length and branching (Table 1). BDNF
also doubled the number of primary basal dendrites,
resulting in a “halo” of short dendrites and protospines
protruding from the cell body (Figure 2).

Inhibiting activity in slices also enhanced basal den-
dritic growth, but these effects were substantially differ-
ent from those elicited by BDNF (Table 2). Inhibiting
activity caused modest increases in elongation and
branching of existing basal dendrites, but in marked
contrast to BDNF, no sprouting of new dendrites (Fig-
ures 1 and 2; Table 1). Basal dendritic complexity in-
creased by 30%-55% with the greatest effects caused
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Figure 1. Both BDNF Treatment and Inhibition of Spontaneous Activity Cause Basal Dendritic Elaboration, but in Distinct Patterns

Layer 4 pyramidal neurons are shown from slices of P14 ferret visual cortex: untreated, treated with 200 ng/ml BDNF, or treated with 50 pM
APV for 36 hr. BDNF caused a near doubling of the number of primary dendrites and dendritic branches while APV increased only total
dendritic length and the number of branches without affecting the number of primary dendrites. Note the small gold particle present in the
cell body of each of these neurons. Images were collected with a scanning laser confocal microscope (Bio-Rad) at 1 um intervals and compiled
into a Z-series.

by CNQX (Figure 3). Apical dendritic arborizations were
unaffected by inhibiting activity (Figure 3 and Table 2).
These observations are consistent with previous studies
that have demonstrated axonal elongation resulting
from inhibiting activity (Reh and Constantine-Paton,
1985; Lipton and Kater, 1989; Sretavan et al., 1988).

Activity Is Required for Neurons to Respond to the
Growth-Promoting Actions of Exogenous BDNF

The strong growth-promoting effects of neurotrophins
and the elongation induced by activity inhibitors were
not additive; instead, blocking electrical and synaptic
activity abolished the effects of BDNF on dendritic
growth (Figure 3). For apical dendrites, all of the activity

inhibitors prevented the 140% increase in complexity
elicited by BDNF alone (Figure 3A). The apical dendrites
of neurons treated with BDNF in the presence of APV
or nifedipine were indistinguishable from those of un-
treated neurons, while TTX and CNQX blocked all but
a small increase in the number of apical dendritic
branches (Table 1). Thus, electrical and synaptic activity
are required for the growth-promoting effects of BDNF
on apical dendrites.

Neurons must also be active to respond to the growth-
promoting effects of BDNF on basal dendrites. Although
BDNF and activity inhibitors each independently en-
hanced basal dendritic growth (Table 2), glutamate re-
ceptor blockade and blockade of L-type calcium chan-

Table 1. Average Values of Each Parameter of Dendritic Growth for Apical and Basal Dendrites of Neurons in Each Treatment

ut CNQX APV TTX Nif BDNF CNQX plus APV plus TTX plus Nif plus

Parameter (191) (62) (48) (47) (49) (52) BDNF (40) BDNF (41) BDNF (41) BDNF (40)
Basal dendrites

TBD (.m/10) 21.7 £ 1.0 15 1.5 14 1.4 1.9 1.0 0.9 1.4 1.2

#Prims 3.7 = 01 1.2 1.0 1.2 1.2 1.6 0.7 1.1 1.6 1.2

#Brs 3.2 +£0.2 1.7 1.7 1.8 1.4 2.3 1.0 0.9 2.3 1.2

#Pspines 142+ 0.8 2.2 1.7 1.8 1.7 2.1 0.9 0.8 1.3 1.1
Apical dendrites

TAD (nm/10) 61.8 + 2.0 1.0 1.0 1.0 11 2.2 0.9 0.9 1.2 1.2

#Brs 13.6 = 0.5 0.9 0.9 141 1.1 2.6 1.5 1.2 1.3 1.3

#Pspines 30.0 + 1.2 1.6 1.3 1.6 1.5 2.2 0.7 0.9 1.3 1.5

Average values for each of the parameters are tabulated for untreated cells. The ratio of the average value for treated cells versus the untreated
average value is tabulated for each parameter of the experimental treatments. The data are presented in this way to compare litter-matched
controls with each of the treatments. The number of neurons included in each average calculation is in parentheses below the treatment
name. Abbreviations: TBD, total length of basal dendrites; TAD, total length of apical dendrites; #Prims, number of primary dendrites; #Brs,
number of dendritic branches; #Pspine, number of protospines; Nif, nifedipine. Bold numbers indicate values that were statistically significantly
different from litter-matched untreated control values, and italicized numbers indicate values statistically significantly different from BDNF-
treated values by single-factor ANOVA with a significance level of p < 0.05.
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nels prevented BDNF from inducing new basal dendrites
(Figure 3B). In contrast, TTX had only a minor inhibitory
influence on the effects of BDNF (Figure 3B), indicating
that BDNF-induced growth of basal dendrites may not
require Na"-dependent action potentials. Instead, spon-
taneous synaptic release of glutamate may be sufficient
to allow the actions of BDNF on basal dendrites. In
addition, BDNF prevented the elongation of basal den-
drites caused by inhibiting activity alone (Figure 3B),
suggesting a dynamic balance between BDNF and activ-
ity in regulating dendritic morphology.

Inhibiting Activity and Blocking Endogenous BDNF
Have Opposite Effects on Dendritic Growth

One explanation for these results is that BDNF exerts
its growth-promoting effects entirely through regulating
the electrical activity of target neurons and that altera-
tions in activity levels, in turn, leads to changes in den-
dritic growth. This is unlikely in the case of apical den-
drites, as blocking activity has no effect on dendrites.

il

53

Figure 2. Neurons Must Be Active to Respond
to BDNF

Camera lucida reconstructions of layer 4 neu-
rons are shown from untreated slices (A), and
slices treated with 50 uM APV (B), 200 ng/ml
BDNF (C), and APV and BDNF together (D).
Neurons were selected to represent the range
of morphologies across the sampled popula-
tions. The range of dendritic form for APV treat-
mentis representative for neuronsin all activity-
inhibited slices and the range of forms for APV
plus BDNF treatment is representative for most
combinations of activity blockade plus BDNF.
Note the increase in length of basal dendrites
resulting frominhibition of spontaneous activity
(B) in contrast to the increase in the number of
primary dendrites and protospines for BDNF-
treated neurons (C). Inhibiting spontaneous ac-
tivity blocked the strong effects of BDNF on
increasing dendritic complexity (D). Scale bar,
50 pm.

Moreover, if this idea is correct, then blocking endoge-
nous BDNF should have qualitatively similar effects to
blocking endogenous electrical activity. We found, in
contrast, that blocking endogenous BDNF with TrkB
receptor body (TrkB-IgG, 20 png/ml; Shelton et al., 1995)
had the opposite effect to inhibiting activity on dendritic
growth (Figures 4A and 4B). While inhibiting synaptic
activity with CNQX caused a 50% increase in dendrite
modification index (DMI), neutralizing endogenous
BDNF with TrkB-lgG caused a 50% decrease in DMI.
Moreover, CNQX and TrkB-lgG affected distinct (though
overlapping) aspects of dendritic growth (Table 3).

Inhibiting Activity Enhances Dendritic Growth

in the Absence of BDNF

The mechanism by which activity inhibitors themselves
produce modestdendritic growth (Figures 2 and 3; Table
2) remains unclear, but two lines of evidence presented
thus far suggest that this regulation does not involve
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Figure 3. Inhibition of Electrical and Synaptic
Activity Blocks the Effects of BDNF on Den-
dritic Complexity

The percent change in DMI is shown for each
of the activity inhibitors alone, for BDNF
alone, and for combinations. A zero value on
these graphs indicates no change from con-
trol values for dendritic form. (A) For apical
dendrites, inhibiting activity caused only min-
imal growth whereas BDNF caused a 140%
increase in complexity. Inhibition of activity
completely blocked the growth caused by
BDNF alone. (B) For basal dendrites, both the
activity inhibitors and BDNF caused in-
creases in dendritic complexity. However,
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BDNF. First, exogenous BDNF and activity-inhibitors
regulated dendritic growth in distinct ways (Table 2).
Second, the growth-promoting effects of activity inhibi-
tors were blocked rather than enhanced by exogenous
BDNF (Figure 3). We next used TrkB-lgG to determine
if endogenous BDNF might be involved in the dendritic
growth induced by activity inhibitors. In the presence
of levels of TrkB-IgG that significantly antagonized en-
dogenous BDNF (unpublished data), we found that
CNQX and TTX were still able to elicit substantial den-
dritic growth (Figure 4C). In fact, the relative amounts
of dendritic growth induced by CNQX and TTX were
greater in the absence (Figure 4C) than in the presence
of endogenous BDNF (Figure 4B). These results strongly
suggest that the growth-promoting effects of CNQX and
TTX do not depend directly on endogenous BDNF.

Discussion

Our results indicate that neurons in cortical slices must
be electrically active to respond to the growth-promot-
ing effects of BDNF. Similar interactions between activ-
ity and neurotrophins have been implicated in the sur-
vival of several neuronal cell types in dissociated

Table 2. Activity Inhibitors and BDNF Modify Dendritic Growth
in Distinct Ways

CNQX APV TTX Nif BDNF

Parameter (62) (48) 47) (49) (52)
TBD + + + + ++
#Prims 0 0 0 0 ++
#Brs ++ ++ ++ + ++

Inhibiting activity caused elongation and increased branching of
existing dendrites, whereas BDNF increased the number of primary
dendrites as well as the total length and number of dendritic
branches. The magnitude of change in the average value for each
parameter of dendritic growth was tabulated: 0 indicates no change
from the untreated value, + indicates 40%-50% increase from the
untreated value, ++ indicates 50%-140% increase. The number of
neurons included in the calculation of the average for each parame-
ter is in parentheses. For abbreviations, see Table 1.

treatment with both BDNF and glutamate re-

5 > :
> % ceptor or L-type calcium channel blockers
O (nifedipine, Nif) was not additive; instead,
neurons treated with these combinations
+ BDNF were similar to untreated cells. TTX did not

prevent the effects of BDNF on basal den-
dritic complexity. Statistical significance was
included in the DMI calculation at p = 0.05
by ANOVA (see McAllister et al., 1995).

cultures (Cohen-Cory et al., 1991; Birren et al., 1992;
Franklin and Johnson, 1994; Meyer-Franke et al., 1995;
Ghosh et al., 1994). For example, the survival-promoting
effects of nerve growth factor (NGF) on dissociated Pur-
kinje cells (Cohen-Cory et al., 1991) and those of BDNF
on dissociated retinal ganglion cells (Meyer-Franke et
al., 1995) are greatly enhanced by depolarizing agents
such as high potassium, and BDNF is required for activ-
ity-dependent survival of dissociated cortical neurons
(Ghosh et al., 1994). Although the mechanisms for neu-
ronal survival in dissociated culture and dendritic out-
growth in intact brain slices are likely to be divergent,
it appears that both developmental processes require
interactions between activity and neurotrophins.

Inhibiting activity at several levels blocked the growth-
promoting effects of BDNF. Inhibiting action potentials
and action potential-evoked synaptic transmission by
TTX, glutamatergic synaptic activity by APV and CNQX,
and L-type calcium channel activity by nifedipine could
each block the enhancement of apical and/or basal den-
dritic growth by BDNF. These forms of activity could
act as a sequence of electrical events; blocking this
sequence at any point would be sufficient to block re-
sponsiveness to BDNF. Alternatively, these forms of ac-
tivity may act through independent pathways that must
be active to confer full BDNF responsiveness. For exam-
ple, even in the absence of action potential activity,
spontaneous synaptic transmission is sufficient to sup-
port basal dendritic responses to BDNF (Figure 3B). In
addition, calcium entry through L-type calcium channels
activates signal transduction cascades that become in-
dependent of electrical activity; these cascades overlap
and may interact with those activated by receptor tyro-
sine kinases (Rusanescu et al., 1995; Rosen and Green-
berg, 1996; reviewed by Finkbeiner and Greenberg,
1996).

While the locus of interaction between BDNF and elec-
trical activity remains to be determined, itis unlikely that
neurotrophins and activity regulate dendritic growth in
a simple, ordered relationship. There are two such linear
schemes, one in which activity regulates the production
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Figure 4. Inhibiting Activity and Neutralizing
BDNF Have Opposite Effects on Dendritic
Growth

(A) Camera lucida reconstructions of basal
dendritic arborizations of representative layer
4 pyramidal neurons from untreated slices or
slices treated with either TrkB-IgG (20 .g/ml)
or CNQX (10 puM). Neutralizing endogenous
BDNF markedly decreased basal dendrites
while inhibiting activity caused elongation.
Scale bar, 50 pm.

(B) Effects on the DMI for layer 4 basal den-
drites, untreated or treated with CNQX, TTX,
or TrkB-IgG, are shown; a DMI of 1.0 indi-
cates no significant difference from untreated
neurons. Inhibiting activity with either CNQX
or TTX caused an approximately 50% in-
crease in dendritic complexity while neu-
tralizing endogenous BDNF with TrkB-IgG
caused a 50% decrease in dendritic com-
plexity.

(C) Inhibiting activity enhanced dendritic
growth in the absence of endogenous BDNF.
Changes in dendritic complexity are shown
for layer 4 neurons treated with TrkB-IgG or
with TrkB-IgG and either CNQX or TTX. The
DMl in this case was calculated with respect
to values for TrkB-IgG, i.e., the average val-
ues for TrkB-IgG treatment were used as the
control values in the DMI formula (see Experi-
mental Procedures).

TTX TrkB-IgG

UT  CNQX

TrkB-lgG  CNQX

TTX

+ +
TrkB-IgG  TrkB-IgG

of BDNF, and BDNF, in turn, regulates dendritic growth
(Figure 5A). In this scheme, inhibiting activity should
have no effect on the ability of exogenous BDNF to
regulate dendritic growth; this scheme is contradicted
by our observations (Figure 3). In the alternative linear
scheme, BDNF regulates electrical activity, and electri-
cal activity in turn regulates dendritic growth (Figure 5B).
If so, then inhibiting endogenous BDNF and electrical
activity should have similar effects on dendritic growth.
We found, to the contrary, that neutralizing endogenous
BDNF had the opposite effect than inhibiting electrical
activity (Figure 4). In fact, activity inhibition clearly en-
hanced dendritic growth even in the nominal absence
of endogenous BDNF (Figure 4C). Thus, BDNF and elec-
trical activity must interact in a more complex way, per-
haps by each exerting direct effects on target neurons,

to produce the requirement that cortical neurons be
electrically active to respond to the growth-promoting
effects of neurotrophins (Figure 5C).

Several models of activity-dependent synaptic plas-
ticity propose activity-dependent competition for a tro-
phic factor, such as a neurotrophin (Purves, 1988; Fox
and Zahs, 1994; Snider, 1994; Thoenen, 1995; Lo, 1995;
Bonhoeffer, 1996), as a mechanism for structural remod-
eling. In such models, active synapses could be affected
by activity-dependent postsynaptic neurotrophin secre-
tion that strengthens synapses and stabilizes connec-
tions. Alternatively, such trophic interactions could pro-
ceed in an anterograde direction, as recently observed
in the visual system (Von Bartheld et al., 1996). Many
studies have demonstrated upregulation of neuro-
trophin mRNA in response to increased synaptic activity

Table 3. Activity Inhibitors and Blocking Endogenous BDNF Modify Basal Dendritic Growth in Opposite Ways

Untreated CNQX TTX TrkB-IgG TrkB-IgG plus TrkB-IgG plus
Parameter (191) (62) 47) (40) CNQX (40) TTX (40)
Total basal dendrite (Lm/10) 21.7+1.0 15 1.4 0.5 1.2 1.1
Number of primary dendrites 3.7+ 0.1 1.2 1.2 0.5 1.2 1.0
Number of dendritic branches 3.2+ 0.2 1.7 1.8 0.5 1.1 1.4

Inhibiting activity caused increases in dendritic growth, whereas blocking endogenous BDNF with TrkB-IgG caused marked decreases in all
parameters of dendritic growth. The average values = SEM are tabulated for neurons in untreated slices. The ratio of the average values for
treated neurons versus untreated cells is shown for each of the treatments. The number of neurons analyzed is in parentheses below the
treatment name. Bold values were statistically significantly different from litter-matched control values by single-factor ANOVA with a signifi-

cance level of p = 0.01.
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Figure 5. Three Possible Schemes for the Interaction of BDNF and
Electrical Activity in Regulating Dendritic Growth in Developing
Cortex

(Castren et al., 1992; Lindholm et al., 1994; Schoups et
al., 1995; Thoenen, 1995; Lo, 1995; Bonhoeffer, 1996);
however, it has not been clear how nonspecific release
of neurotrophin in either direction could selectively sta-
bilize only active inputs.

Our observations suggest that such specificity can
be conferred by selective responsiveness to neuro-
trophins as determined by levels of synaptic and electri-
cal activity. Thus, activity and neurotrophins must inter-
act at at least two levels: activity increases neurotrophin
production and secretion and also regulates respon-
siveness to these factors. It will be important in the
future to determine whether the activity inhibitors in
these experiments acted on the same neurons that re-
sponded to BDNF. Although this issue is central to de-
termining the intracellular mechanisms by which spe-
cific forms of activity and BDNF interact, it does not
detract from the general conclusion that neuronal cir-
cuits in the neocortex must be active to respond to
BDNF. Altering electrical or molecular signals at any
component of this circuit is likely to alter the function
of other members of the circuit because all cortical neu-
rons are connected in a complex network through spe-
cific intracortical connections. This requirement for con-
joint activity and neurotrophin signaling provides a
pathway through which electrical activity in the devel-
oping neocortex can be transduced into regulation of
growth of cortical neurons.

Experimental Procedures

Ferrets

Ferrets were obtained from Marshall Farms (North Rose, NY). At
P14, the visual system is immature; afferents from the LGN are just
invading layer 4 and neurons destined for layers 2/3 are migrating

through the cortical plate (McConnell, 1988). Layer 4 neurons are
pyramidal at P14; the apical dendrite retracts later in development
to form the spiny stellate cells characteristic of adult layer 4 (L. C. K.,
unpublished data). Eye-opening does not occur until 2 weeks later
and retinal photoreceptors are not yet born at P14 (Allendoerfer et
al., 1994).

Preparation of Visual Cortex Slice Cultures

Cultures of visual cortical slices were used in which connections
between cells and thus patterns and levels of activity and gene
expression are organotypic (Bolz et al., 1990; Stoppini et al., 1991;
Molnar and Blakemore, 1991; Yamamoto et al., 1992); 400 .m coro-
nal slices of P14 ferret visual cortex were prepared and cultured as
previously described (McAllister et al., 1995). In brief, slices were
prepared under sterile conditions in artificial cerebrospinal fluid (140
mM NaCl, 5 mM KCI, 1 mM MgCl,, 24 mM dextrose, 10 mM HEPES,
1 mM CaCl, [pH 7.4]) and then placed onto culture inserts in 6-well
culture plates (0.4 .m pore size; Falcon). Culture medium (1 ml; 50%
BME, 25% HBSS, 25% horse serum [Hyclone], 330 mM dextrose,
10 mM HEPES, and 10 U/ml penicilin-streptomycin [GIBCO]) was
placed under each insert and the plates were incubated in 5% CO,
at 37°C for 36 hr.

Neurotrophins, Activity Inhibitors, and Receptor Bodies

Human recombinant rHu-met-BDNF and TrkB-IgG were provided
by Regeneron Pharmaceuticals (Tarrytown, NY) and were added to
the medium of cortical slices to a concentration of 200 ng/ml or 20
wg/ml, respectively. This concentration of TrkB-IgG was experimen-
tally determined to have a saturating effect on the inhibition of den-
dritic growth (unpublished data). The activity inhibitors were CNQX
(10 uM; Research Biochemicals International), APV (50 u.M), TTX (5
wM), and nifedipine (2 nM; Sigma). BDNF and/or inhibitors were
added to the medium immediately following particle-mediated gene
transfer and slices were returned to the incubator for 36 hr before
visualization of transfected neurons.

Particle-Mediated Gene Transfer

Detailed procedures for particle-mediated gene transfer have been
previously described (Lo etal., 1994). Particle-mediated gene trans-
fer of EF B gal (lacZ driven by the Xenopus EF1a promoter; Krieg
et al.,, 1989) was performed within 1-4 hr after slice preparation
using a biolistics device (Bio-Rad PDS-1000/He). After bombard-
ment, slices were immediately returned to the incubator and main-
tained for 36 hr in the presence or absence of BDNF and/or activity
blockers.

Immunocytochemistry

Transfected neurons were then visualized by immunostaining using
an affinity-purified rabbit antibody to B-galactosidase (5'-3') and a
Cy3-conjugated goat anti-rabbit secondary antibody (Chemicon) as
previously described (McAllister et al. 1995). Slices were counter-
stained with 100 wM DAPI (4',6-diamidino-2-phenylindole).

Cell Selection, Reconstruction, and Analysis

For each experimental treatment (activity blocker and/or BDNF),
approximately 50 cells from two ferrets were used from each of two
different litters; 40-60 control and BDNF-treated cells were always
obtained from one to two animals from each litter to facilitate com-
parison with activity-blocked and combination treated cells.

We have previously demonstrated that biolistic transfection does
notalter the health of neurons; there were no differences in dendritic
form from cells visualized by intracellular injections and biolistic
transfection, or in cell number and density in 1 um thick, Nissl-
stained plastic sections or in MAP2 staining in 400 pm thick
transfected and control slices (see McAllister et al., 1995). BDNF
treatment also did not change any of the measures of neuron health
described above (unpublished data). Based on Lucifer Yellow intra-
cellular fills of neurons at P14 before culturing and at P14 plus 36
hr in vitro, BDNF treatment appears to cause growth rather than
selection of subpopulations of neurons (unpublished data).

Layer 4 was delineated by counter staining with DAPI, and the first
50 pyramidal neurons that were stained sufficiently to distinguish the
tips of the smallest processes were reconstructed with a camera
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lucida using a 63X objective and a standard rhodamine filter on a
Zeiss Axiophot microscope. From these drawings, four parameters
of dendritic growth were directly counted or measured: the total
length of dendrite (.m), and the numbers of primary dendrites,
branches of each dendrite, and protospines (spinelike processes
less than 0.5 um) as previously described (McAllister et al., 1995).

Calculation of the DMI

The dendrite modification index, or DMI, summarizes the average
of the four parameters for each treatment into a value that conveys
the direction and magnitude of resulting dendritic changes. This
index is simply a weighted sum of the ratios for each of the four
measures of dendritic growth in treated versus untreated cells calcu-
lated as:

DMI = X CT,/UT;
i=1
where T;is the value of a given parameter i after treatment, UT; is the
value in untreated slices, and C; is a normalized weighting constant
whose magnitude depends on the parameter (for more details, see
McAllister et al., 1995). An increase in DMI indicates an increase in
dendritic complexity, and a decrease in DMI indicates a decrease in
dendritic complexity as compared with neurons in untreated slices.
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