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Brain-derived neurotrophic factor (BDNF) is widely expressed 
in the central nervous system, where its function is poorly 
understood. The aim of this study was to investigate the effects 
of BDNF on the differentiation of hippocampal nonpyramidal 
neurons using organotypic slice cultures prepared from post- 
natal rats. 

The application of BDNF induced an increase in immuno- 
staining for the microtubule-associated protein (MAP)-2 in non- 
pyramidal neurons of the stratum oriens. BDNF promotes the 
elongation of the dendrites of these neurons, as demonstrated 
by analysis after biocytin labeling. Calbindin-D- and calretinin- 
containing subgroups of nonpyramidal cells in the stratum 
oriens were responsive to BDNF but not to nerve growth factor, 
as shown by an increase in the number of neurons immuno- 
stained for these proteins. BDNF also induced an increase in 
neuropeptide Y immunostaining of stratum oriens neurons. In 

contrast, BDNF had no effect on parvalbumin immunostaining, 
despite the fact that these cells express the BDNF receptor 
trkB. In addition, BDNF increased calretinin immunoreactivity in 
Cajal-Retzius cells situated around the hippocampal fissure. 
The Cajal-Retzius neurons persisted in slices beyond the time 
at which they degenerate in vivo. However, BDNF is not re- 
quired for the survival of these cells, because they also per- 
sisted in slices from BDNF knock-out mice. 

The present results indicate that BDNF exerts an effect on the 
morphology of stratum oriens nonpyramidal cells and their 
calcium-binding protein levels. BDNF also regulates the calreti- 
nin content of Cajal-Retzius cells but is not necessary for their 
survival. 
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Brain-derived neurotrophic factor (BDNF) is a member of the 
neurotrophin gene family (Barde, 1990; Lindsay, 1993; G&z et al., 
1994; Snider, 1994), which has been shown to play a critical role in 
the survival and differentiation of neurons in the peripheral ner- 
vous system (Davies, 1994). BDNF is widely expressed in the 
central nervous system, with the highest levels of mRNA being 
found in the hippocampus (Hofer et al., 1990). Nevertheless, the 
function of BDNF in the hippocampus remains unclear. 

Data obtained from in vitro studies indicated that BDNF stim- 
ulates signal transduction pathways, induces c-f&, and increases 
the number of calbindin-immunoreactive cells in cultures of dis- 
sociated hippocampal neurons (Collazo et al., 1992; Ip et al., 1993; 
Marsh et al., 1993; Oshawa et al., 1993). However, the identity of 
hippocampal neurons that respond to BDNF has not been 
determined. 

Studies of BDNF knock-out mice showed no alterations in 
hippocampal morphology, but a decrease in immunoreactivity for 
calbindin, parvalbumin, and neuropeptide Y in interneurons was 
observed (Jones et al., 1994). Although the data are difficult to 
interpret because of the delay in maturation and the early death of 
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the BDNF knock-out mice, they point to a possible involvement of 
BDNF in the differentiation of hippocampal nonpyramidal neu- 
rons. Indeed, the responsiveness of these cells to BDNF has been 
shown in viva by an increase in their neuropeptide content (Croll 
et al., 1994; Nawa et al., 1994). 

The aim of this study was to investigate the effects of BDNF on 
the differentiation of hippocampal nonpyramidal cells by using 
organotypic slice cultures, which permit a more controlled stim- 
ulation of neurons with BDNF than in viva and, in contrast to 
dissociated cell cultures, an identification of the neuronal types on 
the basis of their location and morphology. 

We first aimed to determine whether BDNF could affect the 
morphology of nonpyramidal neurons in cultured hippocampal 
slices prepared from S-d-old rats. We investigated the effects of 
BDNF on the immunostaining of microtubule-associated protein 
(MAP)-2 and on the dendritic arborizations of these cells by 
labeling with biocytin (McDonald, 1992). 

Second, we studied whether the different subgroups of non- 
pyramidal neurons are sensitive to BDNF. The calcium-binding 
proteins are good markers for these subgroups of neurons (Gulyas 
et al., 1992; Miettinen et al., 1992; Rogers and Resibois, 1992). 
We analyzed the effects of BDNF on calbindin-D-, calretinin-, and 
parvalbumin-positive neurons. In addition, calretinin immuno- 
staining labels a transient population of cells equivalent to the 
Cajal-Retzius cells of the cerebral cortex (Del Rio et al., 1995). 
Using slices from BDNF knock-out mice, we studied the effect of 
BDNF treatment on these neurons and the possible involvement 
of BDNF in their survival. 
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Finally, because BDNF has been shown recently to enhance the 
transmitter release from hippocampal neurons (Lessmann et al., 
1994; Berzaghi et al., 1995; Kang and Schuman, 1995), we inves- 
tigated whether the effects of BDNF on nonpyramidal neurons 
could be indirect, via an influence on neuronal activity. 

MATERIALS AND METHODS 
Eight-day-old Wistar rats or BDNF knock-out mice were used in this 
study. It was not possible to detect parvalbumin-containing neurons in 
slices from 8-d-old rats. This is probably attributable to the rather late 
appearance of parvalbumin postnatally (Nitsch et al., 1990; Bergmann et 
al., 1991). For this reason, parvalbumin immunostaining was performed 
in slices taken from IO-d-old rats. 

Mutation at the BDNF locus was generated by homologous recombi- 
nation. In the gene-targeting construct, a 560 bp Apa1 fragment from the 
BDNF protein-coding exon was replaced by a GK-NEO-polyA selection 
marker, thus deleting part of the BDNF pro-region and most of the 
sequence coding for the mature BDNF protein. Mice carrying the dis- 
rupted BDNF gene were generated by homologous recombination in the 
D3 (agouti mouse strain 129iSV) ES cell line following standard meth- 
odology (Hasty and Bradley, 1993). Chimeric mice were generated by 
injection of mutated cells into C57BLi6 (non-agouti) mice blastocysts. 
High coat color chimeric male mice were crossed with NMRI females. 
Heterozygous progeny were identified by Southern blotting (Korte et al., 
1995). In keeping with previously published reports (Ernfors et al., 1994; 
Jones et al., 1994) BDNF homologous mutant mice were retarded in 
growth, displayed aberrant limb coordination and balance, showed a loss 
of neurons in the dorsal root ganglia, and usually died between 2 and 4 
weeks after birth. 

Slice culture. Cultures of hippocampal slices were prepared using the 
method of Stoppini et al. (1991) with the exception that a defined 
medium was used as described below. 

Wistar rats or BDNF knock-out mice were decapitated, and the brains 
were rapidly removed. The following procedure was performed under 
sterile conditions. Hippocampi were dissected in sodium phosphate 
buffer with 0.9% NaCl (0.1 M PBS, pH 7.4). To avoid extrahippocampal 
influences on the differentiation of neurons (LaVail and Wolf, 1973), the 

hippocampi were totally isolated from adjoining cerebral cortex during 
the dissection procedure. Slices (400 pm) were cut perpendicular to the 
septotemporal axis of the hippocampus with use of a McIllwain tissue 
chopper (Mickle Laboratory, Gomshall, UK). Hippocampal slices were 
then transferred into the culture medium, separated, and transferred 
onto Millicell-CM membranes (Millipore, Bedford, MA). A total of 12 
adjacent slices were obtained per brain. Adjacent slices were transferred 
onto different Millicell membranes to compare the effects of the treat- 
ments with control adjacent sections. 

The Millicell membranes were kept in 6-well plates above 7.50 ~1 of 
defined medium. The medium consisted of minimum essential medium 
(MEM; Gibco 11012-010, Gibco, Eggenstein, Germany), 1% o-glucose, 5 
nlM Tris-HCI, 100 Fg/ml bovine serum albumin, 100 pg/ml transferrin, 16 
&ml putrescine, 40 rig/ml N-selenium, 30 rig/ml tri-iodothyronin, 5 &ml 
insulin, and 60 rig/ml progesterone (all purchased from Sigma, Deisen- 
hofen, Germany). Slices were incubated at 37°C in 5% CO,. The medium 
was exchanged every second day. 

Stimulation of slices with neurotrophins. Recombinant human BDNF 
(Regeneron Pharmaceuticals, Tarrytown, NY) or 2.5 S nerve growth 
factor (NGF) extracted from the submaxillary glands of mice (Suda et al., 
1978) was diluted in PBS (0.1 M, pH 7.4) containing 0.1% bovine serum 
albumin. 

Induction of c-fos was used as a test for the efficiency of the BDNF 
treatment. Addition of up to 0.5 wg/ml BDNF to the medium under the 
Millicells did not induce c-fos immunostaining in slices after 2 or 3 hr (see 
immunohistochemical methods below). For this reason, 1 ~1 of the 
BDNF-containing solution was applied on top of each slice, covering the 
entire surface. Initial experiments showed that c-fos was already induced 
with 20 ng of BDNF, but the addition of 100 ng of BDNF induced a 
greater intensity of c-fos immunostaining. For all subsequent experi- 
ments, 100 ng of BDNF or NGF was applied daily. As a control, adjacent 
sections received 1 ~1 of vehicle solution. 

Immunohistochemistty. After fixation for 4 hr in 4% p-formaldehyde in 
PBS, slices were rinsed several times in PBS and incubated for 30 min in 
PBS containing 1% Triton X-100 and 3% normal goat serum (Sigma). 
Slices were then incubated overnight at 4°C with antibodies raised against 
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c-fos (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA), MAP-2 (1:200; 
Boehringer Mannheim, Mannheim, Germany), calbindin-D (1:200; 
Sigma), calretinin (1:SOOO; Swant, Bellinzona, Switzerland), parvalbumin 
(1:lOOO; Sigma), or neuropeptide Y (1:ZOOO; Amersham, Braunschweig, 
Germany) diluted in PBS containing 1% Triton X-100 and 1% normal 
goat serum. After washes in PBS, slices were incubated for 1 hr with a 
solution containing either anti-rabbit or anti-mouse IgG-biotinylated 
antisera (1:lOO; Vector Labs, Camon, Wiesbaden, Germany) in PBS 
containing 1% Triton X-100 and 1% normal goat serum. After several 
washes in PBS, slices were incubated for 1 hr with an avidin-biotin- 
horseradish peroxidase complex (1:lOO; Vector) in PBS containing 1% 
Triton X-100. Staining was developed with a PBS solution containing 
0.05% diaminobenzidine (Sigma) and 0.01% hydrogen peroxide. Slices 
were rinsed in PBS, mounted onto gelatin-coated slides, air-dried before 
clearing in xylene, and coverslipped in DPX (BDH, Poole, UK) in the 
normal manner. 

Double-labeling trkB in situ hybridization-parvalbumin immunohisto- 
chemistry. Adult Long-Evans hooded rats were anesthetized with chloral 
hydrate (10.5%, 6-8 ml/kg) and perfused through the ascending aorta 
with 0.9% NaCl at room temperature (RT) followed by 4% 
p-formaldehyde in PBS (RT). The brains were postfixed for 2-4 hr in the 
same fixative and cryoprotected in 30% sucrose in PBS overnight. Thirty 
micrometer sections were cut with a cryostat (Leitz, Leica, Munich, 
Germany), collected in RNase-free PBS, and stored at 4°C for a maxi- 
mum of 24 hr. 

The probe was prepared using DNA polymerase (T7 for the antisense 
probe and T3 for the sense probe) and 1 pg of template DNA in 25 ~1 of 
transcription buffer containing 1 ~1 of RNase inhibitor, 40 mM dithio- 
threitol (DTT), 4 mM CTP, 4 mM GTP, 4 mM ATP, and 100 &i of 
‘“S-labeled UTP (Amersham). The riboprobe (a kind gift of Dr. Nina 
Offenhauser) was obtained by polymerase chain reaction amplification of 
rat brain cDNA, which corresponded to nucleotides 19-412 of the rat 
trkB. The transcription was terminated by adding 75 ~1 of 100 mM DTT, 
25 kg of Escherichiu coli tRNA, and 6 U of DNase at 37°C for 15 min. The 
probe was separated from the unincorporated nucleotides by adding 50 
ml of 7.5 M ammonium acetate and 375 ml of 100% ethanol for 1 hr at 
-80°C. The RNA was precipitated, centrifuged, resuspended in 100 ml of 
100 mM DTT, and stored at -80°C. The incorporation efficiency was 
usually -9O%, as assessed on a beta counter. 

Selected sections were transferred in Costar microsieves fitted into 12 
well sterile culture plates and incubated as follows: 4% p-formaldehyde 
for 5 min; PBS for 5 min; 0.6 mg/ml proteinase K (Boehringer) in 50 ITIM 

Tris, pH 7.5,5 mM EDTA, pH 7.5, for 15 min; proteinase buffer for 5 min; 
and 0.25% acetic anhydridc in 0.1 M triethanol amine, pH 8, for 10 min. 
All of the passages were performed at RT under gentle agitation. Sec- 
tions were kept in PBS until prehybridized in 50% formamide, 0.3 M 

NaCI, 20 IIIM Tris, pH 8, 5 mM EDTA, 10% dextran sulfate, 1X Den- 
hardt’s solution, 0.5 mg/ml tRNA, and 20 mM DTT at 60°C for 2 hr. 
Sections were then transferred with a fine glass hook into a fresh 12.well 
culture dish containing 500 ml of fresh prehybridization solution pre- 
heated at 60°C which contained 5,000,OOO cpm/ml labeled probe, and 
were incubated overnight at 60°C with gentle agitation. The following 
washes were then performed: 5X SSC, 10 mM DTT at 55°C for 5 min; 
50% formamide, 2X SSC, 20 mM DTT at 65°C for 20 min; 0.5 M NaCl, 10 
mM Tris, pH 8, 5 mM EDTA at 37°C three times for 10 min; 12.5 mg/ml 
RNase A (Boehringer) in 0.5 M NaCI, 10 mM Tris, pH 85 tnM EDTA at 
37°C for 30 min; 0.5 M NaCI, 10 mM Tris, pH 8, 5 mivr EDTA at 37°C for 
10 min; 50% formamide, 2~ SSC, 20 mM DTT at 65°C for 20 min; 2~ 
SSC for 10 min at RT; and 0.1X SSC for 1 hr at RT. 

Sections were blocked in 30% normal horse serum (NHS) in PBS for 
l-2 hr at RT and subsequently reacted with monoclonal antiparvalbumin 
(Sigma) at a concentration of 0.3 wg/ml in 30% NHS and 0.03% Triton 
X-100 in PBS overnight at 4°C. Sections were washed three times in PBS 
and then processed according to the Vector Vectastain protocol. The 
immunoreactivity was revealed by incubating the sections in 1 mg/ml 
DAB (Sigma) in PBS with 0.008% ammonium chloride, 0.4% glucose, 
and 0.3 mg/ml glucose oxidase solution (Sigma G-6891) for 30 min at RT. 
Sections were mounted onto gelatin-coated slides, air-dried overnight, 
dehydrated in ascending alcohol containing 0.3% ammonium acetate, 
air-dried, dipped in Kodak NBT2 emulsion (Kodak, Siemens, Munich, 
Germany) diluted 1:l with 0.6 M ammonium acetate, and developed after 
2,4, and 6 weeks with D19 developer (Kodak) for 4 min at RT, blocked 
in 1% acetic acid (30 set), and fixed in Unifix (Kodak) (8 min). Slides 
were air-dried, dehydrated through ascending alcohols, cleared in xylene, 
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and coverslipped with mounting medium (Permount, Fisher, Kuhn and 
Bayer, Nidderan, Germany). 

Biocytin labeling. Crystals of biocytin (Sigma) were inserted into the 
stratum oriens using a glass micropipette under visual control. The slices 
were then left overnight in the incubator. After fixation for 4 hr in 2% 
p-formaldehyde and 1% glutaraldehyde in PBS (0.1 M, pH 7.4), slices 
were washed before incubation for 4 hr with an avidin-biotin-horserad- 
ish peroxidase complex (1:lOO; Vector) in PBS containing 1% Triton 
X-100. Staining was developed as for immunohistochemistty. 

Quantijkation. After biocytin labeling, dendritic branches could be 
distinguished from axons because the dendrites emerge from the soma as 
thick processes that taper along their course. The number of dendritic 
branch points was directly counted under the microscope by using a 40X 
magnification objective. Only neurons that were sufficiently separated 
from each other, thus permitting their dendritic arbor to be traced clearly, 
were analyzed. These measurements were made in slices taken from four 
animals, allowing the analysis of a total of 25 neurons (12 control neurons 
and 13 BDNF-treated neurons, with a minimum of 3 neurons analyzed/ 
animal on control slices and on adjacent treated slices). The number of 
primary dendrites also was directly counted under the microscope by 
using a 40X magnification objective. These measurements were made in 
slices taken from four animals, allowing the analysis of a total of 110 
neurons (51 control neurons and 59 BDNF-treated neurons). It was not 
possible to analyze the total dendritic length of these neurons because of 
the frequent overlap of short dendrites from different neurons, particu- 
larly in the vicinity of the injection site. We focused our analysis, there- 
fore, on the longest dendritic branch per neuron, which was usually easy 
to follow to its distal end. To measure the extent of the longest dendritic 
branch per neuron, a ruler was superimposed on the slices by using a 
camera lucida drawing tube. The length from the point of emergence of 
the dendrite to its tip was measured. These measurements were made in 
slices taken from four animals, allowing the analysis of a total of 78 
neurons (32 control neurons and 46 BDNF-treated neurons). The mean 
of the values per animal was calculated. The mean of these four values is 
presented together with the SEM and the results of unpaired Student’s t 
test analysis. 

After calbindin-D immunohistochemistry, the density of immunoposi- 
tive cells in the stratum oriens was determined. Counts were performed 
in a 7225pm’-area square using 20x magnification lenses. The square 
was displaced on the stratum oriens from a random starting point, and 
counts were performed every half visual field, thus allowing three mea- 
surements per slice. After calretinin or parvalbumin immunohistochem- 
istry, the total number of immunopositive cells in the stratum oriens or 
pyramidal cell layer, respectively, was determined. These measurements 
were performed in slices taken from four animals, with three control and 
three adjacent treated slices analyzed per animal. Similarly, after calreti- 
nin immunohistochemistry, the total number of calretinin-immu- 
nopositive Cajal-Retzius cells surrounding the hippocampal fissure was 
determined. The mean of the values obtained per animal was calculated. 
Student’s t test was used for analysis as detailed above. 

Tetrodotoxin treatment and electrophysiological recordings. To block neu- 
ronal activity in the slices, hippocampi were transferred into medium 
containing 1 pM tetrodotoxin (Sigma) immediately after the slices were 
cut. Tetrodotoxin (1 PM) was added to the slice medium in the six-well 
plates and to the solutions used to stimulate the slices. The efficiency of 
this treatment was tested after 4 d in culture. 

Extracellular recordings were performed at a temperature of 28°C. A 
monopolar tungsten electrode was used for stimulation. It was placed in 
the CA3 Schaffer collateral region. Stimulus intensity ranged from 50 to 
150 PA. Responses were recorded with low-resistance glass electrodes 
(5-15 MR) filled with 3 M NaCl. The electrodes were placed in the apical 
dendritic region (stratum radiatum) of the CA1 pyramidal neurons. 
Recordings were performed with an Axoclamp-2A amplifier (Axon In- 
struments, Foster City, CA), filtered with 1 kHz, sampled with 2 kHz, and 
collected with a data acquisition program written in LabView (National 
Instruments, Munich, Germany). 

RESULTS 
The slices retained their organotypic organization during the 
entire observation period of this study (from 2 to 14 d after 
explantation). The layers of dentate granule cells and pyrami- 
dal cells were recognizable and retained their spatial relation- 
ship. However, the infrapyramidal blade of the dentate gyrus 

Figure 1. c-fos immunostaining of hippocampal slices 2 d after explanta- 
tion. a, Control slice. b, Three hours after BDNF application. Note the 
intense crfos immunostaining in the granule cell layer (gl) and in the 
pyramidal cell layer @I) after BDNF treatment. Scale bar, 200 Frn. 

(which is generated later) spread, so it was not possible to 
identify it as a distinct cell layer. After 2 d in culture, flattening 
of the slices became apparent; this process continued during 
the following days, resulting in a broadening of the cell layers 
mentioned above. Four days after explantation, thinning of the 
slices permitted good staining of the neurons, and slices were 
thick enough to allow numerous cells to be analyzed. No major 
difference was observed between control and BDNF-treated 
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Figure 2. MAP-2 immunostaining of hippocampal slices 4 d after explantation. a, Control slice. b, BDNF-treated slice. Note the increase in the number 
of labeled cell bodies (arrows) and processes in the stratum oriens (so) after BDNF treatment. The MAP-2 immunostaining sometimes gave rise to 
background staining in the stratum oriens (a); however, it was not systematically associated with either control or BDNF-treated slices.& Pyramidal cell 
layer. Scale bar, 50 pm. 

slices with respect to either the size of the slices or their 
configuration. 

Induction of c-fos by BDNF 
BDNF (see Materials and Methods) was applied 2, 3, or 4 d after 
preparation of the slices. Two hours after BDNF application, c-fos 
immunoreactivity was induced in the granule cell layer of the 

dentate gyrus and throughout the pyramidal cell layer (Fig. 1). 
The labeling in these cell layers was very dense. Immunostaining 
was also observed outside of these layers of densely packed cells. 
In this latter case, it was difficult to evaluate the potential causal 
relationship of the labeling and the application of BDNF because 
scattered c-fos immunostaining was also observed on control 
sections. 
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Figure 3. Biocytin labeling of hippocampal slices 4 d after explantation. a, Control. b, BDNF-treated. The nrrowheads indicate the traces of the crystals 
of biocytin. 6, Note the curved trajectory of dendrites at the border of the slice after BDNF treatment (arrow). Scale bar, 50 pm. 

Dendritic alterations after BDNF treatment 
Immunohistochemistry for MAP-2 resulted in an intense staining 
throughout the slices, precluding the analysis of individual cells. 
However, at the border of the slices, in the stratum oriens, 
individual cells or processes were distinguishable. 

After 4 d in culture on control slices, a strong MAP-2 immu- 
nostaining was observed at the level of the basal dendrites of 

pyramidal cells (Fig. 2a). In the stratum oriens, few cell bodies and 
dendrites were immunostained for MAP-2. After 4 d of BDNF 
treatment (see Materials and Methods), a strong increase in 
immunostaining was observed in the stratum oriens (Fig. 2b). 
Quantitatively more cell bodies were labeled, and the cells were 
labeled more intensely than in the control slices. A striking in- 
crease in the number of labeled dendrites was also observed, 
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Figure 4. Quantitative analysis of biocytin-labeled cells in the stratum oriens of hippocampal slices 4 d after explantation. White columns represent the 
values obtained in control slices, and black columns represent the values obtained in adjacent slices treated with BDNF. a, Mean number of primary 
dendrites. b, Mean number of dendritic branch points. c, Mean extent of the longest dendritic branch per neuron (in km). Student’s t test indicates a 
significant increase in the extent of the longest dendritic branch per neuron after BDNF treatment (p < 0.05). 

although the origin of most of those dendrites could not be 
determined. 

Biocytin-labeled neurons were studied in slices after 4 d in 
culture, which allowed a good visualization of neuronal morphol- 
ogy in the stratum oriens (Fig. 3). The shape of the cell bodies 
varied greatly: round, elongated, pyramidal, or multipolar, some- 
times crenelated, somata. From these cell bodies, a variable num- 
ber of primary dendrites emerged from 2 to 6 for the 110 neurons 
analyzed. These dendrites were smooth, tapering along their 
course. Sometimes growth cone-like enlargements were observed 
at the tip of dendrites, either in control or in BDNF-treated slices. 
After 4 d of BDNF treatment, neurons seemed to have longer 
dendrites than those observed in the control slices. These den- 
drites sometimes exhibited a curved trajectory at the border of the 
slice (Fig. 3h). 

Morphometric analysis indicated that BDNF treatment influ- 
enced neither the number of primary dendrites nor the number of 
branching points when compared with control slices (Fig. 4). 
However, a significant increase in the extent of the longest den- 
dritic branch per neuron was observed. 

Effects of BDNF on calcium-binding proteins and 
neuropeptide Y immunostaining 

Calbindin-D, calretinin, parvalbumin, and neuropeptide Y immu- 
nostaining were studied in the stratum oriens and pyramidal cell 
layer. Delineation of the borders of the stratum oriens and pyra- 
midal cell layer was possible because of the low background after 
immunostaining in the pyramidal cell layer (Fig. 5). The increase 
in the staining intensity of cells after treatment with BDNF was 
more pronounced after 4 d than after 2 d; therefore, we focused 
our analysis on slices kept for 4 d in culture. 

Immunohistochemistry for calbindin-D allowed staining of nu- 
merous cells scattered throughout the stratum oriens (Fig. 54). 
The intensity of labeling of these cells varied greatly, from a 
cellular labeling that was difficult to distinguish from background 
to a distinct staining of cells that exhibited one or two labeled 
processes. BDNF-treated slices exhibited a pronounced increase 
in the number of labeled cells when compared with adjacent 
control slices. The density of labeled cells increased by -65%, an 
effect not observed after NGF treatment (Fig. 6~). In addition, the 
cells were stained much more intensely than in control slices, with 

an increased intensity of immunostaining within their cell body 
and with up to four or five labeled processes (Fig. 5A). 

Calretinin-positive cells were also observed throughout the 
stratum oriens, although these neurons were less numerous than 
calbindin-immunostained cells (Fig. 93). The staining varied 
greatly in intensity, from faint labeling of the cell bodies just 
distinguishable above background staining to cells with long 
stained processes. After 4 d of BDNF treatment, a strong increase 
in the number of labeled cells was observed when compared with 
adjacent control slices. When quantified, the increase in the 
number of labeled cells was found to be -6O%, an increase that 
was not observed after NGF treatment (Fig. 6b). However, it was 
difficult to evaluate whether BDNF treatment resulted in an 
increase in staining intensity of cells in the stratum oriens after 
BDNF treatment because some cells in control slices were labeled 
intensely (Fig. 5B). 

At 8 and 14 d after explantation, a strong decrease in the 
number of cells immunostained for calretinin in the stratum 
oriens was observed on control slices (Fig. 6~). BDNF applied 
between 4 and 8 d after explantation did not prevent the decrease 
in the number of labeled cells (Fig. 6~). 

Parvalbumin-positive cells were observed mainly within the 
pyramidal cell layer, although a few labeled cells were found in the 
stratum oriens. The intensity of labeling of these cells varied from 
cell bodies that were difficult to distinguish from background to 
cell bodies that exhibited up to five faintly labeled processes. After 
4 d of BDNF treatment, no increase in either the number of 
positive cells or the intensity of staining was observed (data not 
shown). Quantification indicated no increase in the number of 
labeled cells in the pyramidal cell layer (mean i SEM: 76 +- 4 in 
control slices, 74 ? 4 in BDNF-treated slices). The effects of 
BDNF on parvalbumin immunostaining were tested on slices 
from lo-d-old rats, whereas the effects of BDNF on the other 
markers were tested on slices from g-d-old rats (see Materials and 
Methods). We therefore tested whether BDNF was as efficient in 
increasing calretinin (see above) or neuropeptide Y (see below) 
immunoreactivity in slices from lo-d-old rats as it was in slices 
from g-d-old rats. By comparing three control slices with three 
adjacent BDNF-treated slices for each marker, we found that, 
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Figure 5. Immunostaining of hippocampal slices 4 d after explantation. Left, Control slices. Right, BDNF-treated slices. The dashed lines indicate the 
border between the stratum oriens (SO) and the pyramidal cell layer @I). A, Calbindin-D immunostaining. Note the increased immunostaining of cells in 
the stratum oriens after BDNF treatment. B, Calretinin immunostaining. Note the increase in the number of cells immunostained for calretinin in the 
stratum oriens after BDNF treatment. C, Neuropeptide Y immunostaining. Note the increase in the number of cells immunostained for neuropeptide 
Y and the increased intensity of their labeling in the stratum oriens after BDNF treatment. Scale bar, 50 ym. 
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Figure 6. Mean density of calbindin-D-immunoreactive cells (a) and 
mean number of calretinin-immunoreactive cells (b-d) in the stratum 
oriens of hippocampal slices 4 d after explant&ion. white cohmns repre- 
sent the values obtained in control slices, and black columns represent the 
values obtained in adjacent slices treated with neurotrophins. Student’s t 
test indicates a significant increase in density of calbindin-D- 
immunoreactive cells (a) and mean number of calretinin-immunoreactive 
cells (b) 4 d after BDNF treatment (p < 0.01). c, A significant decrease in 
the number of calretinin-immunoreactive cells was observed at 8 d @ < 
0.05) and 14 d (p < 0.01) after explantation compared with control slices 
at 4 d after explantation. BDNF treatment between 4 and 8 d after 
explantation does not prevent a decrease in the number of calretinin- 
immunoreactive neurons. d, A significant increase in the number of 
calretinin-immunoreactive cells was observed after tetrodotoxin and 
BDNF treatment (p < 0.05). 

indeed, BDNF increased calretinin or neuropeptide Y immuno- 
staining (data not shown). 

To resolve the issue of whether parvalbumin-containing neu- 
rons in the hippocampus express trkB mRNA, a double in situ 

hybridization-immunohistochemistry procedure was per- 
formed. The distribution of trkB transcripts that could be 
detected by this procedure was similar to the distribution 
reported by other groups (Altar et al., 1994). A strong and 

homogeneous labeling was present over all subdivisions of the 
CA subfield, as well as over the granule cells of the dentate 
gyrus and scattered neurons in the hilus and the stratum oriens. 
Parvalbumin immunoreactivity was sufficiently preserved after 
the in situ hybridization procedure to allow detection of faint to 
moderately parvalbumin-immunoreactive somata, whereas la- 
beling of processes and terminals was compromised. For most 
of the parvalbumin-positive neurons, an accumulation of auto- 
radiographic grains over the cell body could be demonstrated 
(Fig. 7). 

In control slices, cells in the stratum oriens were labeled very 
faintly after neuropeptide Y immunohistochemistry (Fig. SC). 
Neuropeptide Y immunostaining seemed punctiform and thus 
different from the homogeneous staining of the cytoplasm in 
labeled cells after immunostaining for calcium-binding proteins. 
After BDNF treatment, the number of labeled cells and the 
intensity of their staining increased (Fig. 5C). 

Effects of BDNF on calretinin-positive 
Cajal-Retzius cells 
A group of cells surrounding the hippocampal fissure and in the 
infrapyramidal blade of the dentate gyrus was immunostained 
for calretinin. However, these cells exhibited lower intensity of 
staining for calretinin than did cells in the stratum oriens, and 
they possessed either one or no labeled processes (Fig. 8a). 
After BDNF treatment, an increase in the intensity of staining 
of these cells was observed. The increased immunostaining of 
these cells permitted direct visualization of their morphology, 
with a single, thick dendritic process emerging from the ovoid 
cell body (Fig. 8b). Quantification of the number of these cells 
exhibiting a labeled process indicated an increase of their 
number after BDNF treatment (mean t SEM: 31 -C 2 in 
control slices, 54 ? 3 in BDNF-treated slices,p = 0.011). These 
cells are presumed to be the equivalent of the Cajal-Retzius 
neurons in the cerebral cortex and are transiently present in the 
hippocampus (von Haebler et al., 1993; Soriano et al., 1994; 
Del Rio et al., 1995). However, the calretinin-positive cells 
surrounding the hippocampal fissure and in the infrapyramidal 
blade of the dentate gyrus were observed up to 14 d after 
explantation (longest time point studied); it seems that these 
cells were more resistant to the explantation than were the 
calretinin-positive interneurons in the stratum oriens. Quanti- 
fication of the total number of calretinin-immunopositive Ca- 
jal-Retzius cells surrounding the hippocampal fissure at 4, 8, 
and 14 d after explantation indicated a decrease in their num- 
ber (mean ? SEM: 148 + 8 after 4 d, 102 +- 5 after 8 d, 84 ? 
4 after 14 d in culture). A statistically significant difference was 
found only when comparing the values at 4 and 14 d 0, = 
0.046). This decrease in the number of calretinin-positive Ca- 
jal-Retzius cells between 4 and’ 14 d in culture (43%) was less 
than that of calretinin-positive interneurons (70%; see above). 

Given the responsiveness of hippocampal Cajal-Retzius cells to 
BDNF, we then used slices from BDNF knock-out mice to deter- 
mine whether BDNF is a requirement for the survival of these 
neurons. We first verified that the neurons in these slices were 
responsive to BDNF. BDNF was potent in inducing c-foes in slices 
from S-d-old BDNF knock-out mice, indicating the presence of 
receptors for BDNF (data not shown). Furthermore, treatment of 
slices for 4 d also induced an increased immunostaining for 
calretinin of the cells surrounding the hippocampal fissure, indi- 
cating that Cajal-Retzius cells in these slices were responsive to 
BDNF (Fig. 9u,b). Quantification of the number of these cells 
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Figure 7. Double-labeling trkB in sitz 
tion-parvalbumin immunohistochemic 
tisense probe. b, Sense probe. Cells 
trkB in situ hybridization (black silver 
also labeled by parvalbumin immunoh 
try (brown reaction product; arrows). 
50 pm. 

I hybridiza- 
jtv. a, An- 
labeled by 
grains) are 
istochemis- 
Scale bar, 

exhibiting a labeled process indicated an increase of their number 
after BDNF treatment (mean ? SEM: 32 5 2 in control slices, 79 
-+ 4 in BDNF-treated slices, p = 0.004). However, numerous 

neuropcptide Y immunostaining also was not prevented by tetro- 
dotoxin treatment. 

calretinin-positive cells exhibiting the same morphology as in the 
rat slices were also observed in this area in slices from BDNF 
knock-out mice up to 14 d after explantation (longest time stud- 
ied) (Fig. SC), suggesting that BDNF is not required for their 
survival. 

Effects of BDNF in the presence of tetrodotoxin 
Tetrodotoxin treatment totally abolished the activation of CA1 
pyramidal neurons evoked by stimulation of the Schaffer collat- 
erals (Fig. 10). 

Tetrodotoxin treatment prevented neither the BDNF-induced 
increase in the number of calretinin-labeled cells in the stratum 
oriens (Fig. 6d) nor the increase in calretinin immunoreactivity of 
cells surrounding the hippocampal fissure (Fig. 11). The increased 

DISCUSSION 

The objective of this study was to reveal the effects of BDNF on 
the differentiation of hippocampal nonpyramidal neurons using 
organotypic slice cultures. 

Hippocampal neurons in slice cultures from 8-d-old rats re- 
spond to BDNF as determined by c-fos induction. Stimulation for 
4 d with BDNF induced an increase of the immunostaining for 
MAP-2 in nonpyramidal neurons of the stratum oriens. BDNF 
promotes the elongation of the dendrites of these nonpyramidal 
cells, as demonstrated by morphometric analysis of biocytin- 
labeled neurons. Calbindin-D- and calretinin-containing sub- 
groups of nonpyramidal neurons in the stratum oriens were both 
responsive to BDNF but not to NGF, as shown by an increased 
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Figzwe 8. Calretinin immunostaining of hippocampal slices 4 d after explantation. a, Control slice. b, BDNF-treated slice. Note the increased 
immunostaining of cells situated at the border between the stratum lacunosum moleculare (slm) and the dentate gyms (DG) after BDNF treatment. The 
labeled cells are monopolar (arrow in b). Scale bar, 50 pm. 

immunostaining for these calcium-binding proteins. BDNF also 
increased calretinin immunoreactivity of Cajal-Retzius cells of 
the hippocampus, but BDNF does not seem to be required for the 
survival of these neurons because Cajal-Retzius cells were also 
present in slices from BDNF knock-out mice. The increase in 
calretinin immunostaining and the BDNF-induced increase in 
neuropeptide Y immunostaining were observed in the presence of 
tetrodotoxin, indicating that these effects of BDNF are indepen- 
dent of neuronal activity. 

Specific effects of BDNF on the morphology of stratum 
oriens nonpyramidal neuroris 
BDNF increased the immunostaining for MAP-2 in the stratum 
oriens after 4 d of treatment. This effect could have resulted from 
either an increase in neuronal survival or an increase in MAP-2 
content in these cells. Although an effect of BDNF-on survival is 
still unclear, the observation that neurons were labeled more 
intensely in control slices suggests that at least an increase in 
MAP-2 content occurred after BDNF. Because a role of MAP-2 
in neurite outgrowth and dendritic maintenance has been postu- 
lated (Garner et al., 1988; Matus, 1988; Dinsmore and Solomon, 
1991; Caceres et al., 1992; Svensson and Aldskogius, 1992), we 
then searched for an effect of BDNF on the dendritic arboriza- 
tions of nonpyramidal neurons in the stratum oriens. Morpholog- 
ical analysis after biocytin labeling indicated that the increased 
MAP-2 content was associated with dendritic elongation in the 
absence of de nova formation of dendrites or an increase in the 
number of branching points. This is comparable with the effect of 
NGF on AChE-positive cells in organotypic slice cultures of the 
striatum, in which NGF increased the dendritic length without 
affecting the general branching pattern (Studer et al., 1994). Such 
a specific effect of BDNF on neuronal morphology was strikingly 

different from the general increase in the number of dendrites of 
GABAergic neurons in primary cultures of embryonic hippocam- 
pal neurons (S. Marty, unpublished observations). This difference 
may be attributable to either the different culture conditions or 
the fact that the slices were prepared from 8-d-old rats, the 
hippocampal neurons in the stratum oriens being generated pre- 
natally (Bayer, 1980). Between postnatal days 10 and 20, the 
development of nonpyramidal cells in the stratum oriens is char- 
acterized mainly by an increase in dendritic length, paralleled by 
a decrease in the number of dendritic growth cones (Lang and 
Frotscher, 1990). Application of BDNF to these neurons at a late 
stage of their maturation, therefore, seemed only to enhance the 
ongoing process of dendritic elongation. In vivo, BDNF and trkB 
mRNA levels increase postnatally in the hippocampus, in parallel 
with dendritic elongation of nonpyramidal cells (Lang and 
Frotscher, 1990; Maisonpierre et al., 1990; Masana et al., 1993). 
Our results suggest that BDNF is involved in the morphological 
maturation of nonpyramidal neurons in the postnatal 
hippocampus. 

BDNF acts on both the calbindin-D- and the calretinin- 
containing subgroups of nonpyramidal neurons in the 
stratum oriens 
The calcium-binding proteins calbindin-D, calretinin, and parval- 
bumin are expressed by subgroups of hippocampal nonpyramidal 
cells with little or no overlap (Gulyas et al., 1992; Miettinen et al., 
1992; Rogers and Resibois, 1992). We studied whether these 
subgroups of nonpyramidal cells are responsive to BDNF. 
Calretinin- and parvalbumin-positive neurons in the stratum 
oriens and pyramidal cell layer expressed GABA and were con- 
sidered to be interneurons (Gulyas et al., 1992; Miettinen et al., 
1992). In contrast, a high number of calbindin-D-positive neurons 
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Figure 9. Calretinin immunostaining of hippocampal slices from BDNF 
knock-out mice. n, Control slice. b, BDNF-treated slice. Note the in- 
creased immunostaining of cells situated at the border between the stra- 
tum lacunosum moleculare (slm) and the dentate gyrus (DG) after BDNF 
treatment, resulting in a much higher number of labeled processes in the 
BDNF-treated slice. c, Labeling 14 d after explantation. Scale bar, 50 pm. 

in this area were shown to project to the medial septum and were 
stained only weakly for GABA (T&h and Freund, 1992). We 
found that the calbindin-D- and calretinin-positive neurons re- 
spond to BDNF, as determined by the increase in their number 
after treatment. By contrast, we found no effect of BDNF on 
parvalbumin immunostaining. 

The increase in the number of calbindin-D-immunoreactive 
neurons in the stratum oriens after 4 d of BDNF treatment may 

J control 

k I 
0.4mV 

IOms 

Figure IO. Examples of extracellular recordings in the stratum radiatum 
of CA1 pyramidal neurons (average of 15 trials). Note that in the 
tetrodotoxin-treated slice, synaptic field potentials cannot be elicited by 
stimulation of Schaffer collaterals. 

have resulted from either a survival effect of BDNF or an increase 
in the calcium-binding protein levels within these cells, to an 
extent that more cells can be detected by an immunohistochemical 
procedure. The latter seems likely because after BDNF treatment 
neurons were stained more intensely for calbindin-D than in 
control slices, which resulted in the appearance of more numerous 
stained processes. 

An effect of BDNF on the content of calretinin in stratum 
oriens interneurons was more difficult to evaluate because neu- 
rons in control slices already exhibited intense labeling. When this 
neurotrophin was applied between 4 and 8 d after explantation, it 
did not prevent the decrease in the number of calretinin- 
immunostained neurons in the stratum oriens during this period. 
Thus, BDNF either did not exert a survival effect on calretinin- 
immunoreactive neurons in the stratum oriens or was not any 
more potent in increasing calretinin content. 

We propose, therefore, that both the calbindin-D- and the 
calretinin-containing subgroups of stratum oriens nonpyramidal 
neurons are responsive to BDNF. This result is consistent with the 
decrease in immunostaining for calbindin-D observed in BDNF 
knock-out mice (Jones et al., 1994). In contrast, we were unable to 
detect an effect of BDNF on parvalbumin-immunoreactive neu- 
rons. In primary cultures of hippocampal neurons, BDNF also 
failed to increase the levels of parvalbumin mRNA (D. Lindholm, 
unpublished observations). The expression of the trkB receptor by 
the parvalbumin-positive neurons suggests that levels of parval- 
bumin, unlike calbindin-D or calretinin, are not regulated 
by BDNF. 

BDNF regulates the calretinin content but not the 
survival of Cajal-Retzius cells in the 
postnatal hippocampus 
A subgroup of neurons situated at the level of the hippocampal 
fissure and in the infrapyramidal blade of the dentate gyrus was 
identified as Cajal-Retzius cells (von Haebler et al., 1993; Soriano 
et al., 1994; Del Rio et al., 1995). BDNF treatment increased the 
intensity of their immunostaining for calretinin, indicating that 
these neurons are responsive to BDNF. 

In vivo studies have shown that Cajal-Retzius cells disappear 
from postnatal day 8 onward, this disappearance occurring in the 
hippocampus during the second and third postnatal week (Del 
Rio et al., 1993, 1995). Surprisingly, this population of neurons 
persisted in slices from 8-d-old rats up to 14 d after explantation. 
These cells seemed even more resistant to the slice preparation 
than calretinin-positive interneurons in the stratum oriens, a pop- 
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Figure Il. Calretinin immunostaining of hippocampal slices 4 d after 
explantation. a, Control slice. b, Tetrodotoxin- and BDNF-treated slice. 
Note the increased immunostaining of cells situated at the border between 
the stratum lacunosum moleculare (slm) and the dentate gyrus (DC) after 
tetrodotoxin and BDNF treatment. Scale bar, 50 km. 

ulation of neurons that remains throughout adulthood. These 
data suggest that an afferent influence of extrahippocampal areas 
is responsible for the disappearance of Cajal-Retzius cells in vivo. 
However, we found that these neurons are present and that they 
persisted in slices from BDNF knock-out mice. Although com- 
pensatory mechanisms may occur in knock-out mice, this result 
indicates that BDNF is not an absolute requirement for survival of 
Cajal-Retzius cells, suggesting that BDNF exerts a differentiation 
rather than a survival effect on these neurons. 

Nonpyramidal neurons as targets for BDNF in the 
postnatal hippocampus 
Increased calretinin or neuropeptide Y immunostaining in re- 
sponse to BDNF was obtained in the presence of tetrodotoxin. 
This indicates that neuronal activity was not necessary for the 
BDNF effects and suggests that these effects were mediated by the 
direct interaction of BDNF with its receptor, trkB, on nonpyra- 
midal neurons. The distribution of full-length trkB mRNA in the 
adult hippocampus shows the presence of highly labeled cells 
outside of the principal cell layers (Altar et al., 1994) (this study). 
This contrasts with the distribution of BDNF mRNA in the 
hippocampus, which is present in the principal cell layers and in 
the hilus (Ernfors et al., 1990; CastrCn et al., 1995). The data 
suggest that BDNF acts on nonpyramidal cells after being re- 
leased by their target neurons within the principal cell layers. 

Neuronal activity can regulate the level of BDNF mRNA 
(Zafra et al., 1990, 1991; Berzaghi et al., 1993). In the adult, 
GABA, receptor stimulation reduces BDNF mRNA (Zafra et al., 
1991). In contrast, it was shown recently that GABA, receptor 
stimulation increases BDNF mRNA in developing hippocampal 
neurons (Berninger et al., 1995). This finding suggests that 
GABAergic neurons regulate their own differentiation via an 
activity-dependent regulation of BDNF in their target neurons. 
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