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Neurotrophin-3 (NT-3), its cognate receptor trkC, and voltage-
gated calcium channels are coexpressed by embryonic pyra-
midal neurons before target contact, but their functions at this
stage of development are still unclear. We show here that, in
vitro, anti-NT-3 and anti-trkC antibodies blocked the increase,
and NT-3 reversed the decrease in the number of calbindin-
D28k-positive pyramidal neurons induced by, respectively, cal-
cium channel activations and blockades. Similar results were
obtained with single-neuron microcultures. In addition, voltage-
gated calcium channel inhibition downregulates the extracellu-
lar levels of NT-3 in high-density cultures. Moreover, electro-
physiological experiments in single-cell cultures reveal a

tetrodotoxin-sensitive spontaneous electrical activity allowing
voltage-gated calcium channel activation. The mouse NT-3
(�/�) mutation decreases by 40% the number of developing
calbindin-D28k-positive pyramidal neurons, without affecting
neuronal survival, both in vitro and in vivo. Thus, present results
strongly support that an activity-dependent autocrine NT-3 loop
provides a local, intrinsic mechanism by which, before target
contact, hippocampal pyramidal-like neurons may regulate
their own differentiation, a role that may be important during
early CNS differentiation or after adult target disruption.
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Neurons require continuous stimulation by specific signals to
survive and develop (Pettmann and Henderson, 1998). Survival,
growth, and phenotypic differentiation are regulated by similar
signaling molecules. Among them, nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), and neurotrophin-3
(NT-3), neurotrophin-4/5 comprise the mammalian neurotrophin
gene family (Davies, 1994; Barbacid, 1995; Lewin and Barde,
1996). Work on NGF has led to the classical neurotrophic factor
hypothesis that postulates that, in the developing peripheral ner-
vous system (PNS), trophic factors produced and released by
target cells (retrograde release) regulate the survival, differenti-
ation, and maintenance of the neurons that innervate them dur-
ing and after synaptogenesis. However, recent studies have shown
that neurotrophins may also be transported in anterograde direc-
tion (Altar and DiStefano, 1998) and that autocrine growth factor
functions are important for early embryonic differentiation and
adult neuronal survival in the PNS (Wright et al., 1992; Acheson
et al., 1995).

Neurotrophins and their receptors are also widely expressed in
the developing CNS. For example, NGF is abundantly expressed
in the hippocampus in vivo and supported the survival of some
afferent basal forebrain cholinergic neurons (Chen et al., 1997).
However, little is known about the source and regulation of

growth factors that promote developmental survival and differ-
entiation of other central neurons. Although it has not yet been
demonstrated that autocrine trophic factors can regulate neuro-
nal development and plasticity in the CNS, autocrine loops have
been suspected for many central neurons coexpressing both
growth factors and their receptors (Davies and Wright, 1995).

There is also considerable evidence that electrical activity
regulates neuronal differentiation and survival. Recent studies
have shown that neurotrophins are synthesized and secreted in an
activity-dependent manner by hippocampal neurons (for review,
see Lo, 1995; Thoenen, 1995) and that neurotrophins mediate the
effects of voltage-activated calcium channel (VGCC) activation
on the survival, morphology, and phenotype of developing cen-
tral neurons (Ghosh et al., 1994; Marty et al., 1996).

After their last mitosis and before target contact [embryonic
day 17 (E17)], a subpopulation of rat hippocampal pyramidal-like
neurons begin to express calbindin-D28k phenotype (Enderlin et
al., 1987; Mattson et al., 1991), a specific pattern of functional
VGCCs (Tanaka et al., 1995; Boukhaddaoui et al., 2000), and
NT-3 and its cognate receptor trkC, both in vivo and in vitro
(Collazo et al., 1992; Ip et al., 1993; Vicario-Abejon et al., 1995).
Interestingly, the activation and blockade of VGCCs, respec-
tively, increase and decrease the number of calbindin-D28k-
positive pyramidal-like neurons in vitro (Boukhaddaoui et al.,
2000). During the same developmental period, exogenous NT-3
upregulates the number of calbindin-D28k-positive trkC-
expressing E17 hippocampal pyramidal-like neurons in vitro (Col-
lazo et al., 1992; Ip et al., 1993; Vicario-Abejon et al., 1995).

By using high-density hippocampal cultures and specific anti-
NT-3 and anti-trkC antibodies, we show here that L- and Q-type
channel activations upregulate NT-3/trkC signaling, which in turn
controls the increase in the number of calbindin-D28k-positive
trkC-expressing pyramidal-like neurons in vitro. Analysis of NT-3
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knock-out mice confirms that NT-3 regulates in vivo the calbindin-
D28k phenotype of hippocampal neurons during late embryonic
stages. To differentiate between autocrine or paracrine action of
NT-3, we developed a single-hippocampal neuron culture assay.
Our results strongly support a model in which an activity-
dependent autocrine NT-3 loop mediates the differentiation of
developing hippocampal calbindin-D28k-positive pyramidal-like
neurons before target contact.

MATERIALS AND METHODS
Animals. Rat embryonic hippocampal neurons were obtained from timed
pregnant Sprague Dawley rats after 17 d of gestation (E17). The care and
use of rats and mice conformed to institutional policies and guidelines.
Mutation of the mouse NT-3 locus was generated by homologous recom-
bination as described by Ernfors et al. (1990a), and heterozygous progeny
were identified by Southern blotting. For in vitro studies using BALB/c
strain pups at E16, each mouse embryo was processed separately accord-
ing to the following protocol.

Dissociation procedure. Briefly, rat hippocampi were dissected, and
cells were dissociated by treatment with a trypsin (0.025%; Life Tech-
nologies, Cergy Pontoise, France) DNase (100 U/ml; Sigma, St. Quentin
Fallavier, France) mixture (10 min at 37°C) and mechanical trituration
using Pasteur pipettes with fire-polished tips (Banker and Cowan, 1977;
Boukhaddaoui et al., 2000). Cells were centrifuged (400 � g, 5 min) and
resuspended in Neurobasal (Life Technologies) culture medium supple-
mented with 2% B27 (Life Technologies) and 2 mM glutamine (Life
Technologies).

High-density cultures. Four-well plastic dishes (16 mm; Nunc Polylabo,
Strasbourg, France) were prepared with a coverslip coated for at least 1
hr at 37°C with poly-D,L-ornithine (0.5 mg/ml; Sigma), followed by an
incubation with laminin (5 �g/ml; Sigma) overnight. Two hours before
cell plating, laminin was discarded and replaced by DMEM plus 10% calf
fetal serum (Life Technologies). Freshly dissociated cells were seeded at
1.5–3 � 10 4 cells per well in the supplemented Neurobasal medium and
maintained at 37°C in a Forma Scientific (Marietta, OH) humidified
incubator, under 6.5% CO2. All test products were added after 15 hr of
incubation and renewed 48 hr after.

Single-neuron microcultures. The isolated cells from E17 rat hippocam-
pus were conveniently diluted to obtain a plating of one cell per well of
a 96-multiwell dish (Nunc Polylabo), precoated as exposed above. Indi-
vidual wells were scored for the presence of a single neuron 12–15 hr
after plating, and the same wells were then restored for the presence of
calbindin-D28k-positive neurons up to 6 d later. Only the wells that had a
single neuron present both at the beginning of treatment and after 6 days
in vitro (DIV) were included in this analysis (control, n � 100 wells;
anti-trkC polyclonal antibody, n � 98 wells; anti-NT-3 polyclonal anti-
body, n � 195 wells; nitrendipine, n � 110 wells; agatoxin-IVA, n � 105
wells from two separate experiments).

Growth factors and antibody experiments. NT-3 (Human recombinant)
was purchased from Tebu (Le Perray en Yvelines, France), reconstituted
in distilled water as stock concentrations, added to cultures 24 hr after
plating, and replaced every 48 hr. Blocking antibody against NT-3 was
purchased from Chemicon (Euromedex, Souffelweyersheim, France).
Blocking antibody against trkC was from Santa Cruz Biotechnologies
(Tebu). According to the supplier, anti-trkC and anti-NT-3 do not
cross-react with, respectively, NGF or BDNF and trkA or trkB when
specificity was assessed by Western blotting. The absence of cross-
reactivity of these antibodies to the related neurotrophins NGF and
BDNF was also examined in primary cultures of 1 d postnatal mice
dorsal root ganglion (DRG) neurons whose survival is enhanced by the
presence of these neurotrophins. Compared with untreated cultures
(�10% survival at 2–3 DIV) (for method, see Valmier et al., 1993),
cultures treated with NGF (10 ng/ml) and BDNF (10 ng/ml) showed
increased cell survival (�90% survival; n � 3). Addition of either
anti-NT-3 or anti-trkC in the presence of NGF and BDNF was without
effect on dorsal root ganglion neuron survival. Thus, these antibodies
blocked NT-3 signaling (see Results) without interfering with signaling
by closely related neurotrophins. The amounts of anti-NT-3 and anti-
trkC antisera added to the cultures were, respectively, 10 and 0.4 �g/ml,
and specificity was determined using 10 ng/ml NT-3 in the assay. The
antibodies completely inhibited the increase in the number of calbindin-
D28k-positive neurons induced by NT-3 in hippocampal cultures.

Culture neuron counting. Multipolar pyramidal-like neurons, which

constitute �70% of the neurons in hippocampal cultures, were identified
by their characteristic large and pyramidal-shaped soma having one
major axon-like apical neurite and several minor, dendritic-like processes
as described by Mattson et al. (1988). Calbindin-D28k-positive neurons
were counted under a Zeiss (Oberkochen, Germany) photonic micro-
scope (32� objective), and at least 10% of neurons in each sample were
scored. Unless otherwise stated, three or four separate wells were
counted per condition, and each experiment was performed in triplicate.
For survival assays, neurons were stained with neurofilament antibodies
(Sigma), and all neurofilament-positive cells were considered as neurons.
Four wells for each of at least duplicate experiments were counted for
each condition. In addition, for all calbindin-D28k staining experiments,
viable neurons were counted using phase contrast. Cells were considered
to be neurons if they had a smooth soma, were round or oval, and
possessed regular neurites. The findings of phase-contrast examination
were consistent with those of neurofilament staining.

Immunocytochemistry of cultured cells. After 6 DIV, cells were fixed for
30 min with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
treated for 5 min in PBS containing 0.3% Triton X-100, incubated 30 min
in 10% normal goat serum (Sigma) in PBS, and incubated overnight at
4°C with anti-calbindin-D28k polyclonal antibody (1:20,000; Swant, Bell-
inzona, Switzerland). Anti-calbindin-D28k monoclonal antibody was used
when cells were treated with anti-trkC polyclonal or anti-NT-3 polyclonal
antibodies. The cells were then incubated for 30 min at room tempera-
ture with the corresponding biotinylated antisera (1:200; Vector Labo-
ratories, Valbiotech, Paris, France), followed by 1 hr incubation at room
temperature with horseradish peroxidase-coupled Vectastain ABC kit
(Vector Laboratories). Staining was revealed with a diaminobenzidine
solution (Vector Laboratories). Coverslips were mounted in Fluor Save
Reagent (Calbiochem, Meudon, France) for counting and archiving. For
all antibodies, staining was abolished by substitution of nonimmune
serum for the primary antiserum (data not shown).

Fluorescent immunocytochemistry. The same procedure was used (see
above), but two primary antibodies were simultaneously incubated over-
night at 4°C: anti-calbindin-D28k monoclonal antibody (1:5000; Swant)
and anti-Neurofilament 200 polyclonal antibody (1:500; Sigma). Primary
antibody fixation was detected with secondary antibodies: Cy3-
conjugated goat anti-mouse (1:1000; Jackson Laboratories, Euromedex)
mixed with FITC-conjugated goat anti-rabbit (1:200; Jackson Laborato-
ries). These secondary antibodies were incubated for 2 hr at 4°C, and
immunostaining was analyzed with confocal microscopy (MRC 600;
Bio-Rad, Hercules, CA). Immunostaining was specific for all antibodies
because staining was abolished by substitution of nonimmune serum for
the primary antiserum (data not shown).

In vivo immunohistochemistry. Newborn mice were anesthetized by
intraperitoneal injection of pentobarbital and perfused with 4% para-
formaldehyde and 0.2% glutaraldehyde in ice-cold 0.1 M phosphate
buffer, pH 7.4. Brains were removed and post-fixed for 24 hr at 4°C with
4% paraformaldehyde and then cryoprotected overnight with 20% su-
crose before processing. All immunostaining was performed on free-
floating 40 �m sections cut using a vibratome (VT 1000E; Leica, Nuss-
loch, Germany). The sections were first treated with H2O2 in methanol to
suppress endogenous peroxidase activity. The immunostaining of
calbindin-D28k was performed as indicated above.

For the counting of calbindin-D28k-positive neurons, we focused on a
(200 � 200 �m 2) square containing the CA1 region of the developing
hippocampus. Counts were done, in double blind, at 200� magnification
in every fifth section for each hippocampus. The total number of pyra-
midal neurons in the above area was assessed by counterstaining with 10
�g/ml Hoechst 33342 (Sigma) at room temperature for 10 min. Data
were expressed by the mean number of calbindin-D28k-immunoreactive
neurons of NT-3 (�/�) and NT-3 (�/�) groups.

For the qualitative analysis of calbindin-D28k-positive neuron mor-
phology, we used fluorescent immunohistochemistry to better delineate
the neuronal morphology (soma and neurites). The immunostaining of
calbindin-D28k was performed as indicated above.

Analysis of NT-3 levels. Emax immunoassay kit (Promega, Charbon-
nieres, France) has been designed for sensitive and specific detection of
NT-3 in an antibody sandwich format as described by the manufacturer.
Nevertheless, to improve the sensitivity, we use a modification of the
conventional ELISA methodology termed ELISA-in situ described by
Balkowiec and Katz (2000). Briefly, microtiter plates (96 wells, Maxi-
Sorp; Nunc Polylabo) were first UV sterilized for 1 hr and coated with
anti-NT-3 polyclonal antibody in carbonate buffer, pH 9.7, overnight at
4°C. Then, plates were rinsed once with wash solution and saturated with
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blocking sample buffer according to the manufacturer. After two washes
with culture medium, hippocampal neurons were plated in the anti-NT-
3-coated wells at 10 4 cells per well density. Four hours after seeding, the
calcium channel blockers were added. The extracellular levels of NT-3
was measured at 3 DIV. At this time, the plates were extensively washed
to remove all cells. Wells were controlled with bright-field microscopy to
ensure cell elimination. The subsequent steps were performed according
to the protocol of the manufacturer. Absorbance values were read at 450
nm in a plate reader (Rosys Anthos 2000), and the NT-3 content of each
well was determined according to standard curves plotted from prede-
termined concentrations of NT-3. All data are averages of four separate
measurements, and the experiment was itself repeated three times.

Electrophysiolog ical recordings. Spontaneous electrical activity was re-
corded on isolated single hippocampal pyramidal-like neurons. Cells
from E17 rat hippocampus were seeded on large plastic dishes precoated
(35 mm; Nunc) at a density 50 cells per dish. For these experiments, care
was taken to select by eye an isolated neuron in the field of a 10�
objective (100� magnification). Usually, there was one neuron in the
visual field. In a series of experiments, to avoid any potential synaptic
contacts, cells were diluted as described for the single-neuron microcul-
tures but seeded on eight wells (10 � 10 mm; Lab-Tek; Nunc) to allow
the access for electrophysiological experiments. After recordings, to
identify calbindin-D28k-positive hippocampal neurons and to further
support the lack of connections with possible neighboring neurons,
pyramidal-like cells were stained with both neurofilament and calbindin-
D28k antibodies, and their phenotype was analyzed with confocal micros-
copy (n � 4). The electrical activity was recorded extracellularly with the
loose patch-clamp technique. A patch pipette (3–4 M�) filled with the
bathing solution (in mM: 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1.5 MgCl2, 10
glucose, and 10 HEPES, pH 7.4) was used to make a low-resistance seal
with the neuron (from 30 M�). Fluctuations of extracellular voltage
attributable to action potentials were recorded in the I � 0 mode of the
Axopatch 200 B (Axon Instruments, Foster City, CA). The experimental
parameters were controlled with a computer equipped with a DigiData
1200 analog interface (Axon Instruments). The software pClamp (ver-
sion 8.01; Axon Instruments) was used for acquisition and analysis.
Voltage signals were filtered at 2 kHz and sampled at 10 kHz.

Statistical analysis. Results are expressed as percentages of calbindin-
D28k-positive cells in the various culture conditions, with the control
taken as the 100% values. Data are expressed as mean � SEM. Statistical
significance of difference between means was assessed with ANOVA and
t test, and the level of significance was set at p � 0.05.

RESULTS
Endogenous NT-3 promotes calbindin-D28k expression
of immature hippocampal pyramidal-like neurons
in vitro
As reported previously, in high-density dissociated cultures of
E17 rat hippocampus, the number of calbindin-D28k-positive
pyramidal-like neurons increased from 0 on 1 DIV to 1002 �
79/cm2 on 6 DIV, whereas there were no changes in the total
number of neurons (n � 4) (Mattson et al., 1991; Boukhaddaoui
et al., 2000). Because NT-3 is expressed by embryonic hippocam-
pal neurons (Blondel et al., 2000), we examined the possibility
that endogenous NT-3 might regulate the expression of
calbindin-D28k-positive neurons in these cultures. Treatment of
cultures with either anti-trkC or anti-NT-3 alone for 5 d reduced
the number of calbindin-D28k-positive pyramidal-like neurons to,
respectively, 55 � 12% (n � 4) and 67 � 8% (n � 3), with no
changes in the total number of neurons (Fig. 1A,B).

To further confirm the importance of endogenous NT-3 for the
calbindin-D28k phenotype, we used neurons from NT-3 (�/�)
mice. The number of calbindin-D28k-positive pyramidal-like neu-
rons from E16 wild-type mice represented 11 � 2% of the total
number of neurons at 6 DIV (n � 4). Hippocampal cultures from
NT-3 (�/�) mice contained 	45% fewer calbindin-D28k-positive
pyramidal neurons than cultures from wild-type NT-3 (�/�)
embryos without difference in the total number of neurons (Fig.
1C,D) (n � 3). To verify that cultures derived from NT-3 (�/�)

embryos were not depleted of cells with the potential to express
more calbindin-D28k, we treated the cultures with 1 ng/ml NT-3.
Exogenous NT-3 brought up the number of calbindin-D28k-
positive neurons to the same level, regardless of genotype (Fig.
1C,D) (n � 2). These observations indicate that endogenous
NT-3 via its high-affinity trkC receptor contributes to the
calbindin-D28k differentiation of embryonic hippocampal
pyramidal-like neurons in vitro.

Endogenous NT-3 promotes calbindin-D28k expression
of immature hippocampal pyramidal-like neurons
in vivo
To determine whether the in vitro effect of NT-3 on calbindin-
D28k-positive pyramidal-like neuron differentiation is physiologi-
cally relevant, we performed a comparative histological study of
the early postnatal [postnatal day 0 (P0) to P1] hippocampus of
wild-type (n � 4) and NT-3 (�/�) mice (n � 4). The total
number of cells and the number of calbindin-D28k-positive
pyramidal-like neurons were counted in serial sections of the CA1
hippocampus (Fig. 2A,B). There was a significant reduction
(60%) in the number of calbindin-D28k-positive neurons in NT-3
(�/�) compared with wild-type mice (Fig. 2C), with no change in
the total number of cells (Fig. 2D) (Ernfors et al., 1994; Klein et
al., 1994). These results demonstrate that, in the absence of NT-3
signaling during the late embryonic period, a decreased propor-

Figure 1. Endogenous NT-3 promotes the expression of calbindin-D28k
of hippocampal pyramidal-like neurons after 6 d in vitro. Anti-NT-3- and
anti-trkC antisera inhibit the constitutive increase in the number of
calbindin-D28k-positive neurons (A) without affecting neuronal survival
(B). Number of calbindin-D28k-positive neurons (C) and of total number
of cells ( D) from hippocampal dissociated cultures from E16 mice wild-
type and NT-3 (�/�) mutant embryos in the absence (white) or presence
(black) of 1 ng/ml NT-3 after 6 d in vitro. *p � 0.01.
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tion of hippocampal neurons develop their calbindin-D28k phe-
notype in vivo.

Endogenous NT-3 mediates the effects of calcium
channel activation on calbindin-D28k expression of
immature hippocampal pyramidal-like neurons in vitro
We showed previously that hippocampal pyramidal-like neurons
in culture express both L-type and Q-type VGCCs. Activation of
these channels led to an increase in the number of calbindin-D28k-
positive neurons, whereas their blockade reduced control levels
(Boukhaddaoui et al., 2000). We therefore asked whether NT-3
acts upstream, downstream, or independently of Ca2� influx
through Ca2� channels in regulating calbindin-D28k expression.

We first asked whether the increase in the number of calbindin-
D28k-positive neurons after KCl treatment was dependent on the
functions of NT-3/trkC. Anti-trkC antibodies completely inhib-
ited the increase in the number of calbindin-D28k-positive neu-
rons induced by daily (1 hr) stimulation during 5 d with 50 mM

KCl (Fig. 3A). In contrast, chronic blockade of either Q-type
(by 250 nM �-agatoxin-IVA) or L-type Ca2� (by 500 nM nitren-

dipine) channels, or both, starting from 1 to 6 DIV, i.e., for 5 d,
failed to reduce the increase in calbindin-D28k-positive neurons
induced by 10 ng/ml NT-3 without affecting neuronal survival
(Fig. 3B). These results indicate that calbindin-D28k expression
induced by Ca2� channel activation requires high-affinity trkC
receptor activation by NT-3.

Figure 2. Endogenous NT-3 promotes the expression of calbindin-D28k
of hippocampal pyramidal-like neurons in vivo. A, B, Photomicrographs of
equivalent cross sections of hippocampus from P0 wild-type (A) and
NT-3 (�/�) mutant (B) mice stained with calbindin-D28k antisera. py,
Stratum pyramidale. The staining with calbindin-D28k antibodies was
lower, and pyramidal neurons appeared smaller in NT-3 (�/�) than in
NT-3 (�/�) mice. Scale bar, 50 �m. C, D, Quantitative analysis of the
number of calbindin-D28k-positive neurons (C) and the total number of
neurons (D) in the hippocampus derived from P0 wild-type and NT-3
(�/�) mutant mice. *p � 0.01.

Figure 3. Endogenous NT-3 mediates the effects of calcium channel
activation on the expression of calbindin-D28k of immature hippocampal
pyramidal-like neurons in vitro. Addition of anti-trkC antibodies (0.4
�g/ml) to the 50 mM KCl-depolarizing medium inhibited the increase in
the number of calbindin-D28k-positive neurons induced by 1 hr daily
stimulation during 5 d with 50 mM KCl (A). Chronic treatment for 5 d
(1–6 DIV) with 10 ng/ml NT-3 induced an increase in calbindin-D28k-
positive neurons. In the presence of 500 nM nitrendipine (Nitr) or 250 nM
�-agatoxin-IVA, NT-3 still induced increase in calbindin-D28k-positive
neurons ( B). Chronic treatment for 5 d with 500 nM nitrendipine, 0.4
�g/ml anti-trkC alone, or both shows a similar 40% decrease in the
number of calbindin-D28k-positive pyramidal neurons compared with
control conditions ( C).
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To test whether Ca2� channel and trkC activators act on the
same neuronal subpopulation, we compared the chronic effects of
the Ca2� channel blocker nitrendipine and anti-trkC antibodies
alone and together. Whatever the conditions used (500 nM nitren-
dipine and 0.4 �g/ml anti-trkC antibodies alone or together), a
40% decrease in the number of calbindin-D28k-positive pyramidal
neurons was observed after 6 DIV compared with controls (Fig.
3C). Thus, Ca2� influx through L- and Q-type Ca2� channels,
and NT-3 through trkC activation, regulate calbindin-D28k ex-
pression in the same hippocampal pyramidal-like subpopulation
in vitro.

Calcium channel activation regulates the extracellular
levels of NT-3 in immature hippocampal cultures
To further analyze the relationship between VGCCs and NT-3/
trkC function in this model, we next considered the possibility
that L- and Q-type VGCCs expressed by hippocampal neurons
might regulate the extracellular levels of NT-3. Using a highly
sensitive NT-3 ELISA assay (ELISA-in situ) (Balkowiec and
Katz, 2000), the amount of extracellular NT-3 was analyzed in
control conditions or in the presence of �-agatoxin-IVA–nitren-
dipine (to block L- and Q-type channels) or �-conotoxin-GVIA
(a blocker of N-type calcium channels, which are not expressed by
pyramidal neurons in the soma) (Boukhaddaoui et al., 2000) as a
control. Control measurements of the culture medium without
cells showed no contamination with NT-3 (Fig. 4). In control
cultures of hippocampal neurons (3 DIV), significant extracellu-
lar levels of NT-3 were measured (153 � 17 pg/ml; n � 3). The
extracellular NT-3 concentration was lower (103 � 9 pg/ml; n �
3; p � 0.01) in culture treated with 250 nM �-agatoxin-IVA plus
500 nM nitrendipine for 3 DIV than in control conditions or in the
presence of 1 �M �-conotoxin-GVIA (165 � 10 pg/ml decrease;
n � 2; NS) (Fig. 4), indicating that L- and Q-type channels
expressed by hippocampal neurons regulate the extracellular lev-
els of NT-3.

Involvement of an activity-dependent autocrine loop in
the effects of NT-3 on immature hippocampal
pyramidal-like neurons
Although the above data showed that NT-3 regulated calbindin-
D28k expression by immature hippocampal pyramidal-like neu-
rons, they did not discriminate between a paracrine or an auto-
crine action of NT-3. To unequivocally demonstrate an NT-3
autocrine loop, hippocampal neurons were plated in microwells
as single-cell cultures. Fifty hours after plating, single hippocam-
pal neurons, without non-neuronal cells, were identified and used
for experiments (see Materials and Methods). At 6 DIV, what-
ever the conditions tested, these single cultured pyramidal-like
neurons were stained using calbindin-D28k antibodies (Fig. 5A).
In control conditions, �98% of the pyramidal-like neurons cul-
tured as single cell and present at 15 hr in vitro survive as single
cells at 6 DIV, and 20% of them become calbindin-D28k-positive.
Chronic treatment with either anti-NT-3 or anti-trkC antibodies
reduced the number of calbindin-D28k-positive neurons by 40%
compared with control conditions, without affecting neuronal
survival (Fig. 5B,C). These data suggest the existence of an NT-3
autocrine loop that mediates the induction of the calbindin-D28k

phenotype in immature hippocampal pyramidal-like neurons.
To determine whether the effects of Ca2� channel activation

also involved autocrine actions of NT-3, we used single-cell
cultures in the presence or the absence of L- and Q-type Ca2�

channel blockers. Chronic treatment with either 500 nM nitren-
dipine or 250 nM �-agatoxin-IVA reduced the number of
calbindin-D28k-positive neurons by 40% compared with control
conditions, without affecting neuronal survival (Fig. 5B,C). Al-
together, these data indicate that an NT-3- and trkC-expressing
subpopulation of embryonic hippocampal pyramidal-like neurons
regulate the development of their calbindin-D28k phenotype after
VGCC activation through an autocrine loop involving NT-3.

Tetrodotoxin-sensitive spontaneous electrical activity
mediates calcium channel activation of immature
hippocampal pyramidal-like neurons
To confirm that pyramidal-like neurons displayed an intrinsic
spontaneous electrical activity that in turn activated VGCCs, we
used the loose patch-clamp technique that offers the advantage to
record extracellular electrical activity as an index of action po-
tential, without perturbing the cell. With the very low-density
culture conditions, an electrical activity was detected in most
hippocampal pyramidal-like neurons tested at 3 DIV (n � 3; one
culture), 4 DIV (n � 7; two cultures), and 5 DIV (n � 4; two
cultures). Among these 14 neurons, two distinct modes of activity
could be described. The most frequent mode was characterized
by a sparse, irregular activity (0.1–1 Hz), interrupted with short
periods of bursts (3–10 Hz): a phasic-like activity (12 of 14 cells)
(Fig. 6C). The less frequent mode was a regular pattern of activity
at a 3–10 Hz frequency: a tonic-like activity (2 of 14 cells). In four
experiments, after electrical activity recordings, the neuron was
stained with neurofilament antibody to confirm its neuronal phe-
notype and the absence of cell contacts (Fig. 6A) and assayed for
the presence of calbindin-D28k. At 4 DIV, one of three neurons
was positive for calbindin-D28k, and at 5 DIV the hippocampal
neuron stained was positive (Fig. 6B). Using single-cell microcul-
tures, pyramidal-like neurons still displayed a phasic-like activity
measured at 3 DIV (n � 3; one culture) (Fig. 6D). Whatever the
methodological approach, application of 1 �M tetrodotoxin, a
specific inhibitor of voltage-dependent sodium channels, inhibited
the spontaneous electrical activity (four of four cells) (Fig. 6D).

Figure 4. L- and Q-type, but not N-type, calcium channels expressed by
immature hippocampal neurons regulate the extracellular levels of NT-3.
Control measurements of the culture medium without cells showed no
contamination with NT-3 (Neurobasal ). �-Agatoxin-IVA at 250 nM plus
500 nM nitrendipine during 3 DIV significantly reduced the extracellular
levels of NT-3, whereas 1 �M �-conotoxin-GVIA in the same condition
had no effect compared with control conditions.
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These results suggest that activation of VGCCs could be at-
tributable to sodium-driven action potentials. To further support
that these tetrodotoxin-sensitive spontaneous action potentials
are responsible for the effects of VGCCs on calbindin-D28k ex-
pression, we performed experiments aimed to demonstrate that
blockade of action potential regulates this phenotype. Indeed,
chronic application of 1 �M tetrodotoxin to mass culture induced
a 31 � 6% decrease in the number of calbindin-D28k-positive

neurons compared with control conditions (58 � 10 and 39 � 9
calbindin-D28k-positive neurons per 10 fields, respectively, for
control and TTX treatment), whereas there were no changes in
the total number of neurons (data not shown) (n � 3).

DISCUSSION
The modes of action of the neurotrophins in the CNS are still
unclear. Here, we show that, before target contact, a subpopula-
tion of immature hippocampal neurons (pyramidal neurons that
express NT-3, trkC, and L- and Q-type calcium channels) re-
quires for its calbindin-D28k phenotype differentiation an activity-
dependent NT-3 autocrine loop. The use of single-cell microcul-
tures demonstrate that the pathways we describe are regulated in
an autocrine mode. The physiological relevance of our findings
was shown in vivo by comparing the development of calbindin-
D28k phenotype of wild-type and NT-3 knock-out mice. Thus,

Figure 5. A calcium-dependent NT-3 autocrine loop promotes the ex-
pression of calbindin-D28k of hippocampal pyramidal-like neurons. A,
Bright-field micrograph of an embryonic hippocampal calbindin-D28k-
positive neuron growing in microwell culture as a single cell after 6 DIV
in control conditions. Scale bar, 50 �m. Effect of anti-NT-3 and anti-trkC
antisera and nitrendipine (500 nM; nitr) and �-agatoxin-IVA (250 nM) on
the percentage of calbindin-D28k-positive neurons (B) and the percentage
of pyramidal neurons survival ( C) from hippocampal neuronal cultures as
single cell (control, n � 100 wells; anti-trkC polyclonal antibody, n � 98
wells; anti-NT-3 polyclonal antibody, n � 195 wells; nitrendipine, n � 105
wells; �-agatoxin-IVA, n � 110 wells from two separate experiments).
*p � 0.01.

Figure 6. Single pyramidal-like neurons displayed a phasic spontaneous
electrical activity. A, B, Bright-field micrograph of a single pyramidal-like
neuron grown in very low-density culture recorded and stained at 5 DIV.
Staining from the same neuron with neurofilament ( A) and calbindin D28k
(B) antibodies. Scale bar, 25 �m. The corresponding electrical activity of
the same neuron before staining recorded with the loose patch is shown
in C as upward deflections. D, Spontaneous electrical activity recorded at
3 DIV on a pyramidal-like neuron grown as a single-neuron microculture.
Application of 1 �M TTX inhibited electrical activity.
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these data extend to the CNS the previously described neurotro-
phin autocrine loop function in the PNS (Acheson et al., 1995). In
addition, molecules and mechanisms (sodium-dependent action
potential and calcium influx through VGCCs) that regulate this
autocrine loop are identified. The well known phenomenon of
activity-dependent neurotrophin regulation in the CNS can thus
now be described at the single neuronal level and independently
of the network.

To demonstrate autocrine action by NT-3, we used a single-
hippocampal neuron culture assay to isolate these neurons from
any other source of NT-3. In these conditions, neurons survive
and develop their calbindin-D28k-phenotype spontaneously. Ad-
dition of either NT-3- or trkC-neutralizing antibodies do not
affect neuronal survival but decrease by 40% the number of
calbindin-D28k-positive pyramidal-like neurons. Similar decrease
was observed in high-density culture from NT-3 (�/�) versus
NT-3 (�/�) mice, which was reversed by addition of NT-3.
Hippocampal neurons from wild-type rodents express both NT-3
and trkC during the late embryonic period and develop their
calbindin-D28k phenotype in vitro with a similar pattern as they do
in vivo (Enderlin et al., 1987; Maisonpierre et al., 1990; Collazo et
al., 1992; Lamballe et al., 1994). Conversely, hippocampus from
mutant mice lacking the NT-3 gene showed a 40% decrease in
calbindin-D28k-positive neurons in vivo (present results). Alto-
gether, these data indicate that autocrine NT-3 loop is likely to be
physiologically relevant in regulating the development of
calbindin-D28k expressed by a subpopulation of hippocampal
pyramidal-like neurons. During this period of development,
NT-3 regulates, in addition to calbindin-D28k phenotype, growth
of pyramidal soma and neurites and formation of their excitatory
synapses (Vicario-Abejon et al., 1995; Baker et al., 1998; Vicario-
Abejon et al., 1998). Thus, the autocrine loop we described here
may, during ontogenesis, have important implications for hip-
pocampus pyramidal neuron differentiation before target contact
is established.

Among the other issues concerning autocrine loop mecha-
nisms, one is to determine whether NT-3 acts intracellularly or
whether the factor has to be secreted to act on its cognate
receptor. The presence of endogenous NT-3 in the culture me-
dium and the effects of both specific NT-3- and trkC-neutralizing
antisera acting extracellularly suggest that hippocampal neurons
secrete NT-3 that in turn binds trkC to regulate calbindin-D28k

expression. Unresolved issues concern whether this autocrine
loop is switched off during development as suggested for auto-
crine BDNF loop in embryonic DRG neurons (Wright et al.,
1992) and which mechanisms and molecules regulate the devel-
opment of calbindin-D28k expression in the absence of NT-3
production or binding to neurons. Our results clearly demon-
strated that an NT-3 independent, parallel mechanism operates
to modulate calbindin-D28k expression. Recent findings have
shown that hepatocyte growth factor (HGF) via its high-affinity
receptor c-Met regulates, in vitro, calbindin-D28k expression in
embryonic hippocampal neurons and that this effect is additive
with the NT-3 effect on calbindin-D28k phenotype (Korhonen et
al., 2000). Therefore, it appears that at least two different hip-
pocampal neuronal subpopulations, expressing either trkC or
c-Met, may regulate differently their calbindin-D28k phenotype
using, respectively, NT-3 and HGF.

Another important finding of the present study was the obser-
vation that Ca2� channel activation controls this autocrine loop
at the single-cell level, confirming increasing evidence that neu-
rotrophins are crucial factors involved in activity-dependent de-

velopment and plasticity of the nervous system (Thoenen, 1995).
The causal link between Ca2� influx and NT-3/trkC signaling was
demonstrated by the finding that anti-trkC inhibited the develop-
ment of the calbindin-D28k phenotype induced by calcium chan-
nel activation, and, conversely, NT-3 prevented the inhibitory
effect of Ca2� channel blockers. On the other hand, the effects of
NT-3 or anti-trkC application on calbindin-D28k expression were
unaffected whether Ca2� channels and subsequent Ca2� influx
was enhanced or inhibited. These results were supported by
single-cell experiments. In addition, one single hippocampal neu-
ron was able to discharge spontaneous tetrodotoxin-sensitive
action potentials that control the opening of VGCCs as judged by
the inhibition of calbindin-D28k expression under tetrodotoxin.
Therefore, these data support a model in which a single neuron
regulates the development of its phenotype after sodium and
calcium voltage-gated ionic channel activations through an auto-
crine loop involving a neurotrophic factor.

Because L- and Q-type channel blockades downregulated the
extracellular levels of NT-3 in high-density hippocampal cultures,
this indicates that VGCCs are involved in the control of extra-
cellular NT-3 levels. However, the observation that VGCC block-
ades inhibited only by 30% the levels of NT-3 (Fig. 4) but
completely abolished the NT-3-dependent calbindin-D28k pheno-
type (Fig. 3C) points to complex interactions in the NT-3/trkC
signaling regulation by voltage-gated ionic channels. Indeed,
VGCC activation may regulate neurotrophic factor synthesis, and
depolarization may induce cell surface expression of trk receptor,
as demonstrated respectively for BDNF (Ghosh et al., 1994) and
trkB (Meyer-Franke et al., 1998; Du et al., 2000). Alternatively,
there are also strong arguments for a TTX-sensitive sodium-
dependent neurotrophin secretion by central and peripheral neu-
rons (Blochl and Thoenen, 1995; Balkowiec and Katz, 2000), and
we show, in the present study, that pyramidal-like hippocampal
neurons generate spontaneously TTX-sensitive action potential
in our culture conditions. All of these nonexclusive hypotheses
are currently under investigation.

Neuronal development is traditionally thought to involve two
separate phases: an early activity-independent phase before tar-
get contact and a late activity-dependent phase after synaptogen-
esis. It had been widely assumed that the activity of ion channels
was associated only with the later when neuronal network be-
comes engaged in the usual form of chemical signaling and
electrical activity, driven by sensory data (Katz and Shatz, 1996).
However, recent findings indicate that neurons express ionic
channels soon after neurogenesis, and spontaneous activity oc-
curs independently of the normal operation of circuits (for re-
view, see Spitzer, 1994; Komuro and Rakic, 1998; Moody, 1998).
As shown previously in invertebrate muscle cells (Greaves et al.,
1996) and amphibian spinal neurons (Henderson and Spitzer,
1986), the present data demonstrate that, in mammalian CNS,
spontaneous electrical activity occurs in completely isolated cells
and controls the normal calbindin-D28k phenotype development
of the neurons displaying this activity. As far as the origin of this
sodium-dependent spontaneous electrical activity is concerned,
several mechanisms can be proposed, including autapses, somatic
release of neuromediators, or “pacemaker” channels. Such spon-
taneous electrical activity probably represents an important reg-
ulator of neuronal development before target contact and synapse
formation.

The NT-3 autocrine loop that we propose to be present in
hippocampal neurons may be representative of a broader phe-
nomenon in the nervous system in which, for example, different
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subsets of developing DRG, cortical neurons, and motoneurons
respond to NT-3 and coexpress both NT-3 and its cognate recep-
tor (Ernfors et al., 1990b; Schecterson and Bothwell, 1992). In-
terestingly, both NT-3 and trkC are colocalized in neurons not
only during development but also in adulthood, suggesting a role
for autocrine loop in the maintenance and the plasticity of the
mature nervous system. Such autocrine loops (Acheson et al.,
1995; present results) may be also relevant for the neurotrophic
factors as a whole because, for example, coexpression of BDNF
(Kokaia et al., 1993; Miranda et al., 1993), HGF (Yang et al.,
1998), fibroblast growth factor (Korsching, 1993), leukemia in-
hibitory factor (Cheng and Patterson, 1997), glial cell line-derived
neurotrophic factor (Giehl et al., 1998), insulin-like growth factor
(Lindholm et al., 1996), and their cognate receptors are present
in different neuronal subpopulations of both the PNS and the
CNS. Thus, the activity-dependent neurotrophin autocrine loop
described here adds an alternate mechanism of action for this
important class of molecules in the CNS and opens new areas of
inquiry into neurotrophin action not only in the development and
the physiology of the neuron at the single-cell level but also in the
physiopathology of neurological diseases in which alterations in
neutrophin, calcium channels, and calbindin-D28k components
have been demonstrated (Iacopino and Christakos, 1990; Phillips
et al., 1991; Vahedi et al., 1995; Von Brederlow et al., 1995).
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