
Summary. When mouse organotypic cerebellar cultures
were exposed to anti-GABA agents that increased
neuronal activity early in development, there was a
doubling of the ratio of inhibitory axosomatic synapse
profiles to Purkinje cell somatic profiles after two weeks
in vitro, which correlated with a decrease in spontaneous
cortical discharges. When similar cultures were
maintained in medium with activity blocking agents,
Purkinje cell axosomatic synapses were reduced to
approximately half of control values and, after recovery
from activity blockade, the cultures discharged
hyperactively. By contrast, the full complement of
excitatory cortical synapses developed in the absence of
neuronal activity. These results support the concept that
neuronal activity is necessary for the complete
development of inhibitory circuitry. When cerebellar
cultures were simultaneously exposed to activity
blocking agents and to neurotrophins BDNF or NT-4,
both of which bound to the TrkB receptor, the numbers
of inhibitory Purkinje cell axosomatic synapses were
similar to those of untreated control cultures, and control
rates of spontaneous cortical discharges were recorded.
The TrkC receptor ligand, NT-3, did not promote
inhibitory synapse development in the absence of
neuronal activity, and such cultures exhibited
hyperactive cortical discharges. These results are
consistent with a role for TrkB receptor ligands in
activity-dependent inhibitory synaptogenesis.
Subsequent exposure of cerebellar cultures to antibody
to the extracellular domain of TrkB induced an increased
development of Purkinje cell axosomatic synapses,
while similar antibody activation of TrkC had no effect
on inhibitory synaptogenesis. The promotion of
inhibitory synapse development by specific antibody
activation of TrkB supports the concept that signaling
for activity-dependent inhibitory synaptogenesis is via
the TrkB receptor.
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Introduction

Neuronal activity plays a critical role in the
development of some parts of the central nervous system
(CNS), including the visual (Wiesel and Hubel, 1963;
Harris, 1981; Shaw and Cynander, 1984; Reiter et al.,
1986; Shatz and Stryker, 1988), auditory (Parks, 1979),
olfactory (Meisami and Monsavi, 1981), and
somatosensory (Woolsey and Wann, 1976) systems.
Evidence has been derived from both in vivo and in vitro
studies that neuronal activity is necessary for the full
development and maintenance of inhibitory circuitry.
Hendry and Jones (1986) found markedly reduced
immunoreactivity of the inhibitory neurotransmitter, γ-
aminobutyric acid (GABA), in adult monkey visual
cortex ocular dominance columns that had been deprived
of input by enucleation of one eye. The same effect was
achieved by intraocular injection of the sodium channel
blocker, tetrodotoxin (TTX), to prevent retinal ganglion
cell discharge (Hendry and Jones, 1988). More recently,
Benevento et al. (1995) reported that a decrease in the
number of GABA-reactive neurons in the visual cortex
of dark-reared rats correlated with an increase in
spontaneous cortical electrical activity. Micheva and
Beaulieu (1995) found that sensory deprivation by
removal of whiskers in rats soon after birth led to a
marked reduction of GABA-immunopositive synapses in
layer IV of the barrel field cortex, consistent with an
earlier report (Simons and Land, 1987) of increased
spontaneous activity in the barrel field cortex of
neonatally sensory deprived animals.

Extended continuous exposure of dissociated cell
and explant cultures of cerebral neocortex to activity
blocking agents resulted in a reduced number of
synapses (Janka and Jones, 1982; Van Huizen et al.,
1985; Ruijter et al., 1991). When blocking agents were
removed from continuously exposed neocortical and
hippocampal cultures, hyperactivity of spontaneous
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electrical discharges became apparent (Ramakers et al.,
1990; Baker and Ruijter, 1991; Furshpan, 1991). By
contrast, continuous exposure of cerebral neocortex
cultures to the anti-GABA agent, picrotoxin (PTX),
resulted in accelerated synaptogenesis (Van Huizen et
al., 1987), reduced phasic discharges and a high
incidence of very brief bursts of action potentials
(Ramakers et al., 1991), suggesting that GABAergic
inhibition was stronger in cultures exposed to PTX than
in control preparations. These observations led Corner
and Ramakers (1992) to conclude from their in vitro
studies that spontaneous neuronal activity is essential for
the full development of inhibitory transmission.

There is evidence to suggest that neurotrophins play
key roles in activity-dependent plastic changes in the
CNS (reviewed in Thoenen, 1995; Bonhoeffer, 1996;
Marty, 1997; Shatz, 1997). Members of the neurotrophin
family include nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and
neurotrophin-4 (NT-4; also referred to as NT-4/5). The
Trk family of high affinity neurotrophin receptors with
which they bind are, respectively, TrkA, TrkB, TrkC and
TrkB (reviewed by Lindsay, 1994; Bothwell, 1995;
Lewin and Barde, 1996). Rutherford et al. (1997) found
that blocking dissociated rat visual cortex cultures
containing GABAergic interneurons and target
pyramidal cells with TTX reduced the percentage of
GABA-immunopositive neurons without affecting

neuronal survival, as determined by double labeling with
the neuronal marker, microtubule-associated protein
(MAP)2. Similar results were obtained by exposing the
cultures continuously to the "universal" Trk receptor
inhibitor, K252a. Electrophysiological studies revealed
that GABA-mediated inhibition onto pyramidal neurons
was decreased and pyramidal cell discharge rates were
increased. All of the effects of activity blockade were
prevented by simultaneous exposure of the cultures to
BDNF, but not to NGF or NT-3 (NT-4 was not tested).
The results of this study suggested to the authors that
activity regulates cortical inhibition by regulation of
BDNF.

What follows is a review of 1) some of the evidence
from my laboratory in support of the concept that
neuronal activity is necessary for the full development of
inhibitory circuitry, including ultrastructural and
correlative electrophysiological studies of activity-
dependent inhibitory synaptogenesis in organotypic
cerebellar cultures, and 2) the results of studies in the
same culture models of the roles of neurotrophins and
their receptors in the activity-dependent development of
inhibitory synapses. 
The organotypic cerebellar culture model

Organotypic cerebellar cultures were derived from
newborn Swiss-Webster mice, at a time when there was
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Fig. 1. Low power view of a
newborn mouse-derived
parasagittally oriented
cerebellar culture after 23
DIV. Laminae are evident in
the cortical area (C) of the
explant, and cortical axons
(arrow) of Purkinje cell origin
project to the deep nucleus
(N). Whole mount
preparation, Holmes silver
stain, x 75. (From Seil and
Leiman, 1977, with
permission).



Leiman and Seil, 1973; reviewed in Seil, 1979). As
shown in Fig. 1, laminated cortical regions are
recognizable in mature cultures and cortical axons
originating from Purkinje cells project to incorporated
deep nucleus areas, mimicking the organization of the
cerebellum in vivo. Turning to a circuit diagram (Fig. 2),
the five major cortical neuronal types are represented in
cerebellar cultures and the expected synaptic
interrelationships between these neurons are well
established by 13 days in vitro (DIV). The major cortical
neurons are Purkinje cells, inhibitory neurons whose
axons constitute the only projection from the cerebellar
cortex and whose axon collaterals project to all other
cortical neurons, including other Purkinje cells; granule
cells, the only excitatory cortical neurons, whose
function in the intact cerebellum is to relay excitatory
impulses from extracerebellar afferent mossy fibers to all
other cortical neurons via their axons, the parallel fibers;
and the inhibitory interneurons, including the basket,
stellate and Golgi cells. Basket cells innervate the
somata and proximal dendrites of Purkinje cells and
stellate cell axon terminals synapse with the smooth
portions of distal Purkinje cell dendrites. Golgi cells
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Fig. 2. Circuit diagram of the cortical neurons and their projections in a
mature cerebellar culture. Extracerebellar afferents are absent, so that
the only excitatory elements are the parallel fibers (dashed lines), axons
from granule cells (g) that project to the dendrites of all other cortical
neurons. All other axons are inhibitory (represented as solid lines).
Purkinje cells (P), the only neurons whose axons project from the
cortex, send axon collaterals to all other cortical neurons, including other
Purkinje cells. Basket cell (B) axons project to Purkinje cell somata and
proximal dendrites, and stellate cells (S) inhibit more distal parts of the
Purkinje cell dendritic tree. Golgi cells (Go) project their complex axons
to granule cell dendrites. Of note is that Purkinje cell somata receive
only inhibitory projections in the form of axons from basket cells and
recurrent axon collaterals from other Purkinje cells. The synaptic
relationships that are shown develop in vitro. (Modified from Seil et al.,
1983, with permission).

Fig. 3. Responses to repetitive cortical stimulation with 600 millisecond
trains of pulses. A. Control culture, 13 DIV. A stimulus train provokes a
brief inhibition of spontaneous cortical activity. B. Cerebellar culture, 13
DIV, continuously exposed to PTX since explantation. A prolonged
inhibition of spontaneous cortical discharges follows the stimulus train.
The time base marker equals 5 seconds. (From Seil et al., 1994, with
permission).

very little development of cortical synapses, so that
cortical synaptogenesis occurred essentially in vitro (Seil
and Leiman, 1979; Herndon et al., 1981). The cultures
were prepared by trimming the lateral cerebellar tips and
then sectioning the individual cerebella in the
parasagittal plane into seven explants, each of which was
placed onto a collagen coated coverslip with a drop of
nutrient medium and incorporated into a Maximow
assembly (Bornstein and Murray, 1958; Seil, 1979,
1993). After five days of incubation, and twice weekly
thereafter, the Maximow assemblies were unsealed and
the spent nutrient medium was removed and replaced
with fresh medium. Standard nutrient medium for
cerebellar cultures consisted of two parts 3 IU/ml low-
zinc insulin, one part 20% dextrose, eight parts Eagle's
minimum essential medium with Hanks' base and added
L-glutamine, seven parts Simms' X-7 balanced salt
solution (BSS) with incorporated HEPES buffer (pH 7.4)
to make its concentration 10-2 M in the fully constituted
medium, and 12 parts fetal calf serum. Substances to
which cultures were exposed continuously were
incorporated into the nutrient medium and applied at
explantation and with each subsequent feeding during
the experimental interval. 

Over a two week period in vitro, organotypic
cerebellar cultures maintained in standard medium
develop many of the structural and functional
characteristics of the cerebellum in vivo (Seil, 1972;



project complex multibranched axons that synapse with
granule cell dendrites. Absent or greatly reduced in
cerebellar explants are the extracerebellar afferents,
including mossy, climbing, serotoninergic and
catecholaminergic fibers. In light of the studies to be
described, it is particularly important to note that, as can
be seen in Fig. 2, Purkinje cell somata in cerebellar
cultures, like their counterparts in vivo (Palay and Chan-
Palay, 1974), receive axonal projections from two
sources, namely basket cells and axon collaterals from
other Purkinje cells, both of which are inhibitory.
Cultures maintained in standard medium were set up
with each group of experimental cultures to control for
variations in culture groups. The degree of variation in
ratios of axosomatic synapse profiles to Purkinje cell
somatic profiles is evident in the different sets of control
groups listed in Table 1.
Neuronal activity and the development of inhibitory
synapses

Extracellularly recorded spontaneous cortical
electrical activity appeared abundantly in mature
cerebellar cultures, as illustrated in Fig. 3A, with most of
the larger spike discharges being of Purkinje cell origin
(Leiman and Seil, 1973; Calvet et al., 1976). Cortical
surface electrical stimulation was characteristically

followed by brief periods of inhibition of the cortical
discharges (Fig. 3A). For recording purposes, the
collagen coated coverslips with attached cultures were
removed from the Maximow assemblies and transferred
to a tissue chamber mounted on the stage of an inverted
microscope. The nutrient medium, with or without
incorporated additional agents, was removed and
replaced with BSS additionally buffered with 1.5x10-2 M
HEPES. Cultures explanted with and maintained in
standard nutrient medium were generally spontaneously
electrically active immediately upon transfer to the
recording medium.
Exposure of cultures to agents that increase neuronal
activity

Acute application of the anti-GABA agents, PTX or
bicuculline, to mature cerebellar cultures resulted in
markedly increased rates of extracellularly recorded
spontaneous cortical discharges (Seil et al., 1994). When
cerebellar cultures exposed to anti-GABA agents (2x10-4
M for either PTX or bicuculline) since explantation were
recorded from after 3 DIV, spike discharges, although of
low amplitude in immature cultures, were considerably
more frequent than in control explants. However, when
cultures were recorded from after 13-16 days of
continuous exposure to PTX or bicuculline, they
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Table 1. Ratio of axosomatic synapse profiles to Purkinje cell somatic profiles in control and experimental cerebellar cultures.

CULTURES No. OF CELL No. OF SYNAPSE MEAN RATIO OF SYNAPSE SOURCE
PROFILES PROFILES TO CELL PROFILES ± SEM

Control 78 168 2.15±0.15 1
PTX (2x10-4 M) 58 279 4.81±0.35
Bicuculline 79 318 4.03±0.22
Control 23 44 1.91±0.34 2
Mg2+/TTX 45 43 0.96±0.15
Control 103 228 2.21±0.13 3, 4
Mg2+/TTX 102 127 1.25±0.10 
Mg2+/TTX/BDNF 102 235 2.30±0.14
Control 100 200 2.00±0.14 3, 4 
Mg2+/TTX 101 104 1.03±0.11
Mg2+/TTX/NT-3 103 107 1.04±0.11
Control 100 215 2.15±0.13 3, 4
Mg2+/TTX 100 121 1.21±0.11
Mg2+/TTX/NT-4 104 209 2.01±0.12
Control 93 241 2.59±0.18 4
αBDNF/αNT-4 (50 µg/ml each) 92 124 1.35±0.11 
Control 80 183 2.29±0.15 4
PTX (10-4 M) 80 277 3.46±0.24
PTX/αBDNF/αNT-4 (α: 50 µg/ml each) 82 204 2.49±0.17
PTX/αBDNF/αNT-4 (α: 100 µg/ml each) 80 112 1.40±0.15
Control 77 157 2.04±0.14 5
αTrkB 80 261 3.26±0.19
αTrkC 77 158 2.05±0.17

SEM: standard error of the mean; PTX: picrotoxin; TTX: tetrodotoxin: BDNF: brain-derived neurotrophic factor; NT-3: neurotrophin-3; NT-4:
neurotrophin-4; α: antibody directed to; Sources of the data shown are: 1) Seil et al., 1994; 2) Seil and Drake-Baumann, 1994; 3) Seil, 1999; 4) Seil and
Drake-Baumann, 2000a; 5) Seil, 2001b.



paradoxically exhibited reduced rates of spontaneous
cortical spike activity (Fig. 3B, prior to stimulation).
Quantitative assessment of large cortical spikes showed
that the discharge rates in PTX or bicuculline treated
cultures were about half of the control rates. Prolonged
inhibition was evident after cortical stimulation in
explants exposed to anti-GABA agents for 13 DIV or
longer (Fig. 3B). Cortical inhibition in response to
electrical stimulation also developed earlier in cultures
continuously exposed to anti-GABA agents, being
consistently present from 8 DIV, as compared to 12 DIV
for the consistent presence of inhibitory responses in
untreated control explants. 

An explanation for the electrophysiological changes
became apparent on electron microscopic examination of
cultures after 14-16 days of exposure to PTX or
bicuculline. The ratio of axosomatic synapse profiles to
Purkinje cell soma profiles was determined in sections
containing nucleus, and only one section per Purkinje
cell was counted. Twice as many axosomatic synapse
profiles were evident on Purkinje cell somata in cultures
treated with PTX or bicuculline than in untreated control
explants (Fig. 4). As shown in Table 1, the mean ratio of
synapse to soma profiles was 2.15 for control cultures,
4.81 for PTX treated explants and 4.03 for cultures
exposed to bicuculline. The increase in inhibitory
axosomatic terminals occurred in the presence of
Purkinje cell astrocytic sheaths, indicating that the usual
synapse regulatory function of the astrocytes was
overridden (reviewed in Seil, 2001a). The axon

terminals were identified by morphological criteria as
basket cell terminals or Purkinje cell recurrent axon
collateral terminals, the two types of synapses usually
present on Purkinje cell somata. The ratio of synapses
with basket cell terminals to recurrent axon collateral
terminals was 1:1 in control cultures, but synapses with
basket cell terminals outnumbered recurrent axon
collateral synapses by 2:1 in explants continuously
exposed to anti-GABA agents, suggesting that primarily
basket cell axons sprouted in order to increase the
number of inhibitory terminals synapsing with Purkinje
cell somata. The increase in numbers of inhibitory
Purkinje cell axosomatic synapses in response to
increased neuronal activity early in development
correlated with the observed functional changes apparent
in mature cultures.
Exposure of cultures to activity blocking agents

In a following study, cerebellar cultures were
maintained in the absence of neuronal activity (Seil and
Drake-Baumann, 1994). Purkinje cell somatic Na+
spikes were blocked with TTX (10-8 M) and dendritic
Ca2+ spikes were blocked with elevated levels of Mg2+
(11.1 mM) incorporated into the nutrient medium at
explantation and continuously thereafter. After 13-16
DIV, control cultures were active immediately after
transfer to the recording medium (Fig. 5A). By contrast,
cerebellar explants maintained in medium with
incorporated TTX and elevated levels of Mg2+ were
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Fig. 4. Electron micrographs of Purkinje cell soma profiles from cerebellar cultures at 15 DIV. Arrows indicate inhibitory axosomatic synapse profiles. A.
Purkinje cell from a control culture. B. Purkinje cell from a culture continuously exposed to PTX. The ratio of axosomatic synapse to soma profiles is
increased. No other changes are evident. x 4,000. (From Seil and Drake-Baumann, 2000b, with permission).



electrically silent for at least the first 10 minutes after
transfer to the recording medium without activity
blocking agents (Fig. 5B). Then the cortical regions of
the cultures began to discharge slowly (Fig. 5C), after
which the spikes increased in frequency until the
explants were discharging hyperactively 30-40 minutes
after transfer (Fig. 5D), sometimes with bursts of rapid
spikes (Fig. 5E). The hyperactivity persisted for the
duration of the recording sessions (up to 2 hours). This
activity was like that reported in earlier studies with
culture preparations after release from activity blockade
(Ramakers et al., 1990; Baker and Ruijter, 1991;

Furshpan, 1991).
On electron microscopic examination of activity

blocked cultures, the ratio of Purkinje cell axosomatic
synapse to cell soma profiles was reduced to half of the
control value (Seil and Drake-Baumann, 1994) (Fig. 6A
and Table 1). The number of synapses with recurrent
axon collateral terminals was the same as the number of
synapses with basket cell terminals, indicating that
development of these inhibitory synapses was equally
affected by blockade of neuronal activity. Also examined
ultrastructurally was the cortical neuropil, in which
synapses on dendritic spines and smooth portions of
dendrites were counted. In the absence of climbing
fibers in cerebellar cultures, axospinous cortical
synapses are formed only with parallel fibers (granule
cell axons), the remaining cortical excitatory elements.
Axodendritic synapses in the cerebellar cortical neuropil
are composed of a mixture of excitatory synapses with
parallel fiber terminals and inhibitory synapses with
terminals from inhibitory interneuron axons and Purkinje
cell axon collaterals (Palay and Chan-Palay, 1974).
Axospinous synapses were as numerous in the cortical
neuropil of activity blocked cerebellar cultures as in the
cortex of untreated control explants, while half as many
axodendritic synapses were found in explants exposed to
activity blocking agents as were present in control
cultures (Seil and Drake-Baumann, 1994). The
development of proportionally fewer axosomatic and
axodendritic synapses than axospinous synapses in
cultures exposed to TTX and elevated levels of Mg2+ is
indicative of incomplete development of inhibitory
circuitry. The incomplete development of inhibition in
activity blocked cultures is consistent with the cortical
discharge hyperactivity evident in these preparations
after release from activity blockade. Of particular note is
the fact that the complement of excitatory synapses
developed fully in the absence of neuronal activity,
confirming the results of earlier investigations with
organotypic cultures (Crain et al., 1968; Model et al.,
1971).

If the studies of continuous exposure of developing
cerebellar cultures to agents that increase neuronal
activity and to activity blocking agents are considered
together, the concept proposed by Corner and Ramakers
(1992) that neuronal activity is critical for the
development of adequate inhibitory transmission is
supported. Increased neuronal activity induced formation
of excess inhibitory synapses with correlative slowing of
spontaneous cortical discharges and prolongation of
inhibitory responses, while the consequences of a lack of
neuronal activity were reduced development of
inhibitory synapses and sustained cortical hyperactivity
following release of cultures from activity blockade. By
contrast, the development of excitatory synapses was not
diminished in the absence of neuronal activity. While
evidently not necessary for the development of
excitatory synapses, neuronal activity appears to be a
significant influential factor on inhibitory
synaptogenesis.
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Fig. 5. Extracellularly recorded spontaneous cortical discharges in
cerebellar cultures maintained in standard nutrient medium or in
medium with incorporated activity blocking agents, 11.1 mM Mg2+ plus
10-8 M TTX. A. Control culture, 14 DIV. Cortical activity is immediately
evident upon transfer of the culture to the recording medium. B-D.
Recording from an activity blocked culture, 14 DIV. The culture is
electrically silent immediately after transfer to the recording medium (B).
Cortical discharges begin to appear 18 minutes later (C). By 40 minutes
after transfer, the culture is in a state of sustained hyperactivity (D). E.
Recording from another activity blocked explant, 15 DIV, after recovery
from activity blockade. Bursts of rapid spikes are evident (arrows), which
are characteristic of some activity blocked cultures after recovery. The
time base marker equals 5 seconds. (From Seil and Drake-Baumann,
1994, with permission).



Role of neurotrophins and Trk receptors in inhibitory
synaptogenesis

As neurotrophins appeared to be synthesized and
released in an activity-dependent manner (Zafra et al.,
1991; Lindholm et al., 1994; Blöchl and Thoenen, 1995;
Thoenen, 1995) and as BDNF was shown to prevent the
reduction of GABAergic neurons and GABA-mediated
inhibition induced by activity blockade in dissociated rat
visual cortex cultures (Rutherford et al., 1997),
neurotrophins were considered to be candidates for a
role in inhibitory synaptogenesis. NGF did not appear to
be a likely candidate with regard to inhibitory synapses
on Purkinje cells since its high affinity receptor, TrkA,
had been reported to be only transiently expressed on
Purkinje cells during development (Ernfors et al., 1992;
Lärkfors et al., 1996), and therefore efforts were focused
on the other three members of the neurotrophin family,
BDNF, NT-3 and NT-4. Effects on the development of
inhibitory Purkinje cell axosomatic synapses were
determined, initially by exogenous application of
neurotrophins to cultures during activity blockade and
subsequently by investigating some of the properties of
endogenous neurotrophins (Seil, 1999; Seil and Drake-
Baumann, 2000a). When the results of these studies
indicated a role for the TrkB receptor ligands, BDNF
and NT-4, in activity-dependent inhibitory
synaptogenesis, the possibility of signaling for the

activity-dependent development of inhibitory synapses
via the TrkB receptor was investigated (Seil, 2001b).
Effects of neurotrophins applied exogenously during
activity blockade

Continuous application of BDNF or NT-4 (25 ng/ml
medium) to cerebellar cultures simultaneously with the
activity blocking agents, TTX and elevated levels of
Mg2+, resulted in development of the full complement of
Purkinje cell axosomatic synapses, while activity
blocked cultures without these added neurotrophins had
reduced development of axosomatic synapses (Seil,
1999; Seil and Drake-Baumann, 2000a) (Fig. 6B and
Table 1). However, when the TrkC receptor ligand, NT-
3, was applied exogenously (25 ng/ml medium) to
activity blocked cerebellar cultures, no effect was
evident, and the mean ratio of inhibitory axosomatic
synapse profiles to Purkinje cell somatic profiles was the
same as in activity blocked cultures without NT-3 (Table
1). The synaptogenesis promoting effect in the absence
of neuronal activity appeared to be restricted to TrkB
receptor ligands.

Correlative results were obtained with
electrophysiological studies (Seil and Drake-Baumann,
2000a). All activity blocked cultures were electrically
silent for the first 10 minutes after transfer to the
recording medium, whether or not they had been treated
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Fig. 6. Electron micrographs of Purkinje cell soma profiles from cerebellar cultures at 15 DIV. Arrows indicate inhibitory axosomatic synapse profiles. A.
Purkinje cell from a culture exposed to activity blocking agents since explantation. The ratio of axosomatic synapse to soma profiles is reduced to half
the control value. B. Purkinje cell from a culture simultaneously exposed to activity blocking agents and 25 ng BDNF/ml nutrient medium. The ratio of
axosomatic synapse to soma profiles is similar to that of a Purkinje cell in a control culture (see Fig. 4A). x 4,000. (From Seil and Drake-Baumann,
2000b, with permission).



with neurotrophins. Addition of any of the neurotrophins
did not alter the effectiveness of the activity blockade by
TTX and elevated levels of Mg2+. After recovery from
activity blockade, cultures treated with BDNF and NT-4
had spontaneous cortical discharge rates comparable to
those of untreated control explants, while recovered
cultures exposed to NT-3 were hyperactive, with
spontaneous cortical discharge rates like those of activity
blocked cultures without added neurotrophins. The
frequency of cortical spike discharges in untreated and
NT-3 treated activity blocked cultures after recovery was
twice that of control explants. These results were
consistent with the morphological findings, as BDNF
and NT-4 treated activity blocked cerebellar cultures
with control rates of spontaneous cortical activity had
control numbers of inhibitory Purkinje cell axosomatic
synapses, while both NT-3 treated and untreated activity
blocked cultures with hyperactive cortical discharges
after release from activity blockade had reduced
numbers of inhibitory axosomatic synapses.
Properties of endogenous neurotrophins 

The role of endogenous neurotrophins in the
development of inhibitory synapses was initially
investigated in the presence of control levels of neuronal
activity (Seil and Drake-Baumann, 2000a). Excess
neurotrophins were applied continuously to otherwise
untreated cerebellar cultures in the same amount (25
ng/ml nutrient medium) as was used to promote synapse
formation in the absence of neuronal activity. With these
doses of neurotrophins, no increase in the mean ratio of
Purkinje cell axosomatic synapse to cell profiles was
evident with addition of any of the neurotrophins to the
nutrient medium over the duration of the culture period
(from 0-15 DIV). In a later study, addition of BDNF to
cultures at a higher dose (100 ng/ml medium) did result
in a 50-60% gain in the development of Purkinje cell
axosomatic synapses (F. J. Seil, unpublished
observations).

Profound changes were induced by blocking TrkB
receptor ligands with antibodies to BDNF and NT-4
(Seil and Drake-Baumann, 2000a). Cultures
continuously exposed to the combination of these
antibodies at concentrations of 50 mg/ml nutrient
medium each since explantation developed only half of
the control numbers of Purkinje cell axosomatic
synapses (Table 1). The effect was as complete as with
blockade of neuronal activity for the same period of
time. Antibody to BDNF alone only partially reduced
inhibitory synapse formation, suggesting that both TrkB
receptor ligands contributed to inhibitory synaptogenesis
in cultures with control levels of neuronal activity.

This same combination and dosage of antibodies
was subsequently applied to cerebellar cultures
simultaneously exposed to PTX (10-4 M) to increase
neuronal activity. This concentration of PTX resulted in
an approximately 50% increase in the development of
Purkinje cell axosomatic synapse development (Table 1),

as opposed to over 100% when PTX was applied at a
concentration of 2x10-4 M (Seil et al., 1994). Antibody
blockade of BDNF and NT-4, presumably released in
greater than normal quantities because of the increased
neuronal activity (Zafra et al., 1991; Lindholm et al.,
1994; Blöchl and Thoenen, 1995; Thoenen, 1995),
resulted in development of a complement of Purkinje
cell axosomatic synapses similar to that of control
cultures (Seil and Drake-Baumann, 2000a) (Table 1).
Doubling the concentration of antibodies further reduced
the development of Purkinje cell axosomatic synapses to
approximately half of the control value (Table 1),
suggesting that the lower dose of antibodies did not bind
all of the neurotrophin released by the PTX-induced
increased neuronal activity. In both cases, antibodies to
BDNF and NT-4 mitigated the effect of increased
neuronal activity on inhibitory synaptogenesis.
Signaling for activity-dependent inhibitory
synaptogenesis via the TrkB receptor

As the results of these studies pointed strongly to a
role for TrkB receptor ligands in activity-dependent
inhibitory synaptogenesis, the possibility that signaling
for activity-dependent inhibitory synaptogenesis might
be via the TrkB receptor was explored. It had been
shown that TrkA and ephrin receptors could be activated
by binding with specific antibodies, and that antibody
activation of the receptors produced biological effects
that mimicked those of the specific receptor ligands
(Clary et al., 1994; Lucidi-Phillipi et al., 1996;
Pizzorusso et al., 1999; Gerlai, 2001). Cerebellar
cultures were therefore continuously exposed from
explantation to antibodies to the extracellular domains of
TrkB or TrkC (1 µg/ml medium in each case) and
examined ultrastructurally after 15 DIV (Seil, 2001b).
There was an approximately 60% increase in the ratio of
Purkinje cell axosomatic synapse to soma profiles in
explants incubated with incorporated anti-TrkB
extracellular domain antibody over control values, and
no increase in Purkinje cell axosomatic synapses in those
cultures exposed to anti-TrkC extracellular domain
antibody (Table 1). Doubling the dose of anti-TrkB
extracellular domain antibody did not result in a further
increase in axosomatic synapse development, suggesting
that TrkB receptor binding by antibody was saturated.
The results of this study indicate that antibody activation
of TrkB receptors induced development of an increased
number of inhibitory Purkinje cell axosomatic synapses,
an effect not seen with antibody activation of TrkC
receptors, and support the concept that signaling for
activity-dependent inhibitory synaptogenesis is via the
TrkB receptor, 
Discussion and conclusions

A summary of the morphological findings from this
series of studies with organotypic cerebellar cultures is
presented diagrammatically in Fig. 7. The figure is
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organized in terms of different neuronal activity states
and the results of continuous applications of
neurotrophins or antibodies to TrkB receptor ligands or
TrkB receptors on the numbers of inhibitory Purkinje
cell axosomatic synapses. In the left column are those
conditions in which cultured Purkinje cells, the somata
of which are represented as blue circles, were not
exposed to activity altering agents. Cultures in the
middle column, in which Purkinje cell somata are
represented as green circles, were continuously exposed
to TTX plus elevated levels of Mg2+ to block neuronal
activity. In the right column, in which Purkinje cell
somata are represented as red circles, PTX was
continuously applied to the cerebellar cultures to
increase neuronal activity during development.
Inhibitory axon terminals that synapse with Purkinje cell
somata are shown in yellow. The numbers of axosomatic
synapses pictured in all cases but one were rounded up
from mean figures for each experimental situation, as

derived from Table 1 and given in parentheses to the left
of each Purkinje cell representation. The one exception,
in which BDNF was applied continuously at a
concentration of 100 ng/ml medium in the first column
(identified by an asterisk within parentheses), is derived
from unpublished work (F.J. Seil, unpublished
observations). 

At the top of each column are the basic conditions
for each activity state, from untreated control on the left
to activity blockade in the middle column, with a
resultant halving of the Purkinje cell axosomatic synapse
population (Seil and Drake-Baumann, 1994), to
exposure to 2x10-4 M PTX on the right, with a
consequent increase in Purkinje cell axosomatic
synapses of over 100% (Seil et al., 1994).
Electrophysiological correlates (not shown in the
diagram) of these morphological findings were cultures
with hyperactive spontaneous cortical dischrges after
release from activity blockade (Seil and Drake-
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Fig. 7. Diagram summarizing the experimental
conditions and results described in the text. In
the left column, cerebellar cultures were not
exposed to activity altering agents. Purkinje
cell somata are shown as blue circles, with the
smaller yellow circles representing axonal
terminals that form axosomatic synapses. The
numbers of these terminals are rounded up
from the means (in parentheses to the left of
each Purkinje cell representation) derived from
data for each of the experimental conditions in
Table 1. The asterisk under BDNF represents
the exception, as the data in this case were
derived from unpublished work by the author.
In the middle column, in which the Purkinje cell
somata are represented as green circles, the
cultures were continuously exposed to activity
blocking agents, elevated levels of Mg2+ and
tetrodotoxin (Mg/TTX), as well as
neurotrophins, as indicated. In the right
column, in which Purkinje cell somata are
shown as red circles, cerebellar cultures were
continuously exposed to 2x10-4 M picrotoxin
(PTX 2X) or 10-4 M picrotoxin (PTX) to
increase neuronal activity during development,
and in some cases simultaneously to single or
double (2X) doses of antibodies to BDNF plus
NT-4. Please see the Discussion section of the
text for further explanation. 



Baumann, 1994), and, in the case of continuous
exposure to anti-GABA agents, cultures with reduced
rates of spontaneous cortical discharge after two weeks
in vitro (Seil et al., 1994). Progressing down the left
column, in which no activity altering agents were
applied, numbers of inhibitory Purkinje cell axosomatic
synapses were increased approximately 50-60% by
application of BDNF or by specific antibody activation
of the TrkB receptor to the point of saturation (Seil,
2001b). Blocking endogenously secreted neurotrophins
with a combination of antibodies to BDNF and NT-4
resulted in a reduction of Purkinje cell axosomatic
synapses, similar to activity blockade, the latter shown at
the top of the middle column (Seil and Drake-Baumann,
2000a). Continuing down the middle column,
application of TrkB receptor ligands, either BDNF or
NT-4, during activity blockade prevented the reduction
of inhibitory axosomatic synapses, an effect that did not
occur with application of the TrkC receptor ligand, NT-3
(Seil, 1999; Seil and Drake-Baumann, 2000a).
Electrophysiological findings (not represented in the
diagram) again correlated with the morphological
results, as activity blocked cultures treated with BDNF
or NT-4 had control rates of spontaneous cortical
discharges, whereas cultures exposed to NT-3 discharged
hyperactively after recovery from activity blockade. In
the right column, Purkinje cell axosomatic synapse
numbers were increased by approximately 50% (as
opposed to over 100% with 2x10-4 M PTX) when the
concentration of PTX was halved to 10-4 M (Seil and
Drake-Baumann, 2000a). The effect of the presumptive
increase in endogenous BDNF and NT-4 release induced
by increased neuronal activity (reviewed in Thoenen,
1995) was mitigated by blocking with antibodies to
BDNF and NT-4, and further reduced when the antibody
concentrations were doubled.

Conclusions to be drawn from this series of studies
are that neuronal activity is necessary for the full
development of inhibitory circuitry, that TrkB receptor
ligands have a role in inhibitory synaptogenesis, and that
signaling for inhibitory synaptogenesis is via the TrkB
receptor. Excitatory synapses do not appear to require
neuronal activity for development, as the full
complement of parallel fiber-Purkinje cell dendritic
spine synapses developed in vitro in the absence of
neuronal activity (Seil and Drake-Baumann, 1994).
Interactions between neuronal activity and neurotrophins
in inhibitory synaptogenesis

The fact that neurotrophin and neuronal activity
effects appear to be similar, as in development of control
numbers of inhibitory axosomatic synapses when
neurotrophins are added exogenously during activity
blockade, or as in formation of reduced numbers of
inhibitory synapses by antibody blockade of
endogenously released neurotrophins, might suggest that
the effects of neuronal activity are mediated by

neurotrophin binding of TrkB receptors. However, the
interaction between neuronal activity and neurotrophins
may not be so direct, as suggested from studies with
other systems. Cohen-Cory (1999) found that BDNF
promoted optic axon growth, but that neuronal activity
stabilized axonal branching, and on the basis of these
differences in mechanisms of regulation, argued that
BDNF modulates, but does not mediate activity-
dependent optic axon arborization. Possibilities for
similar differences in mechanisms are probably greatly
increased in the complex process of synaptogenesis 

Notable from the diagram presented in Fig. 7 is that
when cerebellar cultures were not exposed to activity
altering agents, the increase in the number of Purkinje
cell axosomatic synapses did not exceed 60%, either
with exogenous addition of high doses of BDNF at
control levels of activity, or with maximum activation of
TrkB receptors by specific antibody, also at control
levels of activity. However, with increased neuronal
activity induced by 2x10-4 M PTX, the population of
axosomatic synapses was augmented by more than
100%. This suggests an effect of neuronal activity
beyond the release of neurotrophins, as a 60% increase
in inhibitory synaptogenesis appears to be the the limit
for neurotrophins or activation of TrkB receptors at
baseline states of neuronal activity. An additional
property of higher levels of neuronal activity may be to
increase the sensitivity of TrkB receptors to activation
by specific ligands. Induction of a greater sensitivity of
the receptor to activation would be consistent with the
notion that the activity state of the neuron may not only
direct the release of neurotrophins, but may also define
the neurotrophic effect.
Possible clinical significance

The necessity of neuronal activity for the
development (or restoration) of inhibitory circuitry may
be significant for the recovery of function after CNS
insults like stroke or trauma. Restoration of a balance
between excitatory and inhibitory elements is essential
for avoidance or reduction of complications of stroke or
trauma such as seizures or spasticity. Activity is known
to promote functional recovery in both experimental and
clinical conditions (Jenkins and Merzenich, 1987; Nudo
et al., 1996; Johansson, 2000; Wernig et al., 2000;
McDonald et al., 2002). The benefits of activity may, at
least in part, be due to the promotion of inhibitory
synapse formation. The finding that neurotrophins,
specifically TrB receptor ligands, may substitute for
neuronal activity to promote inhibitory synaptogenesis
may have therapeutic implications, especially in
situations in which the application of physical measures
to induce or enhance neuronal activity is limited. Future
development of methods for delivery of neurotrophins to
specific CNS sites, or development of other means of
activation of TrkB receptors in targeted CNS locations,
may allow such therapeutic possibilities to be realized.

644
Activity-dependent synaptogenesis



Acknowledgements. I would like to acknowledge the contributions of my
collaborators in these studies, including Dr. Rosemarie Drake-Baumann,
Dr. Robert M. Herndon and the late Dr. Arnold L. Leiman. I thank
Jennifer Jefferson, Marilyn L. Johnson, Joann A. Payne, Juany C.
Rehling, Kenneth L. Tiekotter and Rodney F. Williams for their technical
efforts. Studies from my laboratory were supported by the Medical
Research Service of the U.S. Department of Veterans Affairs and by
National Institutes of Health grant NS 17493. The author was formerly
Director of the Veterans Affairs Office of Regeneration Research
Programs.

References

Baker R.E. and Ruijter J.M. (1991). Chronic blockade of bioelectric
activity in neonatal rat neocortex in vitro: physiological effects. Int. J.
Dev. Neurosci. 9, 321-329.

Benevento L.A., Bakkum B.W. and Cohen R.S. (1995). Gamma-
aminobutyric acid and somatostatin immunoreactivity in the visual
cortex of normal and dark reared rats. Brain Res. 689, 172-182.

Blöchl A. and Thoenen H. (1995). Characterization of nerve growth
factor (NGF) release from hippocampal neurons: evidence for a
constitutive and an unconventional sodium-dependent regulated
pathway. Eur. J. Neurosci. 7, 1220-1228.

Bonhoeffer T. (1996). Neurotrophins and activity-dependent
development of the neocortex. Curr. Opinion Neurobiol. 6, 119-126.

Bornstein M.B. and Murray M.R. (1958) Serial observations on patterns
of growth, myelin formation, maintenance and degeneration in
cultures of new-born rat and kitten cerebellum. J. Biochem. Biophys.
Cytol. 4, 499-504.

Bothwell M. (1995). Functional interactions of neurotrophins and
neurotrophin receptors. Annu. Rev. Neurosci. 18, 223-253. 

Calvet M.C., Lepault A.M. and Calvet J. (1976). A Procion yellow study
of cultured Purkinje cells. Brain Res. 111, 399-406.

Clary D.O., Weskamp G., Austin L.R. and Reichardt L.F. (1994). TrkA
cross-linking mimics neuronal responses to nerve growth factor. Mol.
Biol. Cell 5, 549-563.

Cohen-Cory S. (1999). BDNF modulates, but does not mediate, activity-
dependent branching and remodeling of optic axon arbors in vivo. J.
Neurosci. 19, 9996-10003.

Corner M.A. and Ramakers G.J.A. (1992). Spontaneous firing as an
epigenetic factor in brain development - physiological consequences
of chronic tetrodotoxin and picrotoxin exposure on cultured rat
neocortex neurons. Dev. Brain Res. 65, 57-64.

Crain S.M., Bornstein M.B. and Peterson E.R. (1968). Maturation of
cultured embryonic tissue during chronic exposure to agents which
prevent bioelectric activity. Brain Res. 8, 363-372.

Ernfors P., Merlio J.-P. and Persson H. (1992). Cells expressing mRNA
for neurotrophins and their receptors during embryonic rat
development. Eur. J. Neurosci. 4, 1140-1158.

Furshpan E.J. (1991). Seizure-like activity in cell culture. Epilepsy Res.
10, 24-32.

Gerlai R. (2001). Eph receptors and neural plasticity. Nature Neurosci.
Rev. 2, 205-208.

Harris W.A. (1981). Neural activity and development. Annu. Rev.
Physiol. 43, 698-710.

Hendry S.A.C. and Jones E.G. (1986) Reduction in number of
immunostained GABAergic neurones in deprived-eye dominance

columns of monkey area 17. Nature 320, 750-753.
Hendry S.A.C. and Jones E.G. (1988). Activity-dependent regulation of

GABA expression in the visual cortex of adult monkeys. Neuron 1,
701-712.

Herndon R.M., Seil F.J. and Seidman C. (1981). Synaptogenesis in
mouse cerebellum: a comparative in vivo and tissue culture study.
Neuroscience 6, 2587-2598.

Janka Z. and Jones D.G. (1982). Junctions in rat neocortical explants
cultured in TTX-, GABA-, and Mg2+-environments. Brain Res. Bull.
47, 289-292.

Jenkins W.M. and Merzenich, M.M. (1987). Reorganization of
neocortical representation after brain injury: a neurophysiological
model of the bases of recovery from stroke. In: Neural regeneration.
Progress in brain research. Vol. 71. Seil F.J., Herbert E. and Carlson
B.M. (eds). Elsevier. Amsterdam. pp 249-266. 

Johansson B.B. (2000). Brain plasticity and stroke rehabilitation. Stroke
31, 223-230.

Lärkfors L., Lindsay R.M. and Alderson R.F. (1996). Characterization of
the responses of Purkinje cells to neurotrophin treatment. J.
Neurochem. 66, 1362-1373.

Leiman A.L. and Seil F.J. (1973). Spontaneous and evoked bioelectric
activity in organized cerebellar tissue cultures. Exp. Neurol. 40, 748-
759.

Lewin G.R. and Barde Y.-A. (1996). Physiology of the neurotrophins.
Annu. Rev. Neurosci. 19, 289-317. 

Lindholm D., Castrén E., Berzaghi M., Blöchl A. and Thoenen H. (1994).
Activity dependent and hormonal regulation of neurotrophin mRNA
levels in the brain - implications for neuronal plasticity. J. Neurobiol.
25, 1362-1372.

Lindsay R.M. (1994). Neurotrophins and receptors. In: Neural
regeneration. Progress in brain research. Vol. 103. Seil F.J. (ed).
Elsevier. Amsterdam. pp 3-14.

Lucidi-Phillipi C.A., Clary D.O., Reichardt L.F. and Gage, F.H. (1996).
TrkA activation is sufficient to rescue axotomized cholinergic
neurons. Neuron 16, 653-663. 

Marty S., Berzaghi M.P. and Berninger B. (1997). Neurotrophins and
activity dependent plasticity of cortical neurons. Trends Neurosci.
20, 198-202.

McDonald J.W., Becker D., Sadowsky C.L., Jane J.A., Conturo T.E. and
Schultz L.M. (2002). Late recovery following spinal cord injury. J.
Neurosurg. (Spine 2) 97, 252-265.

Meisami E. and Monsavi R. (1981). Lasting effects of early olfactory
deprivation on the growth, DNA, RNA and protein content, and Na-
K-ATPase and AchE activity of the olfactory bulb. Dev. Brain Res. 2,
217-229. 

Micheva K.D. and Beaulieu C. (1995). An anatomical substrate for
experience dependent plasticity of the rat barrel field cortex. Proc.
Natl. Acad. Sci. USA 92, 11834-11838.

Model P.G., Bornstein M.B., Crain S.M. and Pappas G.D. (1971). An
electron microscopic study of the development of synapses in
cultured fetal mouse cerebrum continuously exposed to xylocaine. J.
Cell Biol. 49, 362-371.

Nudo R.J., Wise B.M., SiFuentes F. and Milikan G.W. (1996). Neural
substrates for the effects of rehabilitative training on motor recovery
after ischemic infarct. Science 272, 1791-1794. 

Palay S. and Chan-Palay V. (1974). Cerebellar cortex. Cytology and
organization. Springer. New York.

Parks T.N. (1979). Afferent influences on the development of the
brainstem auditory nuclei of the chicken: otocyst ablation. J. Comp.

645
Activity-dependent synaptogenesis



Neurol. 183, 665-678.
Pizzorusso T., Berardi N., Rossi F.M., Viegi A., Venstrom K., Reichardt

L.F. and Maffei L. (1999). TrkA activation in the rat visual cortex by
antirat trkA IgG prevents the effect of monocular deprivation. Eur. J.
Neurosci. 11, 204-212.

Ramakers G.J.A., Corner M.A. and Habets A.M.M.C. (1990).
Development in the absence of spontaneous bioelectric activity
results in increased stereotype burst firing in cultures of dissociated
cerebral cortex. Exp. Brain Res. 79, 157-166.

Ramakers G.J.A., Corner M.A. and Habets A.M.M.C. (1991).
Abnormalities in the spontaneous firing patterns of cultured rat
neocortical neurons after chronic exposure to picrotoxin during
development in vitro. Brain Res. Bull. 26, 429-432.

Reiter H.O., Waitzman D.M. and Stryker M.P. (1986). Cortical activity
blockade prevents ocular dominance plasticity in the kitten visual
cortex. Exp. Brain Res. 65, 182-188.

Ruijter J.M., Baker R.E., DeJong B.M. and Romijn H.J. (1991). Chronic
blockade of bioelectric activity in neonatal rat cortex grown in vitro:
morphological effects. Int. J. Dev. Neurosci. 9, 331-338.

Rutherford L.C., DeWan A., Lauer H.M. and Turrigiano G.G. (1997).
Brain-derived neurotrophic factor mediates the activity-dependent
regulation of inhibition in neocortical cultures. J. Neurosci. 17, 4527-
4535.

Seil F.J. (1972). Neuronal groups and fiber patterns in cerebellar tissue
cultures. Brain Res. 42, 33-51.

Seil F.J. (1979). Cerebellum in t issue culture. In: Reviews of
neuroscience. Vol. 4. Schneider D.M. (ed). Raven. New York. pp
105-177.

Seil F.J. (1993). Organotypic neural cultures. In: in vitro biological
systems: preparation and maintenance. Methods in Toxicology. Vol.
1. Tyson C.A. and Frazier J.M. (eds). Academic Press. Orlando. pp
7-26.

Seil F.J. (1999). BDNF and NT-4, but not NT-3, promote development of
inhibitory synapses in the absence of neuronal activity. Brain Res.
818, 561-564.

Seil F.J. (2001a). Interactions between cerebellar Purkinje cells and
their associated astrocytes, Histol. Histopathol. 16, 955-968. 

Seil F.J. (2001b). Signaling for activity-dependent inhibitory
synaptogenesis via the TrkB receptor. Exp. Neurol. 171, 422-
424.

Seil F.J. and Drake-Baumann R. (1994). Reduced cortical inhibitory
synaptogenesis in organotypic cultures developing in the absence of
neuronal activity. J. Comp. Neurol. 342, 366-377.

Seil F.J. and Drake-Baumann R. (2000a). TrkB receptor ligands
promote activity-dependent inhibitory synaptogenesis. J. Neurosci.
20, 5367-5373.

Seil F.J. and Drake-Baumann R. (2000b). Neurotrophins and activity-
dependent inhibitory synaptogenesis. In: Neural plasticity and
regeneration. Progress in brain research. Vol. 128. Seil F.J. (ed).
Elsevier. Amsterdam. pp 219-229.

Seil F.J. and Leiman A.L. (1977). Spontaeous versus driven activity in
intracerebellar nuclei: a tissue culture study. Exp. Neurol. 54, 110-

127.
Seil F.J. and Leiman A.L. (1979). Development of spontaneous and

evoked electrical activity of cerebellum in tissue culture. Exp. Neurol.
64, 61-75.

Seil F.J., Blank N.K. and Leiman A.L. (1983). Circuit reorganization in
granuloprival and transplanted cerebellar cultures. In: Nerve, organ,
and tissue regeneration: research perspectives. Seil F.J. (ed).
Academic Press. New York. pp 283-300. 

Seil F.J., Drake-Baumann R., Leiman A.L., Herndon R.M. and Tiekotter,
K.L. (1994). Morphological correlates of altered neuronal activity in
organotypic cultures chronically exposed to anti-GABA agents. Dev.
Brain Res. 77, 123-132.

Shatz C.J. (1997). Neurotrophins and visual system plasticity. In:
Molecular and cellular approaches to neural development. Cowan
W.M., Jessell T.M. and Zipursky S.L. (eds). Oxford. New York. pp.
509-524. 

Shatz C.J. and Stryker M.P. (1988). Prenatal tetrodotoxin infusion
blocks segregation of retinogeniculate afferents. Science 242, 87-
89.

Shaw C. and Cynander M. (1984) Disruption of cortical activity prevents
ocular dominance changes in monocularly deprived kittens. Nature
308, 731-734.

Simons D.J. and Land P.W. (1987). Early experience of tactile
stimulation influences organization of somatic sensory cortex.
Nature 326, 694-697.

Thoenen H. (1995). Neurotrophins and neuronal plasticity. Science 270,
593-598.

Van Huizen F., Romijn H.J. and Habets A.M.M.C. (1985).
Synaptogenesis in rat cerebral cortex cultures is affected during
chronic blockade of spontaneous bioelectric activity by tetrodotoxin.
Dev. Brain Res. 19, 67-80.

Van Huizen F., Romijn H.J., van den Hooff P. and Habets A.M.M.C.
(1987). Picrotoxin induced disinhibition of spontaneous bioelectric
activity accelerates synaptogenesis in rat cerebral cortex cultures.
Exp. Neurol. 97, 280-288. 

Wernig A., Nanassy A. and Müller S. (2000). Laufband (LB) therapy in
spinal cord lesioned persons. In: Neural plasticity and regeneration.
Progress in brain research. Vol. 128. Seil F.J. (ed). Elsevier.
Amsterdam. pp 89-97.

Wiesel T.N. and Hubel D.H. (1963). Effects of visual deprivation on
morphology and physiology of cells in the cat’s lateral geniculate
body. J. Neurophysiol. 26, 978-993.

Woolsey T.A. and Wann J.R. (1976). Areal changes in mouse cortical
barrels following vibrissal damage at different postnatal ages. J.
Comp. Neurol. 170, 53-66.

Zafra F., Castrén H., Thoenen H. and Lindholm D. (1991). Interplay
between glutamate and γ-aminobutyric acid transmitter systems in
the physiological regulation of brain-derived neurotrophic factor and
nerve growth factor synthesis in hippocampal neurons. Proc. Natl.
Acad. Sci. USA 88, 10037-10041.

Accepted January 7, 2003

646
Activity-dependent synaptogenesis


