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Neurotrophins play important roles in the survival, differentia-
tion, and maintenance of CNS neurons. To begin to investigate
specific roles for these factors in the mammalian visual system,
we have examined the cellular localization of the neurotrophin
receptor trkB within the developing cerebral cortex and thala-
mus of the ferret using extracellular domain-specific antibodies.
At prenatal ages (gestation is 41 d), trkB-immunostained

fibers were observed in the internal capsule and as two distinct
fascicles within the intermediate zone of the cerebral cortex.
The staining of these fiber tracts declined with increasing age,
whereas soma and dendrite staining of cortical neurons was
first evident in early postnatal life and increased during subse-
quent development. Staining of subplate neurons [by prenatal
day 5 (P5)] was followed by staining of cortical layer 5 neurons
(at P10). By P31, trkB immunoreactivity was particularly prom-
inent in layers 3 and 5 but was absent from subplate neurons.
Staining included cells, especially pyramidal neurons, in all
cortical layers by P45, and this pattern was maintained into

adulthood. The optic tract and fibers within the lateral genicu-
late nucleus (LGN) were also strongly trkB immunoreactive at
prenatal ages. Cellular staining of a subset of LGN neurons,
those within the C-layers and perigeniculate nucleus, was ap-
parent by P10 and maintained until P45, when the adult pattern
of highly trkB-immunoreactive neurons in all layers of the LGN
first appeared.
The pattern of trkB immunoreactivity suggests that specific

subsets of cortical and thalamic neurons may respond to neu-
rotrophins such as brain-derived neurotrophic factor and/or
NT-4/5 at discrete developmental times and locations. The
appearance of trkB on axon fibers early in development and
then on cell bodies and dendritic processes later is consistent
with roles for both long-range and local, including autocrine
and/or paracrine, delivery of neurotrophins in cell survival and
maturation.
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During mammalian visual system development, the initial phases
of neurogenesis, axon outgrowth, and target recognition are fol-
lowed by periods of selective cell death and remodeling of axonal
projections. Subplate neurons of the cerebral cortex send pioneer
axons through the internal capsule to subcortical targets, and they
also serve as transient targets for ingrowing thalamic axons (for
review, see Allendoerfer and Shatz, 1994). Shortly after lateral
geniculate nucleus (LGN) axons leave visual subplate to invade

their targets in cortical layer 4 (Ghosh and Shatz, 1992), ;80% of
the subplate neurons in cat visual cortex are eliminated (Chun and
Shatz, 1989), and the LGN axon terminals segregate into ocular
dominance (OD) columns (Levay et al., 1978). Additional events
in the sculpting of visual system connections include the death of
excess or inappropriately projecting retinal ganglion cells (RGCs)
(O’Leary et al., 1986; Williams et al., 1986; Henderson et al.,
1988) and LGN neurons (Williams and Rakic, 1988), and the
remodeling of RGC axon terminals into eye-specific layers in the
LGN (Linden et al., 1981; Shatz, 1983).
The neurotrophins NGF, brain-derived neurotrophic factor

(BDNF), NT-3, and NT-4/5 have been shown to promote cell
survival and differentiation in various CNS systems. There is
increasing evidence that neurotrophins may play a role in the
development of the mammalian visual system. For example,
BDNF promotes the survival of RGCs in culture (Johnson et al.,
1986; Rodriguez-Tébar et al., 1989), whereas BDNF mRNA has
been found in RGC targets (Rickman et al., 1992). BDNF mes-
sage is present in layers 2/3 and 5 of both visual and somatosen-
sory cortex in monkey (Huntley et al., 1992) and ferret and cat
(Lein et al., 1995). Moreover, regulation of BDNF mRNA expres-
sion by activity has been demonstrated in visual cortex by dark
rearing followed by exposure to light or by monocular deprivation
(Castrén et al., 1992; Bozzi et al., 1993; Schoups et al., 1995) and
in somatosensory cortex in response to vibrissae stimulation
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(Rocamora et al., 1993). More recently, we have shown that
infusion of excess NT-4/5 or BDNF, but not NT-3 or NGF,
prevents the normal segregation of LGN afferents into eye-
specific patches, as would be predicted if competition between
axons for limiting amounts of target-derived NT-4/5 or BDNF
played an instructive role in this process (Cabelli et al., 1995).
Regulation of axon morphology by BDNF has also been demon-
strated in vivo in the Xenopus retinotectal system (Cohen-Cory
and Fraser, 1995). In a similar vein, Katz and coworkers have
found that in vitro application of neurotrophins significantly alters
the dendritic morphology of neurons in ferret visual cortex
(McAllister et al., 1995), whereas in vivo application of NT-4/5
prevents the reduction in LGN cell soma size associated with
monocular deprivation (Riddle et al., 1995).
The effects of BDNF and NT-4/5 are mediated through their

receptor, trkB. Messenger RNAs encoding trkB are distributed
widely throughout the CNS (Klein et al., 1990a,b). Although in
some instances the pattern of expression of neurotrophins and
their receptors is consistent with classical target-derived neuro-
trophic support (e.g., Phillips et al., 1990), evidence favoring
autocrine or paracrine (Schechterson and Bothwell, 1992;
Acheson et al., 1995) and even anterograde (von Bartheld et al.,
1996) mechanisms of neurotrophin action has also been obtained.
We have used the chemical cross-linking of iodinated neuro-

trophins to demonstrate the presence of trkB within ferret visual
system structures (Allendoerfer et al., 1994). This approach, how-
ever, is uninformative with respect to the cellular localization of
trkB, a prerequisite for understanding the cellular basis of neu-
rotrophin–trkB interactions. To identify the cells expressing trkB,
we have carried out an immunohistochemical analysis of trkB
expression during ferret visual system development.

MATERIALS AND METHODS
Animals. Forty-one fetal and postnatal ferrets ranging in age from em-
bryonic day 30 (E30) to adult were used in this study (gestation is 41 d in
the ferret). Timed pregnant ferrets were obtained from Marshall Farms
(North Rose, NY). Ferrets 4 months old or older were considered to be
adults.
Antibodies. The regions in the trkB molecule recognized by the anti-

bodies used in this study are schematically shown in Figure 1. Amino acid

residue numbers are based on the mature trkB sequence. All trkB-specific
antibodies are polyclonal and were prepared in rabbits. Anti-trkB23 and
anti-trkB146 were generated against HPLC-purified synthetic peptides
corresponding to amino acids 23–36 (AFPRLEPNSIDPENC) and 146–
163 (LNESSKNTPLANLQIPNC), respectively, in the extracellular do-
main of rat trkB, coupled to keyhole limpet hemocyanin via the
C-terminal cysteine residue. Both antisera were affinity-purified using the
appropriate peptide coupled to Sulfo-Link gel (Pierce, Rockford, IL).
Affinity-purified anti-trkBex was generated against a fusion protein of
trpE linked to amino acids 37–341 in the extracellular domain of rat trkB,
expressed in Escherichia coli. Pan-trk antibody, which recognizes the C
terminus common to all members of the trk family, and anti-trkBout
(Allendoerfer et al., 1994), prepared against amino acids 45–65
(QKRLEIINEDDVEAYVGLKNL) of rat trkB, were obtained from Dr.
David Kaplan (Montreal Neurological Institute). Anti-trkB.T1, prepared
against the 11 amino acid insert specific for the T1 truncated isoform of
trkB, was obtained from Dr. Luis Parada (University of Texas Southwest-
ern Medical School).
Cell lines. A full-length rat trkB cDNA was subcloned into the pBJ5

plasmid (Elliott et al., 1990). Twenty micrograms of the trkB plasmid
were co-transfected with 2 mg of pSVneo into NIH-3T3 fibroblasts with
use of the calcium phosphate precipitation method (Wigler et al., 1979).
Stable transfectants were selected by growth in 0.5 mg/ml G418 (Gene-
ticin; Life Technologies, Gaithersburg, MD). Individual colonies were
isolated and trkB-expressing clones were identified by immunoblotting
with anti-trkB23.
Western blotting. Ferret cortex was dissected at P15 or P55 and after

removal of meninges was homogenized with a Polytron in 20 mM Tris-
HCL, pH 8.0, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM
phenylmethylsulfonyl fluoride, and 1 mg/ml leupeptin (lysis buffer). After
incubation for 30 min on ice to allow extraction of membrane proteins,
homogenates were centrifuged at 12,000 rpm for 10 min, and the super-
natants were removed and then resedimented for an additional 10 min,
yielding the solubilized extracts.
Enrichment for glycoproteins, by preadsorption to and elution from

wheat germ agglutinin (WGA)-Sepharose 6MB, has been used routinely
to facilitate identification of trk proteins on immunoblots (Kaplan et al.,
1991). Therefore, solubilized extracts were mixed with an equal or greater
volume of 50% WGA-Sepharose slurry in lysis buffer, incubated over-
night (12–18 hr) at 48C with shaking, and then washed three times with
cold lysis buffer. Before electrophoresis, protein was eluted from the
WGA-Sepharose by boiling for 5 min in sample buffer (0.125 M Tris-HCl,
pH 6.8, 1% SDS, 2.5% glycerol, containing pyronin Y) with 5%
b-mercaptoethanol.
The peptide sequences 23–36 and 146–163 in trkB were chosen for

antibody production based on their lack of sequence similarity to homol-
ogous regions in other members of the trk family; however, these two
peptide sequences either contain or are adjacent to consensus glycosyla-
tion sites (Middlemas et al., 1991). To improve recognition of trkB on
Western blots by these antibodies, additional cortical material was deg-
lycosylated with recombinant PNGase F (New England Biolabs, Beverly,
MA) according to the manufacturer’s instructions. Cortical extracts were
first incubated with a cocktail of pan-trk and anti-trkB.T1 antibodies (5 ml
each/100 ml volume) to immunoprecipitate both full-length and T1 iso-
forms of trkB. The protein A-Sepharose pellets were resuspended in
denaturing buffer (0.5% SDS, 1% b-mercaptoethanol) and incubated for
10 min at 1008C. After sedimentation, the supernatants were brought to
1% in NP-40, PNGase F (5000 U) was added, and they were incubated at
378 for 1 hr. The resulting material was diluted with an equal volume of
23 sample buffer and subjected to SDS-PAGE.
Solubilized extracts, WGA-treated extracts, and deglycosylated sam-

ples were resolved on an 8% acrylamide gel, transferred to nitrocellulose
(Amersham, Arlington Heights, IL), and probed with antibodies as de-
scribed in the text. Bands were visualized using enhanced chemilumines-
cence (Amersham).
Immunoprecipitation. Complexes of iodinated BDNF cross-linked to

receptor proteins from P52 cortex were generated as described in Allen-
doerfer et al. (1994). Extracts solubilized with Triton X-100 were sub-
jected to immunoprecipitation with pan-trk and anti-trkB.T1 antibodies
followed by deglycosylation, essentially as described above. Immunopre-
cipitations with anti-trkB23 and anti-trkB146 were carried out on deglyco-
sylated material in lysis buffer overnight at 48C. Immunoprecipitates were
collected using protein A-Sepharose, washed four times with lysis buffer,
and analyzed by SDS-PAGE followed by autoradiography.
Immunohistochemistry. Ferrets, ages E30 to adult, were perfused trans-

Figure 1. Schematic representation of the anti-trkB antibodies used in
this study in the biochemical and immunohistochemical analysis of trkB.
The arrows point to those protein sequences against which the particular
antibodies were prepared.
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cardially with 0.1 M sodium phosphate buffer, pH 7.35, followed by freshly
prepared 4% paraformaldehyde in the same buffer. Brains were removed,
equilibrated in 25% or 30% sucrose, and then embedded in gelatin-
albumin. Sections (25 mm thick) were cut on a freezing microtome and
were stored in 2% paraformaldehyde until needed.
Immunostaining on free-floating sections was performed as follows.

Sections were washed 3 3 5 min with PBS, followed by a 1 hr blocking
step at room temperature in PBS, 0.5% BSA, 0.1% Triton X-100 or
Tween 20 (Sigma, St. Louis, MO). (Tween was found to be superior to
Triton in reducing background staining in tissue from the older (.P10)
animals, and it was used in staining sections from animals $ P5 unless
indicated otherwise.) Primary antibody was added in the same blocking
solution at concentrations ranging from 0.25 to 2 mg/ml. Optimal primary
antibody concentration was determined empirically for each age studied.
Incubation with primary antibody was carried out overnight (12–18 hr) at
48C with gentle shaking. Sections were washed with blocking solution at
room temperature for 3 3 5 min followed by a a single 1 hr wash.
Incubation with biotinylated goat anti-rabbit secondary antibody was also
overnight at 48C and was followed by washing with PBS for 33 5 min and
1 3 1 hr. Bound secondary antibody was visualized with the Vectastain
Elite ABC immunoperoxidase system (Vector Labs, Burlingame, CA),
using diaminobenzidine as the chromogen.
For immunocytochemistry, cell lines were plated on 4-well permanox

Lab-Tek slides (Nunc, Naperville, IL) at a density of 2 3 106 cells/cm2.
Cells were washed in 0.1 M sodium phosphate, pH 7.35, and then fixed in
4% paraformaldehyde in the same buffer. Immunostaining was per-
formed essentially as described above, except that incubation times were
shortened to 1 hr for the primary and secondary antibodies. To minimize
loss of cells during the initial fixation and subsequent washings, cells were
washed by repeated (83) replacements of half the well volume.
TrkB peptides 23–36 and 146–163 were used in blocking experiments

to assess antibody specificity. The peptides were initially resuspended and
stored in dimethylsulfoxide (DMSO) at 15 mg/ml. For blocking experi-
ments, the primary antibody was diluted in blocking buffer and preincu-
bated with 50 mg/ml (or greater, as in Fig. 3) of peptide for 1–3 hr at room
temperature before incubation with tissue sections. Each primary anti-
body was preincubated with the peptide to which it was made, and also
with the heterologous peptide or DMSO (0.33%) alone as controls.

RESULTS
We have characterized the developmental expression of trkB in
the mammalian visual system and cerebral cortex at the cellular
level using two affinity-purified anti-peptide antibodies (anti-
trkB23 and anti-trkB146) directed against epitopes within the ex-
tracellular domain of trkB. The results are presented in two
sections. First, to validate the use of these antibodies, tests of their
specificity were carried out using biochemical, immunocytochem-

ical, and immunohistochemical assays. Next, we present a descrip-
tion of the changes in the pattern of trkB immunohistochemical
staining in the developing visual system.

Specificity of anti-trkB23 and anti-trkB146

The ability of both antibodies to immunoprecipitate trkB protein
in solution was tested using as a substrate trkB covalently cross-
linked to iodinated BDNF. At least two forms of trkB are present
within the CNS, as a result of alternative mRNA splicing (Klein et
al., 1990a). First, there is a full-length receptor molecule (desig-
nated as “trkB.FL”) possessing ;400 cytoplasmic amino acids,
including a tyrosine kinase signaling domain. Second, there is a
“truncated” receptor (designated as “trkB.T1”) possessing the
identical extracellular and transmembrane domains as the full-
length polypeptide but only 23 well conserved cytoplasmic amino
acids with an as yet unknown function. Complexes of iodinated
BDNF cross-linked to full-length trkB and to trkB.T1 from ferret
cortex (Allendoerfer et al., 1994) are shown in Figure 2A, before
(lane 1) and after (lane 2) enzymatic removal of carbohydrate by
PNGase. Both anti-trkB23 and anti-trkB146 were able to immuno-
precipitate the trkB-BDNF and trkB.T1-BDNF complexes after
denaturation and deglycosylation, as demonstrated in lanes 3 and
4, but were unable to immunoprecipitate native trkB-BDNF com-
plexes (data not shown). This inability may relate to the presence
of consensus N-linked glycosylation sites within or adjacent to the
sequences chosen for the peptide immunogens. These antibodies
did not immunoprecipitate NT-3-trkC complexes under any con-
ditions (data not shown), indicating that they are specific for trkB
relative to trkC.
Similar results were obtained regarding recognition by these

antibodies of trkB on immunoblots (Fig. 2B). Blots of detergent-
solubilized extracts, extracts enriched for glycoproteins by adsorp-
tion to WGA-Sepharose, and fully deglycosylated extracts of
ferret cortex were probed with pan-trk, anti-trkB.T1, anti-trkB23,
anti-trkB146, and for comparison, anti-trkBex, an antibody gener-
ated against the extracellular domain of trkB that has been shown
to recognize purified trkB extracellular domain in immunoblots
(A. Welcher, data not shown). Blots probed with pan-trk (lanes
1–3) show major bands corresponding to intact and deglycosylated
full-length trk molecules, whereas probing the blots with anti-

Figure 2. Analysis of anti-trkB23 and anti-trkB146 specificity in immunoblot and immunoprecipitation assays. A, Iodinated BDNF was cross-linked to
receptors in suspensions of freshly dissected P15 ferret cortex. BDNF-trkB complexes were immunoprecipitated with pan-trk and anti-trkB.T1 (IP),
followed by deglycosylation with PNGase F (-CHO, Total ). Equal amounts of sample were immunoprecipitated with either anti-trkB23 (9 mg/ml),
anti-trkB146 (5 mg/ml), or anti-trkBout (1:100). Immunoprecipitates were visualized by autoradiography of SDS-PAGE gels. B, Solubilized extracts
(Total ), material enriched for glycoproteins by adsorption to wheat germ agglutinin-Sepharose (WGA), and deglycosylated samples (-CHO) were
prepared from P30 ferret cortex as described in Materials and Methods. Immunoblots of these fractions were probed with pan-trk (1:1500), anti-trkB.T1
(1:1500), anti-trkB146 (2 mg/ml), anti-trkB23 (2 mg/ml), and anti-trkBex (2.5 mg/ml).
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trkB.T1 and anti-trkBex (lanes 4–6 and 13–15) reveal intact and
deglycosylated full-length trkB and trkB.T1. Enrichment for gly-
coproteins by preadsorption to WGA-Sepharose generally re-
duces the number of background bands seen by these antibodies.
Faint bands corresponding in size to full-length trkB and trkB.T1
were sometimes observed in blots of WGA-enriched material
probed with anti-trkB23 and anti-trkB146 (for example, Fig. 2B,
lane 8). Deglycosylation greatly increased the recognition of trkB
on immunoblots by anti-trkB23 and particularly anti-trkB146 (Fig.
2B, lane 12). Although the trkB-specific antibodies are all able to
recognize bands corresponding to full-length trkB or full-length
deglycosylated trkB, in this and other experiments they exhibit
different patterns of labeling of non-trk bands, suggesting that
their common pattern of staining (see below) is a consequence of
their shared recognition of trkB. Similar observations have been
made in the analysis of rat brain preparations with these antibod-
ies (M. Radeke and S. Feinstein, unpublished observations), in-
dicating that the modest recognition of glycosylated trkB by these
antibodies is not a result of differences between rat and ferret
trkB. Rather, our observations likely reflect both partial masking
of these epitopes by glycosylation and the low abundance of trkB
relative to other proteins in these extracts. Thus, anti-trkB23 and
anti-trkB146 strongly recognize trkB in immunoblots of NIH-3T3
cells that overexpress trkB (M. Radeke and S. Feinstein, unpub-
lished observations).
To determine whether anti-trkB23 and anti-trkB146 are able to

recognize specifically trkB in situ on cells, immunocytochemistry
was carried out on NIH-3T3 cells (which do not normally express
trkB) and NIH-3T3 cells transfected with a plasmid encoding rat
trkB.FL. Staining with anti-trkB23 is dramatically increased in the
trkB-expressing cells (Fig. 3B) when compared with untransfected
3T3 cells (Fig. 3A). Moreover, this trkB-dependent staining can be
blocked by preincubation of the antibody with the peptide against
which it was made (Fig. 3C). This suggests that the immunostain-
ing blocked by preincubation with peptide is specific for trkB.
Similar results were obtained with anti-trkB146 (data not shown).
In addition, 3T3 cells expressing trkA did not show staining with

either antibody (data not shown), indicating that both antibodies
specifically recognize trkB, but not trkA, in immunocytochemistry.
We next directly addressed the utility of these antibodies in

immunohistochemistry of ferret brain sections. Messenger RNA
for trkB (but not trkA) has been observed in the pyramidal
neurons and the dentate gyrus of the adult hippocampus (Klein et
al., 1990a). Furthermore, neurons within the hippocampus have
been observed to transport iodinated BDNF retrogradely (DiSte-
fano et al., 1992). Thus, this structure would be expected to
express trkB protein. Accordingly, tissue sections from adult fer-
ret cortex containing hippocampus were stained with anti-trkB23
and anti-trkB146. As shown in Figure 4, neurons in the dentate
gyrus and pyramidal cells in the CA1 and CA3 areas of the
hippocampus indeed stain with both anti-trkB23 (Fig. 4A) and
anti-trkB146 (Fig. 4B).
To investigate further the specificity of immunostaining with

these antibodies, the patterns of staining of ferret cortex by
anti-trkB23 and anti-trkB146 were compared with each other and
with anti-trkBex at several different ages (Fig. 5). All three affinity-
purified antibodies recognize fiber tracts in the intermediate zone
(IZ) at prenatal ages (Fig. 5A–C), subplate neurons during early
postnatal cortical development (Fig. 5D–F), and particular sub-
sets of cortical neurons—in particular large pyramidal neurons in
layers 3 and 5—later in development (Fig. 5G–I). (These staining
patterns will be described in more detail below.) That these three
antibodies, which were generated against different parts of the
trkB molecule, exhibit an identical and highly restricted pattern of
immunostaining across cortical [and subcortical (not shown)])
CNS development makes it extremely likely that the observed
staining pattern reflects specific recognition of trkB.
An additional test of antibody specificity is whether the staining

in tissues can be blocked by preincubation of the antibody with the
peptide against which it was made, as had been shown in 3T3 cells
expressing trkB (Fig. 3). The results of two such peptide blocking
experiments are shown in Figure 6. Preincubation of anti-trkB23
with excess homologous peptide (23–36), but not heterologous
peptide (146–163), blocks all staining of cortical fiber tracts at E30

Figure 3. Staining of 3T3 cells with anti-trkB23: dependence on expression of trkB and prevention by preincubation with the immunizing peptide. 3T3
cells (A) and 3T3 cells transfected with a trkB-expressing plasmid (B, C) were stained with anti-trkB23 (2.5 mg/ml). In C, staining was performed after
preincubation of anti-trkB23 (2.5 mg/ml) with peptide 23–36 (100 mg/ml). Scale bar, 50 mm.
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(Fig. 6A–C). Similarly, preincubation of anti-trkB146 with homol-
ogous but not heterologous peptide also abolishes all specific
cellular staining at P10 (Fig. 6D–F). This same specificity of
peptide blocking was observed at all ages with both antibodies
(not shown). Taken together, (1) the common pattern of immu-
nostaining by three different antibodies, (2) the ability of these
antibodies to stain specifically cell lines expressing trkB, (3) the
fact that the immunostaining in both cell lines and tissues is
blocked by the particular peptides against which these antibodies
were prepared, and finally, (4) the demonstration that these
antibodies recognize trkB on immunoblots and by immunopre-
cipitation in solution strongly suggest that the immunohistochem-
istry presented above and in succeeding figures represents staining
for trkB protein.

TrkB protein expression during visual
system development
TrkB expression was analyzed by immunohistochemistry through-
out ferret visual system development, from E30 through adult-
hood. The results obtained in these studies are divided into three
sections that describe expression (1) in neurons in the cerebral
cortex with emphasis on visual cortex, (2) in developing and
mature glia, and (3) in other subcortical visual structures.

TrkB expression in the cerebral cortex
Early pattern
At the earliest ages studied, E30 and E38, the cerebral wall
consists of the ventricular zone (VZ), IZ, cortical plate (CP), and
marginal zone (MZ) (Fig. 7C). The CP has not yet fully formed;
cortical neurogenesis is ongoing at these ages in the VZ, and only
neurons of the deep cortical layers (5 and 6) have completed their
migrations by E38 (Jackson et al., 1989). Ascending (corticopetal)
and descending (corticofugal) fiber tracts are being established in
the IZ (the future white matter). Cortical trkB immunostaining is
primarily confined to these fiber tracts and is presumably axonal in
nature, as shown in Figure 7A,B,D (also see Fig. 5A–C). Some of
these fibers appear to traverse the internal capsule and then fan
out into the CP and thalamus, as expected for the ascending and
descending axon fiber tracts (Fig. 7A). At E38, two distinct fiber
tracts are observed, one located in the upper part of the IZ (i.e.,
the subplate region) and one located just above the VZ (Fig.
7B–D). A similar pattern of immunostaining was observed at P2,
although some cellular staining is now also apparent in the VZ,
subplate, and CP (data not shown). In addition, there is dense

fiber staining in the MZ, which is known to contain several axonal
projection systems at these early ages (Fig. 7D).

Intermediate stage
By P5, cortical neurogenesis has ended and the only remaining
germinal zone is the subventricular zone (SVZ) (Fig. 8A), which
is thought to be the site of generation of glial cells; however, the
migration of cells to layers 2 and 3 is far from complete (Jackson
et al., 1989). Thalamocortical axons have left the subplate and
have begun to invade their final targets in layer 4. In turn,
descending axons from layers 5 and 6 are also innervating their
targets in the thalamus and tectum (McConnell et al., 1994). At
P5, the cell bodies and dendrites of subplate neurons are heavily
trkB immunoreactive, whereas the fiber tracts seen prenatally
remain stained, although less strongly (Fig. 8A). By P10, the fiber
tract staining has largely disappeared, and layer 5 pyramidal
neurons are now stained in addition to subplate neurons (Fig.
8B,C). Cells and processes emanating from the SVZ are also trkB
immunoreactive (see below). A similar pattern of subplate and
layer 5 cellular staining is seen all along the anterior-posterior axis
within the developing cortex (Fig. 8D), although the relative
intensities of staining in the two cell populations does vary be-
tween different cortical areas.
By P24, cell migration is complete, and the cortex has achieved

its adult pattern of lamination. Staining of layer 5 neurons, par-
ticularly the large pyramidal cells, is still apparent in many cortical
areas, including sensorimotor (Fig. 8E) and visual (Fig. 8F)
cortex; however, far fewer subplate neurons continue to stain for
trkB, and those that do are primarily in posterior cortical areas,
especially visual cortex (compare Fig. 8, G and H), as determined
by both morphological and birth-dating analysis (see below).
Some layer 2/3 neurons are now stained for trkB, and astrocytes
are strongly trkB immunoreactive throughout the CP and IZ
(Figs. 8E–G, 11).
To confirm that the stained cells in the subplate are indeed

subplate neurons, 3H-thymidine labeling was performed at E24, a
date when predominantly subplate neurons, and very few CP
neurons, are being generated in ferret (Jackson et al., 1989).
Brains were then immunostained for trkB at P10 (Fig. 9A,B),
almost four weeks after the injection of 3H-thymidine, and at
other postnatal ages (not shown). The 3H-thymidine labeling,
together with the inverted pyramidal morphology of some of the
stained cells, confirms the identity of the trkB-immunoreactive
cells in the subplate as subplate neurons (Chun and Shatz, 1989).

Figure 4. Distribution of trkB-immunoreactive cells in the adult hippocampus. Sagittal sections containing adult ferret hippocampus were stained with
anti-trkB23, 2 mg/ml (A), or anti-trkB146, 2 mg/ml (B). DG, Dentate gyrus; LGN, lateral geniculate nucleus. Scale bar, 160 mm.
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Figure 5. Comparison of cortical distribution of
trkB-immunoreactive cells and fibers using three
distinct anti-trkB antibodies over a wide range of
developmental ages. A–C, Coronal sections from
an E38 ferret stained with 0.5 mg/ml anti-trkB23
(A), 1 mg/ml anti-trkB146 (B), or 2.8 mg/ml anti-
trkBex (C). D–F, Sagittal sections from a P5 ferret
stained with 0.5 mg/ml anti-trkB23 (D), 2 mg/ml
anti-trkB146 (E), or 2.8 mg/ml anti-trkBex (F ).G–I,
Sagittal sections from a P38 ferret stained with 1
mg/ml anti-trkB23 (G), 2 mg/ml anti-trkB146 (H ),
or 1.4 mg/ml anti-trkBex (I ). CP, Cortical plate; IZ,
intermediate zone; MZ, marginal zone; SP, sub-
plate; VZ, ventricular zone; 1, cortical layer 1; 2,
layer 2; 3, layer 3; 4, layer 4; 5, layer 5; 6, layer 6.
Scale bars: A–C, 55 mm; D–F, 55 mm; G–I, 55 mm.
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Because 3H-thymidine is only available for uptake for ;4 hr after
injection (Hickey et al., 1983), and the entire population requires
almost 1 week to be generated, a single pulse injection of 3H-
thymidine will label only a fraction of subplate neurons. Thus, not
all trkB-immunoreactive subplate neurons are 3H-thymidine-
labeled. On the other hand, it is also clear that not all 3H-
thymidine-labeled neurons are trkB immunoreactive (Fig. 9A,B).
Those subplate neurons that are not immunoreactive for trkB
might express other members of the trk family, other growth
factor receptors, or no growth factor receptors at all; for example,
subplate neurons have been shown to express p75, the low-affinity
neurotrophin receptor, during early postnatal life in the ferret
(Allendoerfer et al., 1990). On examination at higher magnifica-
tion, it can be seen that trkB is associated with both the cell soma
and dendrites of subplate neurons (Fig. 9B,C). In addition, vari-
cosities along the length of processes are clearly stained (Fig. 9C).

Adult pattern
Between P18-24 (or developmentally comparable ages in the cat)
and adulthood, the majority of subplate neurons die (ferret: A.

Hohn, A. Raymond, K. L. Allendoerfer, and C. J. Shatz, unpub-
lished observations; cat: Chun and Shatz, 1989), and thalamic
inputs to cortical layer 4 of visual cortex segregate to form OD
columns (ferret: E. Finney and C. J. Shatz, unpublished observa-
tions; cat: Levay et al., 1978). By P31, trkB immunostaining is
present primarily in pyramidal neurons in cortical layers 3 and 5.
As shown at P38, this pattern is especially apparent in sensorimo-
tor cortex (Fig. 10B), where very few trkB-immunoreactive layer
4 neurons are observed, despite the high cell density of this layer
(compare Fig. 10, C and D). In visual cortex, this particular
laminar pattern of staining is slightly less distinct, although stained
layer 5 and layer 3 neurons are seen as well as the occasional layer
4 neuron (Fig. 10A,B). By P45, the distribution of neuronal trkB
immunoreactivity had spread to include neurons in all cortical
layers (Fig. 10E). As seen at earlier ages, stained neurons are
predominantly pyramidal in morphology. This pattern is main-
tained at P66 (data not shown) and in the adult (Fig. 10F,G).
On examination of layer 5 pyramidal neurons at higher magni-

fication (Fig. 10H), it can be seen that the rims of many neurons

Figure 6. Effects of preincubation of
anti-trkB23 and anti-trkB146 with cog-
nate or heterologous peptide on the pat-
tern of immunohistochemical staining.
Adjacent E30 horizontal sections were
stained with anti-trkB23 (1 mg/ml) after
preincubation with either buffer (A),
peptide 23–36 (B), or peptide 146–163
(C). Adjacent P10 sagittal sections were
stained with anti-trkB146 (1 mg/ml) after
preincubation with either buffer (D),
peptide 23–36 (E), or peptide 146–163
(F ). Abbreviations as in Figure 5. Scale
bars: A–C, 50 mm; D–F, 65 mm.
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are stained, suggestive of cell membrane localization. In addition,
trkB is present on both apical and basal dendrites.

TrkB in cortical glia
From E30 through P2, radially oriented fibers extending upward
from the VZ stain for trkB (Fig. 7D). Later in development, from
P5 through P24, cell bodies in the SVZ, the site of generation of
glial precursors, and fibers emanating from it are also trkB im-
munoreactive (Figs 8A–D, 11A). The morphology of these fibers
and the location of the stained cell bodies associated with them
(Fig. 11A) suggested that they might correspond to radial glial
cells, which are known to have cell bodies situated within and
above the SVZ and to extend fibers radially up to the CP
(Schmechel and Rakic, 1979; Voigt, 1989; Edwards et al., 1990).
To examine this possibility, sections from P10 ferret were double-
stained with anti-trkB146 and antibody to vimentin, an intermedi-
ate filament protein expressed in radial glial fibers early in devel-
opment (Engel and Müller, 1989; Voigt, 1989). This double-
staining reveals that trkB-immunoreactive fibers (Fig. 11B) are
also immunoreactive for vimentin (Fig. 11C,D), demonstrating
that these trkB-immunoreactive fibers and associated cell bodies
correspond to radial glia. The staining with anti-trkB146 of both
the radial glia cell bodies and fibers and of other cells in the SVZ
was blocked by an excess of peptide146–164 (data not shown).
Later, at P24, large numbers of trkB-immunoreactive cells with

astrocytic morphology are present throughout the gray and white
matter (Figs. 8E–H, 11E). The appearance of this population of
trkB-immunoreactive cells correlates with the decline in vimentin-
positive radial glia and the appearance of astrocytes in the ferret
cerebral wall as revealed by GFAP staining (Voigt, 1989). The
intensity of astrocyte staining for trkB declines with subsequent
development (Fig. 10 and data not shown).

TrkB expression in the LGN and other subcortical
visual structures
At E30 and especially at E38, trkB-immunoreactive fibers are
visible in and around the LGN (the major target of RGC axons),
just as in the cortex at these early ages. The staining is located
chiefly within the optic tract and other fiber-containing regions
(Figs. 7B, 12A,B). Within the LGN, trkB-immunoreactive fibers
are clustered superficially (Fig. 12A,B), in the optic tract and in
the regions into which RGC axons have grown (Shatz, 1983;
Cucchiaro and Guillery, 1984). Although it is possible that in-
trathalamic fibers or brainstem inputs to the thalamus may also
contribute to the fiber staining within the LGN, it is unlikely that
corticothalamic fibers contribute to this fiber staining at this early
age. In view of the reported survival effect of BDNF on RGCs
during development (Johnson et al., 1986; Rodriguez-Tébar et al.,
1989), we suggest that trkB may be localized to RGC terminals
within these structures at these times. Moreover, the presence of
trkB on select RGCs and on axon bundles leaving the mammalian
retina has been demonstrated recently by us (R. Cabelli and C. J.
Shatz, unpublished observations) and others (Rickman and Bre-
cha, 1995) during development and in the adult (Jelsma et al.,
1993; G. Lewis, M. Radeke, S. Fisher, and S. Feinstein, personal
communication).
By P5, as in the CP, fiber staining for trkB has begun to

decline in intensity and is replaced by cellular staining in
neurons located in the region of the future C-layers (Fig. 12C).
Intense trkB immunoreactivity at P10 (data not shown) and
P24 (Fig. 12D,E) seemed to be confined primarily to the
C-layers of the LGN and to the perigeniculate nucleus (PGN);
only very lightly stained neurons are seen in the A-layers. The
PGN is an area just outside the LGN that like the subplate
contains neurons that are generated very early (Mitrofanis,

Figure 7. Distribution of trkB immunoreactivity within the cortex during prenatal development. A, Horizontal section from an E30 ferret stained with
0.5 mg/ml anti-trkB23. B, Horizontal section from an E38 ferret stained with 0.5 mg/ml anti-trkB23. C, D, Adjacent coronal sections from an E38 ferret
stained with cresyl violet (C) or 0.5 mg/ml anti-trkB23 (D). Medial cortex is shown at the level of the thalamus in the rostral–caudal axis. A, Anterior; Ctx,
cortex; IC, internal capsule; L, lateral; Th, thalamus. Other abbreviations as in Figure 5. Scale bars: A, 265 mm; B, 320 mm; C, D, 36 mm.

7972 J. Neurosci., December 15, 1996, 16(24):7965–7980 Cabelli et al. • TrkB in Visual System Development



1994) (C. J. Shatz, unpublished observations), and it serves as
a waiting compartment for ingrowing corticothalamic axons
(McConnell et al., 1989, 1994). Between P38 (Fig. 12F) and
P45 (Fig. 12G), the adult-like pattern of trkB immunoreactivity
is achieved; heavily stained cells are present throughout all
layers of the LGN (Fig. 12H). The neuronal identity of the
stained cells was confirmed by 3H-thymidine labeling at E24
(data not shown), a time when LGN neurons are being gener-
ated in the ferret (Johnson and Casagrande, 1993). Compari-
son of the immunostaining with cresyl violet staining indicates
that even in the adult only a subpopulation of LGN neurons are
trkB immunoreactive (data not shown).
The other major retinal target, the superior colliculus, also

exhibited immunoreactivity for trkB during early postnatal devel-
opment. For example, some neurons in the superficial layers of
the superior colliculus, those that receive retinal input, stain
prominently for trkB between P5 and P11 (data not shown).

DISCUSSION
Previous studies have found trkB mRNA in such brain structures
as adult hippocampus and cerebral cortex (Klein et al., 1989,
1990a, 1990b; Middlemas et al., 1991; Merlio et al., 1992) and
embryonic rat cerebral cortex, hippocampus, “proliferative
zones,” and dorsal thalamus (Ernfors et al., 1992; Ringstedt et al.,
1993). TrkB protein has been identified in whole-brain homoge-
nates (Klein et al., 1990a) and tissue slices (Knusel et al., 1994)

Figure 8. Distribution of trkB immunoreactivity within the cortex during early postnatal development. A, P5 sagittal section stained with 2 mg/ml
anti-trkB146. B, C, Adjacent P10 sagittal sections stained with either cresyl violet (B) or 1 mg/ml anti-trkB146 (C). D, P10 sagittal section stained with 1
mg/ml anti-trkB146, showing the pattern of staining within the entire rostral to caudal extent of the cortex. E, F, P24 sagittal section stained with 5 mg/ml
anti-trkB146, showing trkB immunoreactivity in sensorimotor (E) and visual (F ) cortex. Boxed regions are shown at 2.23 higher magnification, revealing
cells with glial morphology (unfilled arrowheads) predominantly in layer 6 and WM of sensorimotor cortex (G), and scattered large cells with neuronal
morphology (arrows) in WM of visual cortex (H ). D, Dorsal; H, hippocampus; S, striatum; SVZ, subventricular zone; WM, white matter. Other
abbreviations as in earlier figures. Scale bars: A, 90 mm; B, C, 135 mm; D, 330 mm; E, F, 57 mm.
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with use of immunoblot techniques and in the visual system
through chemical cross-linking of iodinated BDNF (Allendoerfer
et al., 1994). Of course, the spatial level of most importance to
many aspects of neuronal function is subcellular (e.g., axons,
dendrites, and synaptic vesicles), and the cellular and subcellular
localization of trkB protein is unapproachable by these methods.
In this study we have used immunohistochemical methods to
determine the cellular localization of trkB protein in the visual
system of the developing ferret. We show that trkB is positioned
to mediate responses to both target-derived and locally delivered
neurotrophins to regulate neuronal survival, axonal and dendritic
arborization, and other aspects of neuronal development.

Specificity of antibodies
Interpretation of our results depends critically on the specificity of
the affinity-purified anti-trkB antibodies. Multiple lines of evi-
dence support the contention that the staining presented here
with antibodies anti-trkB23 and anti-trkB146 is specific for trkB
protein. (1) Immunostaining of NIH-3T3 cells with both antibod-
ies is dependent on expression of plasmid-encoded trkB protein.
(2) Peptide blocking experiments in cell lines and in tissue sec-

tions demonstrate that staining with each antibody is epitope-
specific. (3) These two antibodies, made against distinct epitopes
within the extracellular domain of trkB, show very similar staining
patterns throughout development, and this highly specific pattern
is replicated by a third anti-trkB antibody (trkBex) made against
a trpE-trkB fusion protein. (4) Anti-trkB23 and anti-trkB146 rec-
ognize pure recombinant trkB on immunoblots (Q. Yan, A.
Welcher, M. Radeke, and S. Feinstein; personal communication).
(5) All three antibodies recognize full-length and truncated trkB
in biochemical assays using deglycosylated material derived from
whole ferret cortex. Because the epitopes against which anti-
trkB23 and anti-trkB146 were made overlap with consensus glyco-
sylation sites, we had reasoned that deglycosylation of trkB might
enhance the ability of the antibodies to recognize trkB specifically.
Moreover, the patterns of recognition of non-trkB bands in im-
munoblots by the three anti-trkB antibodies are distinct from one
another, further evidence that their similar pattern of staining in
tissue sections is a consequence of their common recognition of
trkB and not of other proteins. That anti-trkB23 and anti-trkB146
stain heavily fixed tissue sections most intensely suggests that they

Figure 9. A, B, The subplate zone in a sagittal section of a P10 ferret
stained with anti-trkB146 (1 mg/ml), showing 3H-thymidine labeled sub-
plate neurons, visualized by emulsion autoradiography, after intrauter-
ine injection of 3H-thymidine at E24. A, Low-magnification bright-field
view. B, Higher-magnification view of the same field (see boxed area in
A), using differential interference contrast (DIC) optics. 3H-thymidine-
labeled subplate neurons that are trkB immunoreactive are seen (filled
arrowheads), as well as subplate neurons that are not trkB immunore-
active (unfilled arrowheads). C, High-power view of subplate neurons
from a sagittal section of a P5 ferret cortex stained with anti-trkBex (2.8
mg/ml), using DIC optics. Processes and varicosities (arrowheads) are
clearly stained. Scale bars: A, 30 mm; B, 15 mm; C, 11 mm.
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recognize particular denatured forms of trkB; their modest rec-
ognition of trkB in immunoblots and immunoprecipitation assays
may be related to this. (6) Finally, in the adult, the antibody
staining pattern is in accord with mRNA data (Klein et al., 1989,

1990a, 1990b; Middlemas et al., 1991; Ernfors et al., 1992; Merlio
et al., 1992; Ringstedt et al., 1993); hippocampal and CP neurons
and Purkinje cells in the cerebellum are stained. Collectively,
these arguments indicate that the immunohistochemistry pre-

Figure 10. Distribution of trkB immunoreactivity within the cortex during late postnatal development. A, B, Sensorimotor cortex in adjacent P38 sections
stained with cresyl violet (A) or anti-trkB23, 2 mg/ml (B). C, D, Visual cortex in adjacent P38 sections stained with cresyl violet (C) or anti-trkB23, 1 mg/ml
(D). E, P45 cortex stained with anti-trkB146 (2 mg/ml). F, G, Adult visual (F ) and sensorimotor (G) cortex stained with anti-trkB146 (2 mg/ml). H, Higher
magnification of trkB-immunoreactive neurons in layer 5 in frontal cortex at P38, showing staining of apical and basal dendrites. All sections are sagittal.
Abbreviations as in Figure 5. Scale bars: A–D, 63 mm; E, 63 mm; F, 63 mm; G, 80 mm; H, 23 mm.
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sented here is highly likely to represent specific patterns of trkB
expression.

Developmental changes in the subcellular localization
of neuronal trkB
The most striking change in trkB staining over time is the
predominance of fiber staining very early in development fol-
lowed by the appearance of cell body staining postnatally.
TrkB-immunoreactive fiber tracts in the cortex very likely in-
clude the thalamocortical and corticofugal pathways. One fiber
tract travels in the upper IZ, in the subplate region, an area
known to be occupied by ascending thalamocortical axons
(Ghosh and Shatz, 1992). The other fiber tract runs in the deep
IZ, immediately above the VZ, occupied by descending corti-
cofugal fiber tracts (Shatz and Rakic, 1981; DeCarlos and
O’Leary, 1992). The cortical neurons whose axons stain for
trkB are almost certainly the subplate and deep layer neurons,
because they are the only mature cortical neurons at this age
and their projections give rise to the descending corticofugal
pathways. Biochemical analysis indicates that the BDNF recep-
tor expressed in prenatal cortex is almost exclusively full-length
trkB (Allendoerfer et al., 1994), the receptor isoform that
initiates signal transduction cascades through tyrosine phos-
phorylation. The inference that axon fiber tracts present pri-
marily full-length trkB during prenatal development has been
confirmed by preliminary immunohistochemical analysis using
a battery of full-length and T1-specific antibodies (Cabelli et
al., 1994). A similar inference and immunohistochemical con-
firmation has been made concerning the nature of trkB immu-
noreactivity on optic tract fibers entering the LGN (putative
RGC axons) at E38 (Cabelli et al., 1994). The targets of these

deep layer neurons and of RGCs express BDNF; BDNF mRNA
is present in the developing superior colliculus (Rickman et al.,
1992; Cohen-Cory and Fraser, 1994; Herzog et al., 1994) and
LGN (Schoups et al., 1995), targets of layer 5 and 6 neurons,
respectively, in the pathway pioneered by subplate axons, and
the primary retinal targets as well. The appearance of full-
length trkB on axon fiber tracts during the period when the
axons of cortical, thalamic, and retinal projection neurons have
just arrived at their targets is consistent with a model of initial
dependence on target-derived trophic support. Analysis of
BDNF and trkB “knockout” mice has provided evidence of
such a role in the development of the peripheral nervous
system (PNS) (Klein et al., 1993; Jones et al., 1994), although
for reasons ranging from lack of sufficiently detailed morpho-
logical or functional analysis of specific neuronal systems to the
likelihood of redundant, even compensatory mechanisms, these
mice have not yet provided clear answers regarding neurotro-
phin roles in CNS development.
Subplate and layer 5 pyramidal neurons later come to ex-

press trkB immunoreactivity on their somata and dendrites,
suggestive of developmental regulation of the subcellular lo-
calization of trkB within these neuronal populations. As devel-
opment proceeds, pyramidal neurons in all cortical layers even-
tually express trkB. Interestingly, BDNF mRNA is expressed in
layer 2/3, 5, and 6 neurons during late stages of cortical devel-
opment (Phillips et al., 1990; Friedman et al., 1991; Huntley et
al., 1992; Lein et al., 1995), and cortical expression of NT-4/5
mRNA also increases postnatally (Timmusk et al., 1993). Thus,
the widespread appearance of cellular trkB immunostaining
postnatally that overlaps with neurotrophin expression may

Figure 11. Analysis of trkB immunoreactivity in relation to developing and mature glial populations. A,
P10 sagittal section stained with anti-trkB146 (1 mg/ml) showing trkB-immunoreactive cell bodies and
fibers within and emanating from the SVZ. B–D, P10 sagittal section, stained with mouse anti-vimentin
(1:6) and with anti-trkB146 (2 mg/ml), followed by Texas Red-conjugated anti-mouse IgG (1:200) and
FITC-conjugated anti-rabbit IgG (1:200). B, Pseudo-colored confocal image of vimentin immunoreac-
tivity. C, Pseudo-colored confocal image of trkB146-immunoreactivity within the identical field as in B. D,
Superimposition of the images shown in B and C. Singly labeled adjacent sections showed no bleed-
through between filters under identical conditions to those used in the double-immunofluorescence
analysis (data not shown). Immunofluorescence images were obtained using a Bio-Rad 600 confocal
microscope. E, Higher-magnification image, using DIC optics, of trkB146-immunoreactive cells in the
cortical white matter at P24. Arrowheads point to cells with morphology characteristic of mature
astrocytes. Abbreviations as in earlier figures. Scale bars: A, 70 mm; B–D, 18 mm; E, 13 mm.
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indicate an ability of cells to respond to neurotrophin synthe-
sized locally, through paracrine or autocrine mechanisms [as
suggested in the PNS by the work of Schecterson and Bothwell
(1992) and Acheson et al. (1995)], delivered from neurons in
other cortical layers or from glia, or delivered anterogradely
(von Bartheld et al., 1996) from subcortical inputs. This con-
trasts with the earlier responsiveness to target-derived neuro-
trophin suggested by prenatal fiber staining. Changes in trkB
subcellular localization, then, could play an important role in
regulating neuronal dependence on and responsiveness to tar-
get neurons.
We have obtained preliminary evidence that both forms of

trkB, full-length and trkB.T1, are present on the cell body and
dendrites of cortical neurons (Cabelli et al., 1994). Because the
functional role of trkB.T1 remains an open question, and in the
absence of information on the relative distributions of these two
forms of trkB within individual neurons, it is not yet possible to
predict the effect this has on cortical responsiveness to trkB
ligands. There is a striking correspondence, however, between the
subpopulations of cortical neurons that demonstrate cell body

immunoreactivity for trkB in this study and the cellular pattern of
c-fos induction after the addition of trkB ligands to cortical slices
at varying developmental stages, recently presented by Pearlman
et al. (1995). In contrast, the effects of trkB ligands applied to P14
ferret cortical slices on dendritic morphology in layers 4–6
(McAllister et al., 1995) are inconsistent with the trkB distribution
we report here, if one assumes that the morphological response in
a particular neuron is based on the presence of trkB on the cell
body of that neuron.

Selective trkB expression by subsets of neurons
Within a given structure, early-generated neurons, such as sub-
plate neurons in cortex, seem to be first to express trkB on their
cell bodies. Cortical layer 5 neurons, which along with subplate
neurons are the first cortical neurons to be immunoreactive for
trkB, also exhibit a mature phenotype very early in development.
They have established extensive projections to the superior col-
liculus as early as P14 (McConnell et al., 1989) and express
microtubule-associated protein 2 even before layer 6 neurons

Figure 12. Developmental pattern of trkB
immunoreactivity in the developing LGN. A,
B, Adjacent E38 coronal sections stained with
cresyl violet (A) or anti-trkB23 (B). C, P5
sagittal section. D, E, Adjacent P24 sagittal
sections stained with cresyl violet (D) or anti-
trkB23 (E). F, P38 sagittal section. G, P45
sagittal section. H, Adult sagittal section. All
sections were stained with anti-trkB23 at 0.5–
2.5 mg/ml. A, A layer; A1, A1 layer; C, C-
layers; M, medial geniculate nucleus; OT, op-
tic tract; Pg, perigeniculate nucleus. Other
abbreviations as in earlier figures. Scale bars:
A, B, 140 mm; C, 95 mm; D, E, 165 mm; F, 235
mm; G, 180 mm; H, 140 mm.

Cabelli et al. • TrkB in Visual System Development J. Neurosci., December 15, 1996, 16(24):7965–7980 7977



(Ghosh and Shatz, 1992). Thus, cell body accumulation of trkB
could be driven partly by cellular maturation. In the LGN, the
developmental sequence and timing of cellular trkB immunore-
activity, PGN and C-layers early, followed by all layers in the
adult, parallels that found for glutamic acid decarboxylase immu-
noreactivity in the developing cat (Shotwell et al., 1986), suggest-
ing that GABAergic interneurons may be the first cells in the
LGN to acquire trkB on their cell bodies. Although thalamocor-
tical axons express trkB very early, A-layer neurons, presumably
including those that project to visual cortex, do not stain robustly
for trkB until late in development, between P38 and P45 in the
ferret, coincident with the segregation of LGN afferents into OD
patches in visual cortex (E. Finney and C. J. Shatz, unpublished
observations). Again, the appearance of trkB on the cell soma
correlates with the acquisition of adult-like neuronal properties.
By analogy with the shift in subcellular localization of trkB sug-
gested for cortical neurons during early development, it is possible
that A-layer projection neurons, lightly stained for trkB during the
initial period of OD segregation, express trkB protein on their
axon terminals in visual cortex, as suggested by the ability of
intracortically infused NT-4/5 to inhibit formation of OD patches
(Cabelli et al., 1995) and prevent the reduction in LGN cell soma
size associated with monocular deprivation (Riddle et al., 1995),
both of which can be interpreted in terms of neurotrophin action
at geniculocortical synapses. (Of course, it remains possible that
these effects are indirect, secondary to action on cortical neurons
that express trkB.)
A recent report concerning trkB immunoreactivity in adult rat

visual cortex (Cellerino et al., 1996) corroborates our finding that
late in development trkB immunoreactivity is particularly promi-
nent in pyramidal neurons in layers 2/3 and 5. Interestingly, the
authors also determined that many parvalbumin-positive cortical
neurons express trkB. Parvalbumin expression is thought to char-
acterize one subpopulation of GABAergic interneurons (Celio,
1986; Demeulemeester et al., 1991), leading to the insight that
trkB ligands may be able to modulate the activity of certain
inhibitory as well as excitatory cortical neurons, and providing an
additional possible target for BDNF and/or NT-4/5 in the regu-
lation of OD segregation and plasticity.
Often only a subset of neurons in a given population express

trkB, as seen in the subplate, the LGN, and layer 5 at certain
developmental stages. The significance of this heterogeneity is not
understood. Different subpopulations of neurons in these struc-
tures might express different neurotrophin receptors, as shown for
dorsal root ganglia (Carroll et al., 1992; Ruit et al., 1992; Molliver
et al., 1995); some might express no neurotrophin receptor at all.
Lack of trkB immunoreactivity on individual subplate neurons
could be a consequence or cause of a different cellular or neuronal
developmental fate, even including cell death.

Expression of trkB by subplate neurons
One rationale for performing this study was to determine whether
subplate neurons express a neurotrophin receptor in addition to
p75. We have shown that this is indeed the case; however, expres-
sion of trkB on subplate neurons seems to reach its apex at P10,
after p75 expression has begun to decline (Allendoerfer et al.,
1990). In one model of neurotrophin receptor function, p75 and
the appropriate trk receptor molecule, co-expressed by a given
neuron, are both required for an optimal functional response, with
the trk conferring neurotrophin specificity (Rodriguez-Tébar et
al., 1990). It is possible, then, that changes in expression of either

receptor type might be relevant to altered neurotrophin respon-
siveness during development. The timing of expression of trkB
alone, however, puts the BDNF/NT-4/5/trkB system in an oppor-
tune position to mediate subplate neuron survival; subplate cell
death seems to occur quite late in the ferret cortex, with a
substantial amount occurring after P24 (Hohn et al., 1993). Pre-
liminary analysis suggests that the fraction of 3H-thymidine-
labeled subplate neurons that are not trkB immunoreactive has
increased by P18 and P24, over that at P10, consistent at least with
a developmentally regulated loss of trkB from subplate neurons
preceding their death.

Summary
The results presented here demonstrate that numerous neuronal
cell types are immunoreactive for trkB at different times in the
ferret visual system and that the subcellular distribution of trkB
within many of these cells shifts from the axon fiber tract to
include somata and dendritic localization as development pro-
ceeds. These data suggest multiple and changing roles for ligands
of trkB in the developing visual system and set the stage for future
perturbation studies of trkB action.
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Knüsel B, Rabin S, Hefti F, Kaplan DR (1994) Regulated neurotrophin
responsiveness during neuronal migration and early differentiation.
J Neurosci 14:1542–1554.

Lein E, Hohn A, Shatz CJ (1995) Reciprocal laminar localization and
developmental regulation of BDNF and NT-3 mRNA during visual
cortex development. Soc Neurosci Abstr 21:1795.

Levay S, Stryker MP, Shatz CJ (1978) Ocular dominance columns and
their development in layer IV of the cat’s visual cortex: a quantitative
study. J Comp Neurol 179:223–244.

Linden DC, Guillery RW, Cucchiaro J (1981) The dorsal lateral genicu-
late nucleus of the normal ferret and its postnatal development. J Comp
Neurol 203:189–211.

McAllister AK, Lo DC, Katz LC (1995) Neurotrophins regulate den-
dritic growth in developing visual cortex. Neuron 15:791–803.

McConnell SK, Ghosh A, Shatz CJ (1989) Subplate neurons pioneer the
first axon pathway from the cerebral cortex. Science 245:978–982.

McConnell SK, Ghosh A, Shatz CJ (1994) Subplate pioneers and the
formation of descending connections from cerebral cortex. J Neurosci
14:1892–1907.

Merlio JP, Ernfors P, Jaber M, Persson H (1992) Molecular cloning of
rat trkC and distribution of cells expressing messenger RNAs for
members of the trk family in the rat central nervous system. Neuro-
science 51:513–532.

Middlemas DS, Lindberg RA, Hunter T (1991) TrkB, a neural receptor
protein-tyrosine kinase: evidence for a full-length and two truncated
receptors. Mol Cell Biol 11:143–153.

Mitrofanis J (1994) Development of the thalamic reticular nucleus in
ferrets with special reference to the perigeniculate and perireticular cell
groups. Eur J Neurosci 6:253–263.

Molliver D, Radeke MJ, Feinstein SC, Snider WD (1995) Presence or
absence of trkA protein distinguishes subsets of small sensory neurons
with unique cytochemical characteristics and dorsal horn projections.
J Comp Neurol 361:404–411.

O’Leary DDM, Fawcett JW, Cowan WM (1986) Topographic targeting
errors in the retinocollicular projection and their elimination by selec-
tive ganglion cell death. J Neurosci 6:3692–3705.

Pearlman AL, Snider WD, Osborne PA, Brunstrom JE (1995)
Neurotrophin-4 induces the production of c-fos in specific populations
of developing cortical neurons that express trkB. Soc Neurosci Abstr
21:546.

Phillips HS, Hains JM, Laramee GR, Rosenthal A, Winslow JW (1990)
Widespread expression of BDNF but not NT3 by target areas of basal
forebrain cholinergic neurons. Science 250:290–294.

Rickman DW, Brecha NC (1995) Expression of the proto-oncogene, trk,
receptors in the developing rat retina. Vis Neurosci 12:215–222.

Rickman DW, Lauterborn J, Brecha N, Gall C (1992) Expression of
low-affinity NGF-receptor-immunoreactivity and BDNF and NT-3
mRNAs in developing rat retina and superior colliculus. Soc Neurosci
Abstr 18:225.

Riddle DR, Lo DC, Katz LC (1995) NT-4-mediated rescue of lateral
geniculate neurons from effects of monocular deprivation. Nature
378:189–191.

Ringstedt T, Lagercrantz H, Persson H (1993) Expression of members of
the trk family in the developing postnatal rat brain. Brain Res
72:119–131.

Rocamora N, Welker E, Soriano E, Planas AM, Van der Loos H (1993)
Upregulation of BDNF mRNA expression in the barrel cortex of adult
mice following whisker stimulation. Soc Neurosci Abstr 19:259.
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