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ABSTRACT

Exogenous administration of the neurotrophins brain-derived neurotrophic factor
(BDNF) or neurotrophin-4/5 (NT-4/5), or blockade of their endogenous actions, have been
reported to affect the anatomic organization and physiological responses of neurons in
developing mammalian primary visual cortex. Experimental alteration of levels of these
neurotrophic factors can also influence the morphology of the geniculocortical afferents that
project from the lateral geniculate nucleus (LGN) to primary visual cortex. BDNF and NT-4/5
are ligands of the TrkB tyrosine kinase receptor. Although multiple populations of cortical
neurons express TrkB, it is not known whether geniculocortical afferents express this
receptor on their axon branches in visual cortex. We have anatomically labeled geniculocor-
tical afferents of postnatal day 40 kittens with the anterograde neuronal tracer Phaseolus
vulgaris leucoagglutinin (PHA-L) and performed double-label immunofluorescence with a
panel of anti-TrkB antibodies. Confocal microscopy and object-based colocalization analysis
were used to measure levels of TrkB-like immunoreactivity (IR) on geniculocortical afferents
in layer IV of primary visual cortex. By using a conservative analysis involving a comparison
of measured colocalization with the amount of colocalization expected based on random
overlap of TrkB puncta and PHA-L-labeled afferents, 3 of 5 anti-TrkB antibodies tested
showed significant colocalization with the geniculocortical axons. Results for the other two
antibodies were indeterminate. The indices obtained for colocalization of TrkB and genicu-
locortical afferents were also compared with the equivalent index obtained for GAD65, a
protein that has a similar overall expression pattern to that of TrkB but is not expressed on
geniculocortical axons. This analysis indicated that TrkB was present on geniculocortical
axons for all five TrkB antibodies tested. TrkB-like IR was also observed on neuronal somata
in the LGN. These results indicate that TrkB receptors on geniculocortical afferents are
potential mediators of the actions of BDNF and NT-4/5 in developing visual cortex. J. Comp.
Neurol. 436:391-398, 2001.  © 2001 Wiley-Liss, Inc.

Indexing terms: BDNF; brain-derived neurotrophic factor; critical period; lateral geniculate body;
neurotrophin; striate cortex

Experimental manipulations of the amounts of the neu-
rotrophic factors brain-derived neurotrophic factor
(BDNF) or neurotrophin-4/5 (NT-4/5) can influence many
aspects of the structure and function of developing pri-
mary visual cortex (McAllister et al., 1999). The tyrosine
kinase receptor TrkB is a high affinity receptor for these
neurotrophins (Barbacid, 1994). Administration of exoge-
nous BDNF or NT-4/5 to primary visual cortex with os-
motic minipumps caused desegregation of ocular domi-
nance columns in kitten (Cabelli et al., 1995), but this
effect was not observed in adult cats for BDNF (Hata et
al., 2000). Although monocular deprivation (MD) during a
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critical period of development normally causes a shift in
binocular responses of primary visual cortical neurons in
favor of the nondeprived eye, combining local infusion of
BDNF or NT-4/5 with MD has complex effects on ocular
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dominance plasticity, orientation selectivity, and visual
responsiveness (Galuske et al., 2000; Gillespie et al., 2000;
Lodovichi et al., 2000). NT-4/5 delivered locally to visual
cortex of developing ferrets, but not BDNF, prevented MD
from inducing atrophy of lateral geniculate nucleus (LGN)
neurons representing the deprived eye (Riddle et al.,
1995). Administration of high concentrations of exogenous
neurotrophins could cause effects that are pharmacologi-
cal but not physiological. However, experiments in which
endogenous neurotrophin activity is diminished by fusion
proteins containing the extracellular domain of TrkB cou-
pled to immunoglobulin heavy chain (TrkB-IgG) directly
address the role of neurotrophins in normal brain devel-
opment, and infusion of TrkB-IgG into kitten primary
visual cortex inhibited the later stages of ocular domi-
nance column formation (Cabelli et al., 1997).
Collectively, these results are consistent with a model of
visual cortical development and plasticity in which axons
compete with each other for access to limiting amounts of
a trophic factor that is produced and released by postsyn-
aptic cortical neurons in an activity-dependent manner
(Maffei et al., 1992; Shatz, 1997). In this model, afferents
with sufficient levels or appropriate patterns of activity
would receive or respond to trophic support. It is known
that ocular dominance column development and plasticity
result from an activity-dependent competition in visual
cortex between neural pathways representing the two
eyes (Shatz, 1990). The morphology of geniculocortical
afferents undergoes activity-dependent change during oc-
ular dominance column formation (Antonini and Stryker,
1993a) and MD (Antonini and Stryker, 1993b). In addi-
tion, geniculocortical afferents represent the last stage in
the visual pathways that is strictly monocular, and they
converge onto common postsynaptic binocular target cells
in layer IV. Therefore, geniculocortical afferents are a
likely candidate to mediate competitive interactions in
visual cortical development and plasticity. Although the
powerful effects of TrkB ligands on the arrangement of
these afferents suggest that they might express TrkB
receptors, ligands of receptors that the afferents lack can
also produce profound effects. For example, cortical infu-
sion of the GABA, receptor agonist muscimol indirectly
alters afferent morphology through its actions on cortical
neurons, even though the afferents do not express this
receptor (Hata et al., 1999). If geniculocortical afferents
compete for a limiting amount of BDNF and/or NT-4/5
released by cortical neurons, they should express TrkB
receptors on their axon branches in layer IV of primary
visual cortex. We have tested this prediction by anatomi-
cally labeling geniculocortical afferents and have found
significant amounts of TrkB-like immunoreactivity (IR) on
these axons in layer IV of kitten primary visual cortex.

MATERIALS AND METHODS
Experimental animals

Five kittens were used for this study. All were from the
breeding colony at the University of California, San Fran-
cisco, and had normal pigmentation. One animal was mo-
nocularly deprived for 7 days (P33-P40), but equal
amounts of data were collected from sections containing
deprived or nondeprived labeled geniculocortical affer-
ents. Data from this animal constituted 12 of the 156
image pairs used for colocalization analysis in this study.
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All procedures were carried out in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Commit-
tee on Animal Research, University of California, San
Francisco.

Labeling of geniculocortical afferents and
immunofluorescence

Tontophoretic injections of the neuronal tracer Phaseo-
lus wvulgaris leucoagglutinin (PHA-L; Gerfen and
Sawchenko, 1984) were made into lamina A of the LGN of
P28 kittens. Detailed descriptions of this procedure have
been published (Antonini and Stryker, 1993a; Silver and
Stryker, 1999). The tracer was taken up by geniculate cell
bodies and transported anterogradely over a 12-day period
to geniculocortical axons in layer IV of primary visual
cortex. On P40, animals were deeply anesthetized with an
intraperitoneal injection of pentobarbital (100 mg/kg).
They were then perfused transcardially, and tissue blocks
containing the LGNs and visual cortex were sectioned
coronally as previously described (Silver and Stryker,
1999).

Most of the primary visual cortical sections were incu-
bated in a blocking solution containing 0.1 M sodium
phosphate with 0.9% sodium chloride (phosphate-buffered
saline, PBS, pH 7.4), 2% bovine serum albumin (Sigma,
St. Louis, MO), 20% normal donkey serum (Sigma), 5%
sucrose, 0.5% Triton X-100, and 0.05% thimerosal (Sig-
ma). The blocking solution for a minority of sections con-
tained 20 mM potassium PBS (KPBS, pH 7.4), 2.5% BSA,
0.5% Triton X-100, 3% normal horse serum (Vector, Bur-
lingame, CA), and 0.05% thimerosal. After a 1-hour incu-
bation at room temperature, sections were transferred to
blocking solution containing goat IgG anti—-PHA-L anti-
body (Vector; dilution of 1:500) and one of the following
primary antibodies (Fig. 1): rabbit IgG anti-TrkB23 (Yan
et al., 1994; 6.2 pg/ml), rabbit IgG anti-TrkB146 (Cabelli
et al., 1996; 5.5 wg/ml), rabbit IgG anti-TrkB348 (McCarty
and Feinstein, 1998; 6.5 pg/ml), rabbit IgG anti-TrkB606
(Costantini et al., 1999; 6.7 pg/ml), rabbit IgG RTB
(Huang et al., 1999a; provided by Dr. Louis Reichardt;
dilution of 1:100), or mouse IgG monoclonal anti-GAD65
(Chang and Gottlieb, 1988; dilution of 1:5). TrkB23,
TrkB146, TrkB348, and TrkB606 antibodies were kindly
provided by Drs. Monte Radeke and Stuart Feinstein. The
anti-GADG65 antibodies in a GAD-6 hybridoma superna-
tant were obtained from the Developmental Studies Hy-
bridoma Bank, Departments of Pharmacology and Molec-
ular Sciences, Johns Hopkins University School of
Medicine, Baltimore, MD, and Biological Sciences, Uni-
versity of Iowa, Iowa City, IA, under contract NO1-HD-6-
2915 from the NICHD.

Sections of LGN were treated as above except the pri-
mary antibody solution consisted of mouse IgG monoclo-
nal anti—-microtubule-associated protein 2 (MAP2, Huber
and Matus, 1984; Sigma; dilution of 1:500) and one of the
anti-TrkB antibodies. All sections were incubated in pri-
mary antibody solutions for 48 hours at 4°C, washed three
times for 10 minutes each in PBS or KPBS, and trans-
ferred to blocking solution containing two of the following
secondary antibodies: Cy3-conjugated rabbit anti-goat IgG
(for anti—-PHA-L primary antibody, Jackson, West Grove,
PA; dilution of 1:100), Cy3-conjugated donkey anti-mouse
IgG (for anti-MAP2 antibody, Jackson; dilution of 1:100),
Cy5-conjugated donkey anti-rabbit IgG (for anti-TrkB pri-
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mary antibodies, Jackson; dilution of 1:100), or biotinyl-
ated horse anti-mouse IgG (for anti-GAD65 primary anti-
body, Vector; dilution of 1:200). For sections in which one
of the secondary antibodies would recognize the other (for
example, donkey anti-rabbit IgG and rabbit anti-goat
IgG), the sections were sequentially labeled with two con-
secutive overnight incubations of one secondary antibody
each separated by three washes for 10 minutes each in
PBS or KPBS.

After an overnight incubation at 4°C, sections labeled
with only Cy3- or Cy5-conjugated antibodies were washed
three times for 10 minutes each in PBS and then mounted
on gelatinized microscope slides from tap water. Sections
labeled with biotinylated secondary antibody were washed
three times for 10 minutes each in KPBS and then incu-
bated overnight at 4°C in KPBS containing Cy5-
conjugated streptavidin (Jackson; dilution of 1:100) and
0.05% thimerosal. After a final series of three washes for
10 minutes each in KPBS, these sections were mounted as
described above. The mounting medium consisted of 5%
n-propyl gallate (Sigma) and 10% (v/v) 0.1M PBS in glyc-
erol. Coverslips were sealed with clear nail polish. For
each antibody, parallel control experiments were per-
formed in which the primary antibody was omitted. In all
cases, there was no detectable signal due to the binding of
secondary antibodies or streptavidin directly to the tissue
(data not shown).

Colocalization analysis

To measure colocalization of TrkB-like IR or GAD65
label with PHA-L-labeled afferents, images were collected
and processed as described in Silver and Stryker (2000).
All image processing was performed on a Macintosh com-
puter running the public domain NIH Image program
(http://rsb.info.nih.gov/nih-image/). Stacks of optical
sections separated by 1 pwm were obtained with an
MRC600 or MRC1024 confocal microscope (Bio-Rad,
Hercules, CA) by using aperture sizes of 1 or 2.16 mm.
Pixel- or object-based colocalization analyses were car-
ried out by using a customized version of NIH Image
that is freely available for public use at http:/
phy.ucsf.edu/~idl/colocalization.htm .

The colocalization procedures have been previously de-
scribed (Silver and Stryker, 2000) and will only be sum-
marized here. One optical section was chosen for colocal-
ization measurements and was designated the reference
section. Because the objects of interest were geniculocor-
tical axons located in the neuropil, all pixels located
within cell bodies or blood vessels were masked and re-
moved from further analysis. Portions of PHA-L—-labeled
axons located within the reference section were manually
traced by comparing the reference section to the optical
sections immediately above and below. TrkB and GAD65
images were thresholded so that the brightest 2% of the
neuropil pixels were retained and all others were set to 0.
For pixel-based analysis, the thresholded TrkB or GAD65
image was simply overlaid with the traced PHA-L-labeled
axon segments, and the intensities of the colocalized pix-
els were summed.

For object-based analysis, the pixel intensity values of
the optical sections immediately above and below the ref-
erence section were reassigned so that the histogram of
pixel intensity values matched that of the reference sec-
tion. The rank order of pixel intensity values was not
altered. Individual TrkB- or GAD65-positive puncta were

393

TrkB23 =tritBay 36

TrkBl46 = .'rkqu'ﬁ-lﬁE{C
+RTH

TrkB348 = irkBsag 3031 O

TrkB606 = trkBgs.610%

Fig. 1. Anti-TrkB antibodies shown on schematic TrkB receptor.
The RTB antibody was raised against the biochemically purified ex-
tracellular domain of rat TrkB after heterologous expression in COS-7
cells and was used as an antiserum. The other anti-TrkB antibodies
were generated by immunization with synthetic peptides correspond-
ing to specific domains of the rat TrkB amino acid sequence and were
affinity purified by using the same peptide. The TrkB606 antibody
should recognize only the tyrosine kinase-containing full-length iso-
form, whereas the others should recognize both full-length and trun-
cated isoforms.

segmented from each other in the xy plane of the reference
section, and the location of puncta along the z-axis was
determined by comparing the mean pixel intensity of the
segmented puncta in the reference section with corre-
sponding pixels in the optical sections immediately above
and below.

RESULTS

TrkB-like immunoreactivity is present in
LGN cell bodies of P40 kitten

Sections of kitten LGN were double labeled with anti-
MAP2 antibodies and one of a panel of anti-TrkB antibod-
ies (Fig. 1). The specificity of the anti-TrkB antibodies
used in this study has been extensively documented by the
laboratories that provided us with the antibodies, in sev-
eral species and by using a variety of techniques (TrkB23:
Cabelli et al., 1996; Fryer et al., 1996; Yan et al., 1997,
Costantini et al., 1999; TrkB146: Cabelli et al., 1996;
TrkB348: McCarty and Feinstein, 1998; TrkB606: Costan-
tini et al., 1999; RTB: Huang et al., 1999a). Although the
MAP2 protein is primarily found in dendrites, the anti-
MAP2 antibody faintly labels neuronal somata as well
(Fig. 2; see also Huber and Matus, 1984). The four anti-
TrkB antibodies tested all showed punctate label in cell
bodies of neurons in lamina A of the LGN (Fig. 2). TrkB-
like IR has been previously observed in LGN neuronal
somata in developing and adult ferret (Cabelli et al., 1996)
and adult rat (Yan et al., 1997). TrkB-like IR was also
observed in the nucleus. The nuclear label is probably
artifact, because Western blotting of subcellular fractions
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Fig. 2. TrkB-like immunoreactivity (IR) is present on cell bodies in
the lateral geniculate nucleus. False-color double-label immunofluo-
rescent images are shown for TrkB23 (A), TrkB146 (B), TrkB348 (C),
and TrkB606 (D). Red is TrkB-like IR, and green indicates MAP2-like
IR, which strongly labels dendrites but also allows the visualization of

of adult rat cerebral cortex demonstrated that the nuclear
fraction contains proteins recognized both by an anti-
serum raised against the extracellular domain of TrkB
and an antiserum raised against the intracellular domain,
suggesting that these nuclear proteins are immunologi-
cally similar to TrkB (Aoki et al., 2000). However, they are
distinct from TrkB, as they have a different molecular
weight from the known TrkB isoforms, and, unlike TrkB,
they were not found in subcellular fractions of synaptic
membrane or postsynaptic density (Aoki et al., 2000).

Visual inspection of images is insufficient to
determine whether TrkB is colocalized with
geniculocortical afferents

A panel of anti-TrkB antibodies was used to establish
whether TrkB-like IR is present on geniculocortical affer-
ents in layer IV of kitten primary visual cortex. Geniculo-
cortical axons were anterogradely labeled with ionto-
phoretic injections of PHA-L into lamina A of the LGN.
After anterograde transport of the tracer, PHA-L—
containing afferents were labeled with an anti—-PHA-L
antibody. Double-label immunofluorescence and confocal
microscopy were used to obtain thin optical sections from
layer IV of visual cortex. The amount of colocalization of
PHA-L-labeled afferents with the GAD65 protein was
used as a negative control. GAD65 is an isoform of glu-
tamic acid decarboxylase and is found primarily in pre-
synaptic terminals of inhibitory intracortical neurons (Es-
clapez et al., 1994). Therefore, it is not colocalized with the
excitatory geniculocortical afferents (Silver and Stryker,
1999).

Qualitative visual examination of double-labeled confo-
cal images of layer IV of kitten visual cortex revealed that
there was substantial punctate TrkB-like IR in the neu-
ropil (Fig. 3A-E) and in cell somata (data not shown). This
localization is in agreement with previous studies of de-
veloping and adult ferret visual cortex (Cabelli et al.,
1996) and adult rat cortex (Yan et al., 1997). Additionally,
in rat hippocampal neuropil, TrkB-positive puncta corre-
sponding to vesicular compartments have been reported
(Drake et al., 1999).

Occasionally, a TrkB-positive punctate structure ap-
peared to be colocalized with a PHA-L-labeled axon
branch. However, visual inspection of the images was
inadequate for establishing to what extent these apparent
colocalizations were actual. Even though one of the advan-

the cytoplasmic region of cell bodies as diffuse label surrounding
unlabeled cell nuclei. For all anti-TrkB antibodies, the label is pri-
marily punctate in neuronal cell bodies and neuropil. Nuclear labeling
is probably artifactual (see text). Scale bars = 10 pm in A-D.

tages of confocal microscopy is the exclusion of signal from
structures located above and below the focal plane, there
is always some contribution from nearby structures and
this can lead to artifactual colocalizations. In this case, the
danger of artifactual colocalizations is high, because the
TrkB label consists of small puncta, the PHA-L-labeled
axons make up a small proportion of the neuropil, and
there are high levels of punctate TrkB label throughout
the neuropil surrounding the PHA-L-labeled geniculocor-
tical afferents. Therefore, it is difficult to determine how
much of the apparent colocalization observed by using
visual inspection is artifact and how much (if any) is
genuine. In fact, GAD65-positive puncta occasionally ap-
peared to be colocalized with PHA-L-labeled afferents
(Fig. 3F), even though there is no genuine colocalization of
these two labels (Silver and Stryker, 1999). To reduce the
contribution of artifact to our estimates of colocalization,
we used quantitative procedures previously found ade-
quate for colocalizing synaptic vesicle proteins and PHA-
L-labeled geniculocortical afferents (Silver and Stryker,
2000).

Object-based colocalization analysis
demonstrates that TrkB-like IR is present
on geniculocortical afferents in layer IV of

kitten primary visual cortex

Both pixel-based and object-based methods were used to
measure the amounts of colocalization of TrkB or GAD65
label with geniculocortical afferents (see Materials and
Methods section and Silver and Stryker, 2000). For pixel-
based analysis, the thresholded TrkB or GAD65 image
was overlaid on the traced PHA-L-labeled axons, and the
intensities of the colocalized pixels were summed. For
object-based analysis, the TrkB- or GAD65-positive
puncta were considered to be individual objects and were
assigned boundaries in three-dimensional space, and only
those puncta that were located entirely within a traced
axon segment in all three dimensions were counted as
colocalized.

To determine the amount of colocalization expected
based on random overlap of the two labels, colocalization
analysis was performed on a PHA-L field and a TrkB or
GADG65 field from an entirely different location. This is
referred to as the shuffled condition, and the difference
between the colocalization indices obtained from pairs of
shuffled images and those from pairs of images from the
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Fig. 3. Visual image inspection is inadequate to determine
whether TrkB-like immunoreactivity is colocalized with geniculocor-
tical afferents. False-color double-label immunofluorescent confocal
images from layer IV of kitten visual cortex are shown in red for
TrkB23 (A), TrkB146 (B), TrkB348 (C), TrkB606 (D), RTB (E), and

same location (the experimental condition) provides an
estimate of actual colocalization. The experimental condi-
tions for all TrkB antibodies showed greater colocalization
than the shuffled controls. For object-based analysis, this
difference was significant (P < 0.05) for three of the five
anti-TrkB antibodies, at the threshold of significance for
another (TrkB606; P = 0.050), and indeterminate for the
fifth (TrkB23; P = 0.10) (Fig. 4A). GAD65, which is known
to be absent from geniculocortical axons, was significantly
anticolocalized (P < 0.05). Pixel-based analysis was less
conclusive, with colocalization indices smaller in every
case than those from the object-based analysis (Fig. 4B).
The statistical confidence was also smaller for five of six
antibodies (Fig. 4B), demonstrating the value of an object-
based colocalization analysis that uses three-dimensional
information.

Although the results from the object-based analysis in-
dicate significant amounts of colocalization of TrkB and
geniculocortical afferents for three of five antibodies, the
absence of significant differences between experimental

GAD65 (F) and in green for Phaseolus vulgaris leucoagglutinin
(PHA-L)/-1abeled geniculocortical afferent arbors (A-F). Although ap-
parent colocalization of TrkB-positive puncta with PHA-L-labeled
afferents can be observed for all antibodies, it is also present for
GADG65. Scale bars = 1 um in A-F.

and shuffled conditions for the other two antibodies does
not suggest a lack of colocalization. The three possible
outcomes of this analysis are significant colocalization,
significant anticolocalization, and indeterminacy. The
GADG65 antibody was significantly anticolocalized with the
afferents (experimental colocalization indices were signif-
icantly lower than shuffled indices), but the results are
inconclusive concerning whether the antibodies TrkB23
and TrkB606 are expressed on geniculocortical afferents.

However, this analysis is a very conservative one. The
computed colocalization values are relative comparisons
between the experimental and shuffled conditions and
are, therefore, a function of the amount of colocalization of
TrkB with labeled geniculocortical afferents as well as the
overall amount of TrkB label in the cortical neuropil. For
this reason, no definitive statements concerning the abso-
lute amount of colocalization can be made. This relative
measure of colocalization is necessary to remove many
sources of variability that often plague quantitative im-
munofluorescence studies, including quality of perfusion
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Fig. 4. Quantitative colocalization analysis reveals the presence of
TrkB-like immunoreactivity on geniculocortical afferents. The
amount of colocalization of TrkB or GAD65 with the Phaseolus vul-
garis leucoagglutinin—labeled afferents was computed by using either
object- or pixel-based analyses and expressed as a contrast index
(Silver and Stryker, 2000). Positive values of this index indicate
colocalization, negative values indicate anticolocalization, and values
not significantly different from 0 are indeterminate. A: Object-based
analysis. B: Pixel-based analysis. Sample sizes are 18 pairs of images
for TrkB606 and 12 pairs of images each for the other antibodies.
Error bars represent standard errors of the difference, and P values
based on one-tailed ¢ tests are shown for each condition. Asterisks
indicate statistical significance at the P < 0.05 level.

of the tissue, amount of antibody penetration, differences
in gain and black level microscope settings, and amount of
tissue photobleaching (Silver and Stryker, 2000). Because
there are high levels of TrkB protein expression in the
cortical neuropil, the amount of colocalization expected
due to random overlap (the shuffled colocalization index)
is also high. Because the experimental colocalization in-
dex needs to significantly exceed the shuffled index to
produce a positive colocalization result, the considerable
TrkB label in the cortical neuropil biases the results to-
ward indeterminacy while substantially decreasing the
likelihood of false-positive colocalization results.

M.A. SILVER AND M.P. STRYKER

The GADG65 colocalization values provide a quantitative
estimate of the amount of apparent colocalization mea-
sured when there is no genuine colocalization with the
geniculocortical afferents. Because the overall pattern of
GADG65 puncta resembles that obtained with the anti-
TrkB antibodies (compare Fig. 3F with Fig. 3A-E), the
amounts of colocalization (expressed as the difference be-
tween the experimental and shuffled colocalization indices
divided by their sum, see Fig. 4) can be directly compared.
For this comparison, if an anti-TrkB antibody has a colo-
calization value that is significantly higher than that ob-
tained for GADG5, it is considered to be colocalized with
the geniculocortical afferents. Although this analysis is
not as conservative as the previous one, it is more direct,
because it involves comparison with a case in which there
is no colocalization (GAD65) instead of a comparison with
the amount of colocalization expected due to random over-
lap (the shuffled condition).

The results of this analysis show that the colocalization
indices obtained for the anti-TrkB antibodies by using
object-based analysis were higher than the corresponding
measure for GADG65 for all five antibodies tested (P < 0.05
for TrkB23, P < 0.01 for TrkB606, and P < 0.005 for the
other three antibodies). Because the anti-TrkB antibodies
were generated against several different portions of the
protein, the fact that they produced similar colocalization
results strengthens the general conclusion that TrkB is
located on geniculocortical afferent arbors.

DISCUSSION

We have shown that TrkB-like IR is present in kitten
LGN neuronal cell bodies and geniculocortical afferents in
layer IV of primary visual cortex. Therefore, these axons
have the potential to respond directly to BDNF and NT-
4/5. This finding is consistent with a model of visual cor-
tical development and plasticity in which axons compete
with each other for access to a neurotrophic factor re-
leased by cortical target cells based on their activity
(Maffei et al., 1992). Several other findings are generally
compatible with this model, although others pose prob-
lems (Hata et al., 1999). Monocular deprivation decreases
levels of BDNF mRNA (juvenile and adult rat: Bozzi et al.,
1995; kitten and adult cat: Lein and Shatz, 2000) and
BDNF-like IR (juvenile rat: Rossi et al., 1999) in portions
of visual cortex representing the deprived eye. In addition,
BDNF is released from cultured hippocampal neurons
after depolarization (Goodman et al., 1996) and is present
in dendrites of rat visual cortical neurons (Rossi et al.,
1999). Finally, administration of BDNF to juvenile rat
visual cortical slices enhances basal excitatory synaptic
transmission for some layer IV neurons (Carmignoto et
al., 1997). Although this potentiating effect of BDNF ap-
pears to be presynaptic, it is not known whether BDNF
was acting primarily on thalamocortical or corticocortical
synapses in this preparation (Carmignoto et al., 1997).

If competition occurs among geniculocortical afferents
for BDNF and/or NT-4/5 released by visual cortical neu-
rons, one might expect that levels of these neurotrophins
would be different in layer IV than the other cortical
layers, because layer IV is the main site of termination of
these axons. Indeed, levels of BDNF mRNA (juvenile rat:
Bozzi et al., 1995; adult rat: Castrén et al., 1992; kitten
and adult cat: Lein et al., 2000) and protein (adult rat:
Conner et al., 1997) are lower, and NT-4/5 mRNA levels
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are higher (adult mouse: Bozzi and Borrelli, 1999), in
layer IV than in other cortical laminae.

The high levels of expression of TrkB on cortical neu-
rons obviously suggest possible alternative actions of
TrkB ligands in visual cortex. In ferret visual cortical
slices, the growth of cortical dendrites can be substantially
altered by exposure to BDNF or NT-4/5 (McAllister et al.,
1995) or TrkB-IgG (McAllister et al., 1997), and overex-
pression of BDNF causes destabilization of dendritic
spines in the transfected neurons (Horch et al., 1999). In
addition, direct application of BDNF or NT-4/5 to rat layer
V cortical neurons causes depolarization and firing of ac-
tion potentials with a latency of less than 10 msec (Kafitz
et al., 1999), and transgenic mice overexpressing BDNF in
cortical neurons show an accelerated development of in-
hibition in visual cortex and a precocious critical period for
visual cortical plasticity (Hanover et al., 1999; Huang et
al., 1999b).

It is also possible that at least some of the effects of
BDNF and NT-4/5 in visual cortex are mediated by non-
visual inputs. BDNF infusion into frontoparietal cortex of
adult rats increased the sprouting of serotonergic axons
within the infused area (Mamounas et al., 1995). In addi-
tion, BDNF can be retrogradely transported from rat oc-
cipital cortex to the serotonergic dorsal and medial raphe
nuclei as well as the cholinergic medial septum and diag-
onal band of Broca (Sobreviela et al., 1996). Clearly, more
experiments are required to precisely define the popula-
tions of axons and neurons that mediate the effects of
TrkB ligands on cortical development and plasticity.

Four of the five anti-TrkB antibodies used in this study
were raised against extracellular portions of TrkB and
should, therefore, recognize both truncated and full-
length forms of the receptor. However, the TrkB606 anti-
body should be specific for the full-length form, because it
was generated by using a peptide corresponding to a por-
tion of the intracellular region that is not present in trun-
cated receptors (Fig. 1). Although the conservative analy-
sis based on comparison of experimental and shuffled
conditions produced a nearly significant result for colocal-
ization of TrkB606 and geniculocortical afferents, the
comparison with the GADG65 colocalization value indicated
significant levels of TrkB606 IR on these axons. This find-
ing suggests that at least some of the TrkB expressed on
geniculocortical afferents in primary visual cortex of P40
kittens is the full-length form and is consistent with the
possibility that TrkB ligands binding to the afferents
could induce signal transduction involving TrkB tyrosine
kinase activity.
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