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TrkB and TrkC Signaling Are Required for Maturation and
Synaptogenesis of Hippocampal Connections
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Recent studies have suggested a role for neurotrophins in the
growth and refinement of neural connections, in dendritic
growth, and in activity-dependent adult plasticity. To unravel
the role of endogenous neurotrophins in the development of
neural connections in the CNS, we studied the ontogeny of
hippocampal afferents in trkB (—/—) and trkC (—/—) mice. In-
jections of lipophilic tracers in the entorhinal cortex and hip-
pocampus of newborn mutant mice showed that the ingrowth
of entorhinal and commissural/associational afferents to the
hippocampus was not affected by these mutations. Similarly,
injections of biocytin in postnatal mutant mice (P10-P16) did
not reveal major differences in the topographic patterns of
hippocampal connections.

In contrast, quantification of biocytin-filled axons showed
that commissural and entorhinal afferents have a reduced num-
ber of axon collaterals (21-49%) and decreased densities of
axonal varicosities (8-17%) in both trkB (—/—) and trkC (—/-)
mice. In addition, electron microscopic analyses showed that

trkB (—/-) and trkC (—/—) mice have lower densities of synaptic
contacts and important structural alterations of presynaptic
boutons, such as decreased density of synaptic vesicles. Fi-
nally, immunocytochemical studies revealed a reduced expres-
sion of the synaptic-associated proteins responsible for synap-
tic vesicle exocytosis and neurotransmitter release (v-SNAREs
and t-SNAREs), especially in trkB (—/—) mice. We conclude that
neither trkB nor trkC genes are essential for the ingrowth or
layer-specific targeting of hippocampal connections, although
the lack of these receptors results in reduced axonal arboriza-
tion and synaptic density, which indicates a role for TrkB and
TrkC receptors in the developmental regulation of synaptic
inputs in the CNS in vivo. The data also suggest that the genes
encoding for synaptic proteins may be targets of TrkB and TrkC
signaling pathways.
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The neurotrophins, including nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and
neurotrophin 4/5 (N'T4/5), are essential for the survival of popu-
lations of neurons in the PNS and CNS [Jones et al. (1994);
Minichiello and Klein (1996); Alcdntara et al. (1997); for review,
see Snider (1994); Farinas and Reichardt (1996); Snider and
Silos-Santiago (1996)]. Recent studies indicate that neurotrophins
may regulate dendritic and axonal growth (Cabelli et al., 1995,
1997; Cohen-Cory and Fraser, 1995; McAllister et al., 1995, 1996,
1997; Bolz et al., 1997; Inoue and Sanes, 1997; Paves and Saarma,
1997) and the efficacy of synaptic transmission (Lohof et al., 1993;
Kang and Schuman, 1995; Korte et al., 1995; Thoenen, 1995;
Figurov et al., 1996; Prakash et al., 1996; Wang and Poo, 1997).
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Moreover, target-derived neurotrophins in the PNS may regulate
the maturation of synaptic contacts and the density of synaptic
innervation (Miller et al., 1994; Wang et al., 1995; Causing et al.,
1997). In addition, a role for BDNF and N'T4/5 has been shown
for the activity-dependent development of ocular dominance
columns in the visual cortex (Cabelli et al., 1995, 1997; Galuske et
al., 1996).

Most of the data on the effects of neurotrophins on axonal
growth were obtained in vitro or after application of exogenous
neurotrophins. To our knowledge, the only study that has ana-
lyzed the role of endogenous neurotrophins in the development
of neural connections in the CNS was performed by infusion of
neurotrophin receptors antagonists (TrkB-IgG) in the visual cor-
tex (Cabelli et al., 1997). To determine the contribution of en-
dogenous neurotrophins to the developmental pattern of neuro-
nal connections and synaptogenesis in the CNS, we studied the
ontogeny of the main hippocampal afferents in mice lacking #7kB
and trkC genes, which encode for the receptors of BDNF and
NT4/5, and NT3, respectively (Klein et al., 1991, 1992; Lamballe
et al., 1991; Soppet et al., 1991). We chose the hippocampal area
not only because neurotrophic factors and their receptors are
abundantly expressed in this region (Gall and Isackson, 1989;
Ernfors et al., 1990, 1991; Hofer et al., 1990; Gall et al., 1991;
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Isackson et al., 1991; Rocamora et al., 1996), but also because
most studies on modulation of synaptic activity by neurotrophins
have been performed in this brain area (Kang and Schuman,
1995; Korte et al., 1995; Figurov et al., 1996). In addition, the
analysis of the phenotype of hippocampal connections in #7kB
(—/—) and rkC (—/—) mice allows us to assess the developmental
functions of neurotrophins in a region where the main afferent
connections are organized both in a layer-specific manner and in
a precise topographic order (Amaral and Witter, 1995).

MATERIALS AND METHODS

Mutant mice. Single-mutant trkB (—/—) and trkC (—/—) mice and double-
mutant homozygous mice were generated by mating single and double
heterozygous animals (Klein et al., 1993, 1994; Fritzsch et al., 1997).
Because no significant differences were observed in the phenotype of
wild-type and heterozygous littermates, both groups of mice were used as
controls for the quantitative analyses.

In situ hybridization. Embryonic day (E14, E16, E18), postnatal day
(PO, P5, P10, P15, P21), and adult mice (NMRI strain; Iffa Credo, Lyon,
France) were perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer, cryoprotected in 30% sucrose, and frozen. Coronal sections
(30-50 wm thick) were obtained and hybridized as described elsewhere
(Lecea et al., 1995, 1997). Briefly, sections were deproteinized with 0.2 N
HCI for 10 min, acetylated with 0.25% acetic anhydride in 0.1 M trieth-
anolamine buffer, pH 8.0, and post-fixed for 10 min in 4% paraformal-
dehyde. Sections were then hybridized overnight at 60°C with
digoxigenin-labeled antisense RNA probes to mouse BDNF and NT3
and to the tyrosine kinase domains of mouse TrkB and TrkC in a solution
containing 50% formamide, 20 mm PIPES, 5X Denhardt’s solution, 10%
dextran sulfate, 250 pg/ml yeast tRNA, 250 pg/ml salmon sperm DNA,
50 mm dithiothreitol, 0.62 M NaCl, and 10 mm EDTA solution. Sections
were then digested with RNase A (37°C for 1 hr) and washed in 0.5X SSC
plus 50% formamide (55°C) and in 0.1X SSC plus 0.5% sarcosyl (60°C).
After hybridization, sections were blocked with 10% sheep normal serum
(2 hr), incubated overnight with an alkaline phosphatase-labeled anti-
digoxigenin antibody (1:2000), and developed with a 5-bromo-4-chloro-
3-idolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) substrate.
After several washes, sections were mounted onto slides and coverslipped
with Mowiol. Sections hybridized with sense riboprobes did not give
signals above background levels.

Anterograde tracing. Newborn and P5 mice were perfused with 4%
paraformaldehyde in phosphate buffer, and their brains were dissected
out. Crystals of 1-1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil) were injected into the entorhinal area or hippocampus
as described (Super and Soriano, 1994). Brains were stored in phosphate-
buffered 4% paraformaldehyde for 5-8 weeks in the dark at room
temperature. Coronal sections were obtained with a vibratome, counter-
stained with the DNA-specific dye bisbenzimide, and mounted with an
antifading mounting medium. The sections were analyzed and pho-
todocumented in a Polyvar (Reichert) microscope equipped with fluo-
rescent filters. P10-P16 mice were injected by iontophoresis of biocytin
(20 min; positive current; 7 sec on/off cycle) in the entorhinal cortex or
the hippocampus. After 24 hr of survival, animals were perfused with 4%
paraformaldehyde, and brains were post-fixed in the same fixative and
sectioned at 50 wm using a vibratome. Free-floating sections were then
incubated with the avidin-biotin—peroxidase complex (ABC) (Vector
Labs, Burlingame, CA), developed with 0.05% diaminobenzidine (DAB)
and 0.01% hydrogen peroxide in the presence of 0.02% nickel sulfate
(Del Rio et al., 1997), and counterstained with cresyl violet. A total of 97
postnatal mice were used (n = 11 trkB (+/+), 24 rkB (), 23 trkB (—/—),
11 rkC (+/+), 16 trkC (%), 12 trkC (—/—)). Five newborn double-mutant
trkB (—/=)/trkC (—/—) mice were also injected with Dil. Selected ento-
rhinal and commissural fibers from #kB (—/—) and #kC (—/—) mice
(P13-P14) and from control littermates were drawn using a 40X oil-
immersion objective lens (n = 2-4 animals per group, 32-58 fibers).
Length of fibers was measured using a planimeter, and the branching
index (Del Rio et al., 1997) and density of axonal varicosities (number of
varicosities per 100 um) were calculated. Statistical analysis was per-
formed using the Student’s ¢ test.

Electron microscopy. trkB (—/=) (P13,n = 2), rkC (—/—) (P12-13,n =
3), and control littermates [#kB (+/+), n = 1; kB (+/—), n = 1; rkC
(+/+), n = 1; rkC (+/—), n = 2] were perfused with 2% glutaralde-
hyde—1% paraformaldehyde in 0.12 M phosphate buffer. Brains were
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removed from the skull and fixed in the same solution overnight. Tissue
slices were post-fixed with 2% osmium tetroxide, stained with 2% uranyl
acetate, and embedded in Araldite. Ultrathin sections were collected
onto formvar-coated slot grids and stained with lead citrate. Electron
micrographs covering 100 um? (final magnification 19,000X) were ran-
domly taken from each hippocampal layer, and the number of synaptic
contacts was counted (n = 30-31 micrographs for each layer and group).
For the morphometric analysis of presynaptic boutons and synapses,
randomly selected synaptic contacts were micrographed at 58,000X final
magnification (n = 81-170 axon terminals and synapses per group and
layer). The total number of synaptic vesicles and vesicles clustered near
the active zone [whose membrane was closer than 50 nm (Rosahl et al.,
1995)] was counted. The area of axon terminals and the length and
thickness of synaptic specializations were calculated using the IMAT
image analysis program (Scientific-Technical Services, University of Bar-
celona). Statistical analysis was performed using the Student’s ¢ test.

Organotypic slice cultures. Entorhinohippocampal cocultures and hip-
pocampus/hippocampus cocultures were prepared from newborn kB
(=/-), rkC (=/—), and double-mutant #rkB (—/—)/trkC (—/—) mice, as
well as from control littermates as described (Del Rio et al., 1997).
Animals were anesthetized by hypothermia, their brains were removed,
and the hippocampus and entorhinal cortex were dissected out under a
microscope. Horizontal sections (350 wm thick) were obtained using a
Mcllwain tissue chopper. Selected slices were cocultured using the in-
terphase membrane method (Stoppini et al., 1991). A total of 52 ento-
rhinohippocampal and 50 hippocampus/hippocampus mixed slice cocul-
tures of mutant and control mice were prepared. In addition, cultures
from single-mutant mice were also prepared (n = 38). A crystal of
biocytin was placed in the entorhinal cortex or the hippocampus 24 hr
before fixation. Cocultures were fixed with 4% paraformaldehyde after
9-15 d in vitro (DIV). Horizontal sections (40 wm thick) were obtained,
incubated with the ABC complex, and developed with diaminobenzidine/
nickel and hydrogen peroxide as described above. Cultures were then
counterstained with cresyl violet and coverslipped.

Immunocytochemistry and immunoblot. Mutant and control littermates
(P13; rkB (—=/=), n = 2, kB (+/+), n = 1; trkB (+/=), n = 1; trkC
(=/=),n =2;trkC (+/+),n = 1; trkC (+/—), n = 1) were perfused with
4% paraformaldehyde in PBS, cryoprotected in 30% sucrose, and sec-
tioned at 25 um. Sections from mutant and control mice were processed
in bulk. Free-floating sections were blocked with 15% fetal bovine serum
solution and incubated overnight at 4°C with one of the following
primary antibodies (diluted 1:1000-1500): anti-a-tubulin (Sigma, Poole
Dorset, UK), anti-synapsin I [MAB 355, Chemicon, Temecula, CA
(recognizing the C-terminal fragment of synapsin I)], anti-synaptophysin
(MAB SVP-38, Sigma), anti-synaptotagmin I [MAB 41.1, gift from R.
Jahn (Gottingen, Germany) (Brose et al., 1992)], anti-SNAP-25 (MAB
SMI 81, Sternberger-Meyer, Jarrettsville, MD), anti-synaptobrevin 2
[MAB 69.1, gift from R. Jahn (Edelmann et al., 1995)], anti-syntaxin 1
[MAB HPC-1 recognizing isoforms 1A and 1B; gift from G. Barnstable
(New Haven, CT) (Barnstable et al., 1985)], and anti-Rab3a [MAB 42.2,
gift from R. Jahn (Matteoli et al., 1991)]. Thereafter, sections were
incubated for 3 hr at room temperature in the dark with FITC-
conjugated secondary antibodies, mounted onto slides, and coverslipped
with an antifading mounting medium. Sections were viewed in a Leica
TCS 4D confocal scanning laser microscope. Two serial confocal images,
2 wm apart, from each example were used to quantify the fluorescence
intensity of synaptic-associated protein immunolabeling. The intensities
of fluorescence (expressed as gray levels) were measured along vertical
strips extending from the stratum oriens to the hilar region, with the aid
of the IMAT image analysis program. Continuous linear profiles from
control and null-mutant mice were then averaged, and the fluorescence
intensities were calculated for each hippocampal layer. Statistical analysis
was performed using the Student’s ¢ test.

The forebrains of two #kB (—/—) and trkC (—/—) mice and littermate
controls were frozen and homogenized in HEPES/NaOH 10 mm, pH 7.4,
containing 0.32 M sucrose, 1 pg/ml leupeptin, 5 pg/ml aprotinin, 1 mm
PMSF, and 1 mMm EGTA. To remove nuclei and cellular debris, the
homogenates were centrifuged at 2000 rpm in a Beckman JA21 rotor for
2 min followed by 12,000 rpm for 11 min in the same rotor. Supernatants
containing cytosolic and light membrane fractions were subjected to
SDS-PAGE and immunoblot analysis using 10 pg of protein per lane.
Gels were then electrotransferred to nitrocellulose membranes using a
semi-dry blotting system. Nitrocellulose membranes were blocked with
5% nonfat milk in TBS (140 mm NaCl, 10 mm Tris/HCI, pH 7.4, with
0.1% Tween-20) for 30 min at room temperature and incubated over-
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night with the monoclonal antibodies described above. After several
washes, membranes were incubated with peroxidase-conjugated anti-
mouse antibodies for 1 hr at room temperature and developed using the
ECL method (Amersham, Bucks, UK), placed in contact with x-ray films
for 10-60 sec, and quantified (Phoretix 1D Gel Analysis system). The
values were normalized to a-tubulin to correct for possible inequalities in
protein content.

RESULTS

Expression of neurotrophic factors and their receptors
in the developing hippocampal region

In the mouse, developing entorhinal afferents reach the hip-
pocampus at embryonic day 15 (E15) and invade the appropriate
target layer (stratum lacunosum-moleculare) by E16, whereas
commissural/associational afferents reach the target layers (stra-
tum oriens and stratum radiatum) 2-3 d later (Super and Soriano,
1994; Super et al., 1998). To investigate the role of neurotrophins
and their receptors in the development of these principal hip-
pocampal connections, we first analyzed the developmental ex-
pression of #kB, trkC, bdnf, and nt3 genes. At embryonic stages
(E14-E18), both TrkB and TrkC mRNAs were detected in post-
mitotic neurons of the entorhinal cortex, in the pyramidal neurons
of the hippocampus proper (CA1-CA4 subfields), and in the
granule cells of the dentate gyrus. At postnatal stages (P0-P15),
when hippocampal connections mature, levels of expression for
both transcripts increased steadily and were maximal (Fig. 14,B).
mRNA hybridization signals decreased to adult-like levels by P21.
BDNF mRNA was also widely expressed in the entorhinohip-
pocampal system at all ages (Fig. 1C), with levels of expression
increasing from P5 on to reach maximal expression levels in the
adult. NT3 transcripts, which in the adult hippocampus are re-
stricted to the dentate gyrus and the CA2 region (Ernfors et al.,
1990; Lindvall et al., 1992; Isackson, 1995), were upregulated at
prenatal and early postnatal stages and were expressed in most
neurons within the hippocampus and entorhinal areas (data not
shown). No remarkable differences in the pattern of expression
for either transcript were observed between the medial and lateral
fields of the entorhinal cortex. These results show that TrkB and
TrkC receptors and their ligands, BDNF and NT3, are expressed
in the hippocampal region at the time of ingrowth and develop-
ment of the main hippocampal afferents (Super and Soriano,
1994; Del Rio et al., 1997; Super et al., 1998). Furthermore, TrkB
and TrkC receptors are expressed in entorhinohippocampal pro-
jection cells and in the neurons of the CA3 subfield that give rise
to the commissural/associational pathway (Amaral and Witter,
1995).

Pattern of hippocampal connectivity in trkB (—/—) and
trkC (—/—) mice

Recently, it has been suggested that neurotrophins may be in-
volved in the attraction of the axonal growth cone (Paves and
Saarma, 1997; Song et al., 1997). To test whether TrkB or TrkC
signaling is required for the ingrowth and targeting of afferent
fibers in the hippocampal region we next examined the develop-
ment of hippocampal connections in #kB (—/—) and #kC (—/—)
mice. Injections of the anterograde tracer Dil in the entorhinal
area at PO—P5 showed that in #kB (—/—) and #kC (—/—) mice
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Figure 1. Expression of TrkB (A), TrkC (B), and BDNF (C) mRNAs in
horizontal sections of PO mice. Positive neurons are widely distributed
throughout the hippocampus (CAI, CA3), the dentate gyrus (DG), and
the entorhinal cortex (EC). Scale bars: A-C, 300 um.

entorhinal axons innervated the appropriate target layers, the
stratum lacunosum-moleculare, and the dentate molecular layer,
with a pattern indistinguishable from that of wild-type and het-
erozygous littermates (control mice) (Fig. 24-C). Similarly,
tracer injections in the hippocampus of #kB (—/—) and rkC
(—/—) mice at PO-P5 resulted in a large number of commissural
fibers in the contralateral hippocampus innervating the stratum

—

hippocampus of wild-type (G) and trkC (—/—) (H') P14 mice, illustrating no major topographic differences in the innervation of the outer molecular layer
and stratum lacunosum-moleculare in the CA3 region (arrowheads). I, J, Distribution of commissural fibers in the hippocampus of wild-type and #rkC
(—/—) P14 mice after injections of biocytin in the contralateral hippocampus. Commissural fibers innervate the stratum radiatum and the inner molecular
layer (arrowheads). EC, Entorhinal cortex; DG, dentate gyrus; SG, stratum granulosum; SLM, stratum lacunosum-moleculare; SM, stratum moleculare;
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars: A-H, 300 um; 7, J, 100 wm.
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Figure 2. Distribution of entorhinohippocampal and commissural projections in kB and trkC (—/—)mice. A-C, Distribution of entorhinohippocampal
afferents in wild-type (A4), kB (—=/—) (B), and rkC (—/—) (C) newborn mice after injections of Dil in the entorhinal cortex. Labeled fibers (arrowheads)
are observed running in the stratum lacunosum-moleculare and in the white matter in all three animal groups. Sections are counterstained with
bisbenzimide. D-F, Pattern of medial entorhinal projections in wild-type (D), trkB (—/—) (E), and &rkC (—/—) (F) P14 mice after iontophoresis of
biocytin in the entorhinal cortex. In all three groups, axons innervate the middle tier of the molecular layer and two patches in the stratum moleculare,
in the CA2/CA1 and CAl/subiculum interphase (arrowheads). G, H, Distribution of lateral entorhinal projections in the (Figure legend continues)
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oriens and stratum radiatum, which are the normal layers of
termination for these fibers (data not shown).

At later stages (P10-P16) the topography of lateral and medial
entorhinal projections in wild-type mice displayed adult-like pat-
terns of innervation, with distinct axons terminating in different
hippocampal subdivisions and sublayers (Amaral and Witter,
1995). Thus, medial entorhinal projections innervated the middle
tier of the dentate molecular layer and the stratum lacunosum-
moleculare, where fibers formed two patches of higher innerva-
tion in the subiculum and CAl (Fig. 2D). Conversely, lateral
entorhinal projections terminated in the outer tier of the dentate
molecular layer and in the stratum lacunosum-moleculare of the
CA3/CAZ2 region and CAl/subicular interphase (Fig. 2G). In #kB
(—=/—) and #kC (—/—) mice, entorhinal afferents terminated in
well defined region-specific patches and sublayers indistinguish-
able from those in wild-type mice in both the hippocampus
proper and the dentate gyrus (Fig. 2E,F,H).

Similarly, commissural afferents in these homozygous mutant
mice were targeted correctly to the stratum radiatum and stratum
oriens in the hippocampus proper and to the inner molecular
layer in the dentate gyrus (Fig. 2LJ). No aberrant innervation or
axonal trajectories were noted in these mutant mice. These find-
ings indicate that neither TrkB nor TrkC signaling is required for
the ingrowth of hippocampal afferents. Furthermore, the data
indicate that these receptors are not essential for the layer-specific
or region-specific targeting of hippocampal connections.

Reduced axonal elaboration in trkB (—/—) and trkC
(—/-) mice

The injections of tracers in newborn and late postnatal mice
frequently resulted in a sparse innervation of the hippocampus in
trkB (—/—) and rkC (—/—) mice when compared with wild-type
littermates. To examine the possibility that #7kB and #kC genes
may regulate the maturation and elaboration of hippocampal
connections, we quantified the branching pattern of single,
biocytin-filled axons in P10-P16 mutant and control mice. This
analysis showed that entorhinal and commissural fibers had fewer
axon collaterals in both #kB (—/—) and #kC (—/—) mice in the
hippocampus proper (CA1l and CA3 regions) and the dentate
gyrus (Fig. 3). In #rkC (—/—) mice, this reduction was dramatic for
commissural and entorhinal axons innervating all the hippocam-
pal subregions (37-49%), except for entorhinal afferents present
in CAl subfield (26%). In contrast, #kB (—/—) mice showed a
20-36% reduction in the branching index of single axons, which
was more conspicuous for the commissural fibers innervating the
hippocampus proper. These findings indicate that TrkB and TrkC
receptors may regulate the elaboration and complexity of hip-
pocampal afferents.

We next estimated the number of putative presynaptic boutons
formed by #kB (—/—) and #rkC (—/—) axons by calculating the
density of axonal varicosities present along biocytin-labeled fi-
bers. In both #kB (—/—) and #kC (—/—) mice, commissural and
entorhinal afferents displayed significantly reduced densities of
axonal varicosities (8-17%), with the exception of commissural
fibers in the CA3 region of #rkC (—/—) mice (Fig. 3).

Phenotype of hippocampal connections in trkB (—/—)/
trkC (—/-) mice

The above observations showed relatively mild alterations in the
topography of hippocampal afferents in #kB (—/—) and #kC
(—/—) mice. To determine whether these findings may be attrib-
utable to redundancy of neurotrophin receptors, we generated
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double-mutant #kB (—/—)/trkC (—/—) mice. Injections of Dil in
the entorhinal cortex and hippocampus of double-mutant new-
born mice did not reveal major differences in the pattern of
connections compared with control littermates or single homozy-
gous mutant mice (data not shown).

kB (—/=)/trkC (—/—) animals die soon after birth
(Minichiello and Klein, 1996; Silos-Santiago et al., 1997). To
analyze the maturation of hippocampal connections in these
mice, we reconstituted the entorhinohippocampal and commis-
sural projections in organotypic slice cocultures (Del Rio et al.,
1997) of newborn kB (—/—)/trkC (—/—) mice, which allowed us
to monitor the development of hippocampal afferents for up to
15 d in vitro. The hippocampal projections develop in slice cocul-
tures with laminar and topographic specificity similar to that in
vivo (Frotscher and Heimrich, 1993; Li et al., 1993; Del Rio et al.,
1997). Thus, entorhinal afferents densely innervate the stratum
lacunosum-moleculare and the outer molecular layer in the den-
tate gyrus in cocultures from wild-type mice (Fig. 44). A similar
pattern of entorhinal termination was observed in single #kB
(=/=) or rkC (—/—) cocultures (data not shown), which is
consistent with the above observations in vivo.

In kB (—/—)/trkC (—/—) slice cocultures, the entorhinohip-
pocampal pathway developed with correct layer specificity (Fig.
4 B) but with sparse innervation, which led to a narrower afferent
termination zone (84.28 * 13.20 um; n = 3, p < 0.01) than in
wild-type (161.25 + 8.35 wm; n = 29) and single-mutant cultures
[139.33 = 7.56 pm; n = 23, rkB (—/—); 159.00 * 7.59 um; n = 15,
trkC (—/=)]. In addition, the patchy, region-specific distribution
of fibers in the stratum lacunosum-moleculare was less clearly
discernible in these kB (—/—)/trkC (—/—) cultures. These find-
ings show that hippocampal connections develop even in the
absence of both TrkB and TrkC receptors but form less elaborate
innervations. This suggests a partial compensation of TrkB and
TrkC receptors in the normal development of hippocampal
connections.

Analyses of mixed organotypic slice cocultures
Although neurotrophins are primarily considered to act as retro-
grade factors derived from target neurons, recent investigations
indicate that neurotrophic factors may also act in an autocrine
manner or even like anterograde factors released by nerve termi-
nals (Davies, 1996; Von Bartheld et al., 1996; Altar et al., 1997,
Liu et al., 1997; Tonra et al., 1998).

The organotypic slice approach also allowed us to prepare
mixed slice cocultures of double-mutant and wild-type mice to
determine the role of neurotrophin receptors present in afferent
(entorhinal) and target (hippocampal) neurons. When wild-type
entorhinal slices were cocultured with double-mutant hippocam-
pus, the pattern of entorhinal innervation was similar to that of
control cocultures (Fig. 4C) (termination zone = 147.86 + 10.47
wpm; n = 8). In contrast, t7kB (—/—)/trkC (—/—) entorhinal slices
cocultured with wild-type hippocampus (Fig. 4D) resulted in a
reduced zone of innervation (92.73 = 11.76 um;n = 12,p < 0.01)
reminiscent of that of double-mutant cocultures (Fig. 4B). These
data indicate that abnormalities in hippocampal innervation are
caused by the lack of TrkB and TrkC receptors in the afferent
entorhinal neurons, with little contribution of the receptors
present in the target hippocampal neurons.

trkB (—/—) and trkC (—/—) mice show decreased
synaptic innervation

The morphometric analysis of single axons has shown that the
number of axonal branches and varicosities is reduced in these
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homozygous mutant mice. To determine whether the decrease in
axonal branching is accompanied by changes in synaptogenesis,
we performed a quantitative electron microscopic study in P12—
P13 mice. Axon terminals in hippocampal plexiform layers in #7kB

(—=/—) and #kC (—/—) mice established synaptic contacts with
normal postsynaptic elements such as dendritic shafts and spines
(Fig. 54-C). However, the density of synaptic contacts in homozy-
gous mutants was lower in all hippocampal layers of entorhinal
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Figure 4. Formation of entorhinohippocampal connections in organotypic slice cocultures of newborn double-mutant #7kB (—/—)/trkC (—/—) mice after
15 DIV. Control cocultures (A4) and control entorhinal slices cocultured with #7kB (—/=)/trkC (—/—) hippocampus (C) resulted in a normal pattern of
innervation with fibers terminating into a thick zone covering the stratum lacunosum-moleculare and the molecular layer. In contrast, kB (—/—)/trkC
(—/—)cocultures (B) and double-mutant entorhinal cortex cocultured with control hippocampus (D) resulted in a thinner layer of termination of
entorhinal fibers. Injection sites of the culture are indicated with asterisks. Arrowheads point to labeled entorhinal fibers. Abbreviations as in Figure 2.

Scale bar, 300 um.

and commissural afferent termination. This decrease in synaptic
innervation, compared with control littermates, was more dra-
matic in kB (—/—) mice (17-39%) than in #rkC (—/—) animals
(11-17%) (Fig. 5D). In addition, particularly in #kB (—/—) mice,
differences were more dramatic in the hippocampus proper (36—
39% reduction in the stratum radiatum and stratum lacunosum-
moleculare, respectively) than in the molecular layer of the den-
tate gyrus. These results show that the lack of TrkB and TrkC
signaling alters synaptogenesis in the CNS by regulating the
number of the synaptic inputs.

Fine structural abnormalities of axon terminals in trkB
(—/-) and trkC (—/-) mice

To discern whether the remaining synaptic boutons may be af-
fected by the absence of TrkB or TrkC receptors, a detailed fine
structural analysis was performed. We observed that the majority
of axon terminals appeared to display a low density of synaptic
vesicles, which were distributed homogeneously throughout the
axonal profile in the homozygous mutant mice. Furthermore,
there was little clustering of synaptic vesicles near the active

synaptic zone (Fig. 5E,F). These abnormalities were more dra-
matic in kB (—/—) than in #rkC (—/—) mice. In addition, synaptic
specializations were less conspicuous in these homozygous mu-
tant mice.

To substantiate these observations we performed a morpho-
metric study of presynaptic boutons and synaptic contacts in the
different termination layers of the hippocampus (Table 1; Fig.
SE,F). Within all the termination fields, presynaptic boutons were
larger in trkB (—/—) mice (28-38%) and displayed a lower density
of synaptic vesicles (19-41%) than in control littermates. In
contrast, no significant differences for these parameters were
observed in #kC (—/—) animals. In addition, the number of
synaptic vesicles clustered near the active zone (Rosahl et al.,
1995) was much lower in both #kB (—/—) (19-40%) and trkC
(—=/—) (23-30%) mice (Table 1; Fig. 5F) than in their control
littermates. Moreover, the thickness of the postsynaptic zone was
reduced in both homozygous mutants, whereas the synaptic cleft
was slightly thinner only in #kB (—/—) mice. Finally, we did not
find significant differences in the length of synaptic contacts in
trkB (—/—) and #rkC (—/—) mice (Table 1). These findings were
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Table 1. Morphometric analysis of hippocmpal synapses

trkB trkC
IML MML OML SLM SR IML MML OML SLM SR
Area of terminals (um?)
Control 018 £0.11 017013 0.17=%0.12 018=x0.14 0.17=0.11 0.16*0.09 0.15*011 017*=0.14 020=*0.16 0.18 =0.12
(=/-) 024015 021+0.15 021%0.14 025+0.19 021x0.14 0.17*0.14 0.14*010 018=0.12 0.18*0.14 0.13*=0.15
Density of synaptic vesicles
(n pm™?)
Control 137.3 £79.5 121.4 = 85.0 128.9 =53.0 141.2 =137.4 117.5 £61.9 106.5 *£ 604 116.8 = 65.7 110.8 =763 111.7 = 1535 97.8 £52.7
(=/-) 81.4 £40.7 84.7 =48.1 104.8 =48.8 84.9 +=50.3 79.6 £52.6 116.6 £ 664 1154 =592 1104 = 65.7 1165 =68.1 112.8 = 83.6
Vesicles in region proximal
to presynaptic
membrane (1)
Control 375+ 199 3.65+1.68 4.26+1.82 353+231 340x171 395%+239 382+176 4.16=2.09 3.65*2.65 3.90+2.28
(=/-) 2.52 + 1.63 25121 278 =1.59 25+1.59 2.76 £1.59 3.06 =191 2.69*137 3.00+185 2.65=*1.97 2.96 + 1.57
Width of synaptic cleft
(nm)
Control 171 2.6 169=%=25 166=x22 163 +2.2 16525 157*x29 157+3.0 154%+39 151*29 163 + 3.1
(=/-) 16117 15527 156=22 149=x21 150+27 165*34 156*39 168*+34 158=*35 16.5 + 3.1
Width of postsynaptic
density (nm)
Control 19.2 £ 4.0 18.6 = 2.9 17.8 £ 2.6 193 = 2.5 209 3.8 19.5 £ 3.0 19.0 = 2.5 18.0 = 2.5 17.7 = 3.2 21.0 £ 4.2
(=/-) 155+35 16529 155*31 14435 17123 17732 165+38 165x3.1 16.0 £2.8 18.6 = 3.3
Length of synaptic contact
(pm)
Control 0.25+0.08 024+0.06 024*006 030*010 026=*0.07 022+007 021+0.07 021005 026=*005 024=*0.08
(=/-) 0.28 £0.07 026*0.06 025*=0.07 034x013 024=0.06 022x010 021*0.07 022*=0.06 027=*011 022=*0.06

Morphometric analysis of hippocampal synapses and axon terminals in P12-13 #kB (—/—), rkC (—/—) mice and in control littermates, in the following hippocampal layers:
IML, inner molecular layer; MML, medial molecular layer; OML, outer molecular layer; SLM, stratum lacunosum-moleculare; SR, stratum radiatum. Data represent mean *+

SD. Significant differences are shown in bold typeface (p < 0.05, Student’s ¢ test).

similar for all hippocampal laminae, including the layers of ter-
mination of entorhinal and commissural afferents. These data
show major structural alterations of presynaptic axon terminals
and synapses in mice lacking TrkB receptors, and to a lesser
extent, in those lacking TrkC, which supports a role of neurotro-
phic factors in the functional maturation of CNS synapses.

Expression of synaptic-associated proteins in trkB
(—/-) and trkC (—/—) mice

Some of the synaptic abnormalities reported above are similar to
those described in null-mutant mice for genes encoding synaptic-
associated proteins (Rosahl et al., 1993; Li et al., 1995; Takei et
al., 1995). To examine whether the distribution and expression of
these proteins were altered in kB (—/—) and #rkC (—/—) mice,
we performed an immunocytochemical analysis. Consistent with
the electron microscopic observations, confocal microscopy anal-
ysis of immunoreacted sections showed that the synaptic vesicle
proteins synapsin I and synaptophysin were markedly reduced in
trkB (—/—) mice among all hippocampal layers (38-71%), espe-
cially in the stratum radiatum (Figs. 6, 7). These proteins are
considered to be integral proteins of synaptic vesicles and thus
markers of synaptic vesicle populations. A dramatic decrease was
also observed in kB (—/—) animals in the immunolabeling for
the synaptic vesicle protein synaptotagmin I (31-56% reduction)
(Figs. 6, 7), a v-SNARE essential for neurotransmitter release
(Geppert et al., 1994b). In contrast, immunostaining for synapto-
brevin 2, another v-SNARE protein, was not decreased in #kB
(—/—) animals but showed a slight increase in some layers (16%).

We next examined the distribution of the synaptic membrane
proteins SNAP-25 and syntaxin 1, which are essential t-SNAREs
for calcium-dependent exocytosis and neurotransmitter release
(Blasi et al., 1993; Studhof, 1995; Hay and Scheller, 1997). Al-
though syntaxin 1-immunostaining was dramatically reduced
(60-68% reduction), the immunolabeling for SNAP-25 was de-
creased notably in the hippocampus proper (40-56% reduction)
but not in the dentate gyrus (20% reduction) (Figs. 6, 7). Simi-
larly, the small GTP-binding protein Rab3a, which is believed to
regulate synaptic vesicle fusion (Geppert et al., 1994a, 1997), was
also significantly reduced in these mutant mice (53-63%) (Fig. 7).
We conclude that most synaptic-associated proteins, except syn-
aptobrevin 2, are differentially downregulated in #7kB (—/—) mice
with distinguishing patterns of laminar changes. In addition, the
profiles of reductions were different for each protein and in
general were more dramatic in the hippocampus proper than in
the dentate gyrus.

In rkC (—/—) mice, in contrast, only the immunocytochemical
signal for synapsin 1 was dramatically reduced (52-64% reduc-
tion) (Fig. 7), whereas the v-SNAREs synaptotagmin I and syn-
aptobrevin 2 and the t-SNARE syntaxin 1 showed moderate
decreases (19-45%). None of the remaining synaptic proteins
studied, including synaptophysin, SNAP-25, and Rab3a, showed
major changes in these mutants compared with wild-type litter-
mates (Figs. 6, 7).

To further support the view that synaptic-associated proteins
were downregulated in these mutants, we performed biochemical
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Figure 6.  Immunolabeling for different synaptic-associated proteins in hippocampal sections of wild-type (left column), trkB (—/—) (middle column), and
trkC (—/—) (right column) mice (P14) (SYNTG, synaptotagmin I; SYTPH, synaptophysin; and SNAP-25). Laser confocal microscopy photomicrographs
are reconstructions of two 2-um-thick confocal sections. To allow comparison of mutant and control littermates, sections were immunolabeled in bulk
and photographed in identical conditions. Abbreviations as in Figure 2. Scale bar, 150 pm.

studies. Western blot analyses confirmed a marked reduction
(27-46%) of synaptic-associated protein levels in the forebrain of
trkB (—/—) mutant mice compared with control littermates (Fig.
8). rkC (—/—) mice, in contrast, showed moderate reduction of
protein levels. Taken together, these findings show that the lack of

TrkB and, to a lesser extent, TrkC signaling leads to downregu-
lation of both synaptic vesicle and synaptic membrane proteins
responsible for synaptic vesicle docking and fusion, and neuro-
transmitter release at synaptic sites (Studhof, 1995; Hay and
Scheller, 1997).
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Figure 7. Quantitative determination of immunofluorescence signals in #kB (—/—) and #kC (—/—) mice and in control littermates. Diagrams show
continuous linear profiles of fluorescence intensity in vertical stripes of hippocampal sections from the stratum pyramidale to the stratum granulare, for
different synaptic-associated protein immunolabeling (SYNI, synapsin 1; SYTPH, synaptophysin; SYNTG, synaptotagmin; SBV2, synaptobrevin 2;
SYTXI, syntaxin 1; SNAP-25; Rab3a). The correspondence with hippocampal layers is indicated on the x-axis. The intensities of fluorescence are
represented in gray levels (y-axis). The profiles of null-mutant (red lines) and their control littermates (black lines) are displayed in the same diagram to

allow comparison.

DISCUSSION

TrkB and TrkC receptors are not required for the
development of layer-specific connections in

the hippocampus

Studies in the PNS have implicated target-derived neurotrophins
in the guidance and growth of developing axons and in the
regulation of the density of innervation (Edwards et al., 1989;
Diamond et al., 1992; Miller et al., 1994; Causing et al., 1997
Fritzsch et al., 1997; Paves and Saarma, 1997; Song et al., 1997).
In the CNS, several studies in vitro and in vivo have shown that
exogenous neurotrophins may regulate axonal and collateral
branching in several brain regions (Cabelli et al., 1995; Cohen-
Cory and Fraser, 1995; Galuske et al., 1996; Bolz et al., 1997,
Inoue and Sanes, 1997). A recent study, using infusion of blocking
TrkB-IgG fusion proteins, has shown that endogenous BDNF or

NT4 is necessary for the formation of ocular dominance columns
in the visual cortex of kittens (Cabelli et al., 1997).

The present study has analyzed, for the first time, the devel-
opment of neuronal connections in the CNS in vivo in the absence
of endogenous TrkB and TrkC signaling and in the absence of
both receptors. We show that in #7kB (—/—) and #7kC (—/—) mice,
the main afferents to the hippocampus, the commissural and
entorhinal axons, grow into the target hippocampal region with a
timing and pattern of termination similar to that in wild-type
animals (Super and Soriano, 1994; Del Rio et al., 1997; Supér et
al., 1998). Most notably, the highly precise laminated connections
of the hippocampal region are preserved in these mutant mice.
Because both TrkB and TrkC receptors are expressed in the
neurons of origin of entorhinal and commissural afferents during
development, we conclude that these receptors and their cognate
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Figure 8. Immunoblot analysis of the synaptic proteins synaptotagmin I
(SYNTG), synaptophysin (SYTPH), syntaxin 1 (SYTX1), SNAP-25, and
of a-tubulin (TUB) in kB (—/—) and #rkC (—/—) mice and control
littermates. Densitometric analysis (n = 2 animals per group, considering
a-tubulin levels as reference) revealed decreases of 27% (SYNTG), 44%
(SYTPH), 39% (SYTX1), and 46% (SNAP-25) in kB (—/—) mice
compared with control littermates. #kC (—/—) mice showed moderate
reductions in SNAP-25 (24%) and synaptotagmin (22%), and slight
reductions (7-5%) in synaptophysin and syntaxin 1.

ligands BDNF/NT4 and N'T3 are not essential for the ingrowth
or layer-specific targeting of hippocampal afferents. This conclu-
sion is supported by our observations in double-mutant mice
showing that the lack of both TrkB and TrkC signaling does not
alter the ingrowth or laminated pattern of hippocampal
connections.

Neurotrophins, formation of topographic maps, and
neuronal activity
As in other brain regions, the development of topographic pro-
jections from the medial and lateral entorhinal cortex to the
hippocampus passes through a period of exuberancy followed by
refinement and final shaping of adult connections. Thus, axons
from both the lateral and medial entorhinal cortex initially inner-
vate the entire stratum lacunosum-moleculare from CA3 to the
subiculum; the characteristic patches of medial and lateral ento-
rhinal innervation attain an adult-like appearance by P10-P12
(Supeér and Soriano, 1994; Del Rio et al., 1997; Super et al., 1998).
The present findings suggest that neurotrophins do not play a role
in the shaping of topographic connections in the hippocampus
because kB (—/—) and #rkC (—/—) mice have normal patterns of
projections from the lateral and medial entorhinal cortex. Be-
cause double-mutant mice die soon after birth, we cannot deter-
mine whether the lack of both TrkB and TrkC receptors influ-
ences the formation of lateral and medial projections, because the
topography of these projections is not well preserved in vitro.

In the visual system, application of exogenous BDNF and NT4
or infusion of TrkB-IgG fusion proteins in the postnatal period
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prevents the formation of ocular dominance columns (Cabelli et
al., 1995, 1997; Galuske et al., 1996; Hata et al., 1996). These
observations suggest that neuronal activity by thalamocortical
axons may control the expression of neurotrophins in target
neurons in layer I'V, which in turn may act as retrograde signals
for axonal growth and synaptic stabilization through a Hebbian
mechanism (Katz and Shatz, 1996; Cabelli et al., 1997). In addi-
tion, neurotrophins present in limited amounts may also be re-
sponsible for the retraction of thalamocortical collaterals that
accompanies the formation of ocular dominance columns.

Several differences may be considered between the develop-
ment of hippocampal connections and that of ocular dominance
columns. For instance, it is not known whether the refinement of
hippocampal connections depends on neuronal activity. Another
difference is that the medial and lateral entorhinal projections
terminate onto distinct classes of pyramidal neurons (CA1, CA2,
CA3, and subicular cells), which have different developmental
histories, afferent and efferent connections, electrophysiological
properties, and patterns of gene expression (Stanfield and Cowan,
1988; Amaral and Witter, 1995; Freund and Buzsaki, 1996). This
allows a scenario in which different pyramidal neurons may ex-
press distinct molecules influencing axonal growth, which is un-
likely to occur in early columns of neurons in layer IV of the
visual cortex. Thus, all the available evidence suggests that the
building of neural connections in the hippocampus depends on
the expression of selective molecules (such as ephrins and sema-
phorins) in subsets of pyramidal neurons.

Neurotrophins regulate axonal branching of
hippocampal connections

Exogenous BDNF and NT3 have been shown to enhance axonal
growth and branching in a number of brain regions (Cabelli et al.,
1995, 1997; Cohen-Cory and Fraser, 1995; Bolz et al., 1997; Inoue
and Sanes, 1997). Neurotrophins also regulate the growth and
maturation of dendritic trees in the developing cerebral cortex in
an activity-dependent manner (McAllister et al., 1995, 1996,
1997). The present data provide evidence that axonal branching
of both commissural and entorhinal fibers is decreased in #kB
(—=/—) and #kC (—/—) animals, which supports a role for the
endogenous neurotrophins BDNF/NT4 and NT3 in the elabora-
tion and maturation of hippocampal afferent fibers.

The above studies have often reported specific, and even op-
posing, effects of BDNF/NT4 and NT3 on axonal growth. The
present observations show consistent reductions of axonal arbors
in both rkC (—/—) (26—49% reduction) and kB (—/—) (20-36%
reduction) animals, which suggests that ligands of both TrkB and
TrkC receptors cooperate in the elaboration and branching of
hippocampal afferents. This notion is consistent with the coex-
pression of #kB and #kC transcripts in the hippocampal afferent
neurons during development.

Neurotrophins and synaptogenesis in the CNS

We show here for the first time that the lack of endogenous TrkB
and TrkC receptors alters synaptogenesis in the CNS by reducing
the density of synaptic contacts, which supports a role for neuro-
trophic factors in the regulation of the number of synapses during
development (Snider and Litchman, 1996). The reduction in
synaptic density (number of synapses per unit area) was more
dramatic in #kB (—/—) mice (17-39%) than in #kC (—/—) ani-
mals (11-17%). Because the size and area of the afferent termi-
nation layers in the hippocampus of these homozygous mutant
mice are smaller than those of control littermates [21% and 18%
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reduction of layers in #kB (—/—) and #kC (—/—) mice, respec-
tively, as estimated in Nissl-stained sections], the reduction in the
total number of synaptic inputs is higher. This reduction in the
total number of hippocampal synapses can be estimated as 34—
52% and 25-30% for #kB (—/—) and #kC (—/—) mice,
respectively.

Postnatal #7kB (—/—) mice show increased neuronal cell death
in some of the populations of hippocampal afferent neurons, such
as the CA3 pyramidal cells (Alcantara et al., 1997). The de-
creased synaptic innervation in part may be the result of a
reduction in the number of neurons. Although neuronal cell
death may account for some of the reduction in synaptic inner-
vation, our findings show that homozygous mutant mice display
decreased branching and elaboration of single axonal arbors and
reduced densities of axonal varicosities along axon collaterals
(Fig. 3). These results indicate that the reduced synaptic inner-
vation is also attributable to an effect of the mutations on devel-
oping afferent axons.

Neurotrophins and the functional maturation of
synapses: regulation of v-SNAREs and t-SNAREs
This study reports for the first time that the axon terminals of #7kB
and #kC kinase-deficient mice display dramatic fine structural
abnormalities, such as decreased density of synaptic vesicles and
less prominent clustering of synaptic vesicles near the active zone.
These findings suggest that the absence of TrkB and TrkC sig-
naling interferes with the functional maturation of the presynap-
tic machinery, in particular by altering the number of synaptic
vesicles or their exocytotic/endocytotic cycle or both. In agree-
ment with this notion, we report here a dramatic and specific
downregulation of presynaptic proteins, including t-SNARE and
v-SNARE proteins, responsible for synaptic vesicle fusion (Blasi
et al.,, 1993; Studhof, 1995; Geppert et al., 1997; Hay and Scheller,
1997; Martin, 1997). Such a downregulation is unlikely to be
solely the consequence of a decreased synaptic density because
the reductions of protein levels are very heterogeneous (Figs. 6,
7). For instance, decreased immunocytochemical signals in #7kB
(—/—) mice range from the virtual disappearance of syntaxin
1-immunostaining to no detectable changes in synaptobrevin 2.
This is more evident in #kC (—/—) animals, which show a selec-
tive reduction in the immunological signals of only three synaptic
proteins. Taken together these observations support a role of
neurotrophins in the developmental maturation of synaptic struc-
ture and function by regulating the levels of some, but not all,
presynaptic proteins (Wang et al., 1995; Takei et al., 1997).
Because similar structural and biochemical changes in mice
lacking synaptic-associated proteins are linked to altered synaptic
function and neurotransmitter release (Rosahl et al., 1993; Li et
al., 1995; Takei et al., 1995; Castillo et al., 1997), it is tempting to
speculate that Ca®"-dependent synaptic vesicle dynamics and
neural transmission may be altered in #kB and #rkC-deficient
mice. Neurotrophins and presynaptic Trk receptors have been
shown to potentiate neurotransmitter release (Lohof et al., 1993;
Kang and Schuman, 1995; Korte et al., 1995; Wang and Poo,
1997), and BDNF is necessary for induction of LTP (Korte et al.,
1995). These actions are thought to be mediated by presynaptic
Trk activation and phosphorylation of some synaptic proteins,
such as synapsin I (Jovanovic et al., 1996). We propose that TrkB
and TrkC receptors not only modify the presynaptic machinery
locally, but they also regulate synaptic protein levels during de-
velopment. This may suggest that transcriptional regulation of
v-SNAREs and t-SNARE:s is one of the mechanisms by which

Martinez et al. « Hippocampal connections in trkB (—/—) and trkC (—/—) mice

neurotrophins contribute to the activity-dependent plasticity of
the developing and adult CNS.
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