
Abstract The distribution of the neurotrophins BDNF
and NT-3 as well as their corresponding high-affinity re-
ceptors trkB and trkC was characterized by immunohis-
tochemistry in the developing retino-tectal system of the
pigeon. These neurotrophins are known to be important
for survival and development of neuronal tissues, but
also for activity-dependent neuronal plasticity. In pi-
geons visual asymmetry is established at the morpholog-
ical and behavioral level due to a natural asymmetrical
light input before hatch, which is followed by a post-
hatch period of consolidation with unbiased light stimu-
lation. Since the retino-tectal system is the crucial entity
of these events, we studied the retinal and the tectal dis-
tribution of these neurotrophins and their receptors dur-
ing retino-tectal formation, to analyze the developmental
sequences to which these neurotrophins are tuned. Here
we demonstrate that in altricial pigeons no retinal immu-
nolabeling of BDNF, NT-3 or their receptors could be
detected before hatch, although a prominent tectal label-
ing pattern throughout most layers was evident. After
hatch, both neurotrophins and their receptors showed a
dramatic increase of retinal and tectal distribution. While
the tectal and retinal protein synthesis of NT-3 vanished
after 2 weeks, that of BDNF could still be revealed in
adults. Therefore, the establishment of the retino-tectal
system does not seem to depend on these neurotrophins
before hatch, although they are probably utilized to
shape the intratectal wiring pattern. In contrast, BDNF
and NT-3 could play a prominent role in posthatch re-
tino-tectal plasticity, as the consolidation of tectal asym-
metries requires posthatch modifications of tectal cir-
cuits and proceeds within the first two posthatching
weeks. These data are comparable with the distribution

of neurotrophins in the retino-tectal system of chicks, al-
though the onset of neurotrophin synthesis seems to be
earlier in precocial chicks.
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Abbreviations BDNF Brain-derived neurotrophic 
factor · d deep tectal layers (13–15) · 
DAB 3,3’-diaminobenzidine · E embryonic day · 
GCL ganglion cell layer · im intermediate layers (8–12) · 
INL inner nuclear layer · IPL inner plexiform layer · 
NT-3 neurotrophin-3 · ONL outer nuclear layer · 
OPL outer plexiform layer · OT optic tectum · 
PBS phosphate buffered saline · Ph posthatching day · 
RGC retinal ganglion cells · s superficial layers (1–7) · 
trkB tyrosine-kinase receptor B · trkC tyrosine-kinase 
receptor C

Introduction

Neurotrophins are known to be transported retro- and an-
terogradely, to prevent apoptosis and to mediate plastici-
ty in developing and adult neurons (Levi-Montalcini
1987; von Bartheld et al. 1996a, b; Cellerino and Maffei
1996). They exert their effects through binding to high-
affinity tyrosine kinase receptors. TrkB is the high-affini-
ty receptor for BDNF (Klein et al. 1991) and NT-4 (Ip et
al. 1992), whereas NT-3 preferentially attaches to trkC
(Lamballe et al. 1991). The visual system of chicks has
since long served as a model system to analyze trophic
influences in the development of connected neuronal
structures (von Bartheld et al. 1996a, b; Herzog and von
Bartheld 1998). It is well known that the retina requires
trophic signals from the tectum (Hughes and McMoon
1979) and has itself trophic influences on innervated tar-
gets (Catsicas et al. 1992).

In the present study we performed investigations on
the distribution of neurotrophins in the retino-tectal
system of the pigeon, an altricial bird, in which the de-
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velopment of the visual pathways prolongs into post-
hatching time (Manns and Güntürkün 1997). In pigeons
approximately 90% of retinal axons terminate in the con-
tralateral OT (Remy and Güntürkün 1991), whereby the
retinal innervation of the OT starts at E14 and is not
completed before Ph15. Electrophysiological studies
demonstrated that full functionality of this system 
does not develop before the first weeks after hatching
(Bagnoli et al. 1985, 1987).

Cytoarchitectonically, the OT contains fifteen distin-
guishable layers, in the present study grouped as s (lay-
ers 1–7), im (layers 8–12), and d (layers 13–15), based
on their retinal input and output patterns. In pigeons, re-
tinal input terminates in the s 2–7 of the contralateral OT
(Hayes and Webster 1985). Visual information is then
transmitted directly by axodendritic contacts or indirect-
ly via horizontal or radial cells of the superficial and in-
termediate tectal layers to the multipolar neurons of the d
(Hardy et al. 1985; Luksch et al. 1998; Hellmann and
Güntürkün 1999), which are the major source for tecto-
rotundal, tecto-triangular, or tectotegmental projections
(Karten and Revzin 1966; Karten and Hodos 1970;
Benowitz and Karten 1976; Hunt and Künzle 1976;
Güntürkün et al. 1993).

In contrast to chicks, the retino-tectal system of pi-
geons displays morphological (Güntürkün 1997a) and
connectional (Güntürkün et al. 1999) asymmetries that
can be altered subsequent to dark-incubation (Güntürkün
1993) or post-hatch monocular deprivation (Manns and
Güntürkün 1999a, b). Lateralization is displayed by a
right eye – left hemisphere superiority in visual discrimi-
nations (Güntürkün 1997a). Up to now, data of neurotro-
phin expression in the visual system of birds mainly ex-
ist from precocial chicks. The present study was under-
taken to describe the developmental distribution of
BDNF, NT-3, trkB and trkC in the retino-tectal system of
an altricial bird. The immunohistochemical characteriza-
tion of these proteins in the retina and OT of the devel-
oping pigeon yield a hint for biochemical signals partici-
pating in the establishment of visual asymmetries in this
species. Additionally, differences in the onset of a clearly
visible neurotrophin distribution between precocial
chicks and altricial pigeons are discussed.

Materials and methods

Antibodies

The antibodies used were rabbit polyclonal to BDNF, NT-3, trkB
and trkC (C-14) and purchased from Santa Cruz Biotechnology
(USA). Previous studies showed that they recognize the same anti-
gens in rat and pigeon (Vázquez et al. 1994; Hannestad et al.
1998). Immunolabeling was abolished when the primary antibody
was omitted.

Tissue preparation

Thirty-one embryonic and hatched as well as five adult unsexed
pigeons (Columba livia) from a local breeding stock were used for
immunohistochemical examinations. Investigated ages were E14,

E16, PH0, PH1, PH2, PH4, PH7, PH14 and adults (more than 
5 months old), with four animals in each group. All experiments
were carried out according to the specifications of the German law
for the prevention of cruelty to animals.

Animals were injected with 1.000 units heparin 20 min before
perfusion and anesthetized with equithesin (0.4 ml/100 mg body
weight). Afterwards they were perfused transcardially with
100–200 ml 0.9% NaCl (4°C), followed by 200–500 ml fixative
consisting of 4% paraformaldehyde and 0.2% glutaraldehyde in
0.12 M PBS (pH 7.4) at room temperature. The brains and eyes
were removed and postfixed for 1 hour in the same fixative to
which 30% sucrose was added. The materials were then stored in
PBS with 30% sucrose for 24 h at 4°C for cryoprotection. The ret-
inae were prepared and cross-sections were cut at 15µm on a
freezing microtome. These sections were directly mounted on gel-
atinized slides. Frontal sections of the tectum were cut at 30 µm
with a freezing microtome and collected free-floating in 0.12 M
PBS.

DAB-Immunohistochemistry

All incubations were carried out on a shaker. Sections were first
placed in 0.1% H2O2 for 30 min to inactivate endogenous peroxi-
dase-activity, washed three times in PBS, incubated in 10% (w/v)
normal goat serum in PBS for 30 min to block non-specific bind-
ing-sites in the tissue, and then incubated in the primary antibody
in PBS overnight at 4°C. Antibodies were used in a concentration
of 1/100 (diluted in 0.12 M PBS + 0.3% w/v Triton-X). Following
thorough washing in PBS the material was incubated in the sec-
ondary antibody solution [vector biotinylated IgG goat-anti-rabbit
antibodies (Burlingame, Calif., USA), 1/100 diluted in PBS +
0.3% Triton-X]. After three further washes a conventional ABC-
peroxidase (Vector Elite-kit, Burlingame, Calif., USA) was per-
formed. Afterwards, retinal cross-sections were immersed in
0.06% DAB and 0.3% hydrogen peroxide for 1 min, whereas with
brain slices a heavy metal intensified DAB reaction, according to
Adams (1981) and Shu et al. (1988) was performed, to obtain a
better signal to background staining in the OT. Finally, retinae and
brain-slices were washed in PBS, mounted, dehydrated and cover-
slipped.

Results

With the antibodies directed against BDNF, NT-3, trkB,
and trkC an intensive immunoreaction of retinal and tec-
tal neurons was observable. In general, BDNF, NT–3 and
trkB showed perikaryal and neuropil staining of the
proximal cell prolongations, whereas dense immunola-
beling of trkC was restricted to the cell bodies.

Retina

BDNF distribution

No retinal BDNF-signal was detectable before hatch (not
shown). From hatching day (Ph0) onwards scattered reti-
nal ganglion cells were BNDF-labeled in the GCL, ac-
companied by a diffuse staining of the IPL (Fig. 1a–d).
At later stages (Ph1 until adult) BDNF-like immunoreac-
tivity increased in the GCL to constitute a well-stained
band of cell somata. Additionally, at Ph2 scattered neu-
rons in the INL displayed weak BDNF-labeling, as well
as in the ONL. From Ph4 up to adulthood BDNF-like
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Fig. 1a–p Retinal BDNF, NT-3, trkB and trkC expression from
hatching day onwards until adulthood. BDNF increased from the
GCL (a Ph0) to the INL and the ONL (b Ph2; c Ph4; d adult). Im-
munoreactivity of NT-3 was disclosed from hatching day onwards
in the GCL (e), with a peak of expression at Ph2 (f) in GCL and

INL before fading (g Ph4; h adult). At hatching day scattered reti-
nal ganglion cells started trkB (i) and trkC (m) expression, to still
increase in GCL and INL until adult status (j,n Ph4; k,o Ph14; 
l,p adult). Bar 50µm



immunoreactivity was continuously salient in the GCL,
along with BDNF staining of neurons of the INL and of
the ONL. BDNF-positive neurons in the INL were most-
ly adjacent to the IPL, presumably representing amacrine
cells. But also a number of bipolar cells showed BDNF-
like immunoreactivity. BDNF-stained somata in the
ONL probably represented photoreceptors.

NT-3 immunolabeling

As with BDNF, NT-3 also evinced no prehatching label-
ing in the retina (not shown). However, in contrast to
BDNF, NT-3 immunolabeling started extensively at Ph0
in retinal ganglion cells, with nearly all of them synthe-
sizing this neurotrophin (Fig. 1e–h). This labeling pat-
tern was accompanied by a diffuse IPL staining. At Ph2
prominent NT–3 positive neurons with long processes
were visible in an intermediate INL sublamina, presum-
ably representing bipolar cells. From Ph4 onwards the
NT-3 immunosignal decreased in the GCL, although
moderately stained retinal ganglion cells could still be
identified. Additionally, weak NT-3-positive neurons,
probably representing bipolar and amacrine cells were
found in the INL. In adult animals, the NT-3-like immu-
noreactivity was still weak in retinal ganglion cells and
in amacrine cells. Besides the perikaryal staining of reti-
nal neurons from Ph0 onwards, a moderate NT-3 like im-
munoreactivity of the IPL was obvious.

TrkB immunoreactivity

At E16 a weak trkB-like immunoreactivity was detect-
able in the optic nerve layer, although no labeling was
evident within the retina (not shown). The first few trkB-
positive retinal ganglion cells and INL-neurons were
found at Ph0 (Fig. 1i–l). At this stage also a moderate
neuropil staining of the IPL was visible. In the following
days (Ph1 up to Ph14) the density of trkB-positive neu-
rons increased in the GCL and the INL, reaching their
maximum at Ph14. TrkB-labeled somata with processes
in the INL were mostly positioned adjacent to the IPL,
and were therefore presumably amacrine cells. However,
also neurons in the center of this layer, probably bipolar
cells, disclosed trkB-like immunoreactivity. Besides this
labeling pattern a light and diffuse staining of the somata
of photoreceptors in the ONL was detectable between
Ph1 and Ph14. In adult pigeons, trkB-stained somata
were restricted to the GCL, accompanied by a neuropil
staining of the IPL.

TrkC immunosignal

Pigeon embryos at E16 evinced no retinal trkC-like 
signal (not shown), whereas at Ph0 scattered retinal gan-
glion cells and a weak staining of the IPL was evident
(Fig. 1m–p). From Ph1 up to the adult status, trkC im-

munolabeling increased in the GCL, and from Ph4 on-
wards neurons of the INL, adjacent to the IPL, were la-
beled with the antibody. Furthermore at Ph0 a diffuse la-
beling of the IPL was obvious. In adult pigeons a moder-
ate trkC-like immunoreactivity was observed in retinal
ganglion cells. Additionally, weakly labeled amacrine
cells of the INL, close to the IPL, were seen.

Optic tectum

Tectal BDNF distribution

In developing and adult pigeons BDNF showed a pro-
nounced somatic staining of tectal neurons in different
layers (Fig. 2a–d). Many BDNF positive neurons were
large with labeled proximal dendritic processes, but also
some small cells were identifiable. At E14 BDNF posi-
tive neurons were detected in the deep layers of the
rostro-lateral tectum (not shown). Two days later (E16)
BDNF-like immunoreactivity was expanded to the whole
rostro-caudal, as well as to the ventro-dorsal extension of
neurons in the d. Scattered neurons in the intermediate
tectal laminae also showed BDNF-like immunoreactivi-
ty. From hatching day onwards all tectal laminae showed
a prominent, somatic BDNF-like immunoreactivity, in
which BDNF-labeled neurons were especially evident
between Ph0 and Ph2. In these stages a uniform BDNF-
labeling was visible in the deep tectal laminae and in
layer 10, whereas in the other intermediate and superfici-
al layers a staining pattern with expanded columns of
neurons was observable (Fig. 4a). Besides this somatic
staining between stages E16 and Ph14 radially oriented
fibres reaching from the ventricle up to the superficial
layers could be observed (Fig. 2a–c). This fibre staining
was also heterogeneous in the developing tectum, as it
first appeared in the rostral tectum at E16, to be visible
throughout the whole tectum between Ph0 and Ph2, be-
fore it disappeared in the caudo-ventral tectum at Ph14
(not shown). 

Tectal NT-3 immunosignal

NT-3-synthesizing neurons could be detected during the
whole developmental period of tectal laminae, but not in
adults (Fig. 2e–h). At E14 cell somata of the deep and
intermediate tectal layers showed a moderate NT-3-like
immunosignal (not shown), increasing in intensity and
quantity up to E16. From Ph0 up to Ph4 NT-3-positive
neurons were also detected in the superficial layers,
sometimes with a columnar fashion (Fig. 4b). Especially
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Fig. 2a–h Immunoreactivity to BDNF and NT-3 in the optic tec-
tum during development. While BDNF expression increased from
E16 (a) throughout juvenile ages (b Ph0; c Ph2) until adult status
(d), NT-3 staining was restricted to embryonic and juvenile devel-
opmental stages (e E16; f Ph0; g Ph2; h adult). Orientations of the
images are with their pial surface to the top. Bar 200µm

▲
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Fig. 3a–h Tectal distribution of trkB and trkC from E16 until
adulthood. TrkB immunoreactivity (a E16; b Ph0; c Ph2; d adult),
as well as trkC labeling (e E16; f Ph0; g Ph2; h adult) were promi-

nent during the embryonic and juvenile development of the optic
tectum. Bar 200µm



horizontal cells in these layers showed a strong NT-3 im-
munoreactive signal of somata and proximal dendrites.
After Ph4 NT-3 distribution was restricted to the deep
tectal layers (not shown). At Ph14 and in adult pigeons
no NT-3 positive neurons were observable any longer.
Furthermore, radially oriented fibres expanding through
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Fig. 4 Tectal BDNF (a), NT-3 (b), trkB (c) and trkC expression
(d) at PH1 (a,c,d) and PH2 (b). Arrows indicate columnar staining
patterns in the superficial (s) and intermediate layers (im), but not
in the deep layers (d). Bar 100µm



all tectal laminae without somatic staining could be ob-
served at E16 up to Ph4 (Fig. 2e–h). They could be ob-
served, even slightly longer, only in the ventro-caudal
tectum (not shown).

Tectal trkB immunoreactivity

The distribution pattern of trkB-positive neurons com-
prised a time-dependent course during tectal develop-
ment (Fig. 3a–d). Between E14 (not shown) and E16 on-
ly neurons in deep and intermediate laminae of the ros-
tral tectum were labeled. From Ph0 until Ph4 also deep,
intermediate and superficial tectal layers of the whole
tectum started to show a prominent trkB immunosignal,
sometimes with a columnar fashion restricted to interme-
diate and superficial layers (Fig. 4c). Many cells showed
well-stained proximal dendritic processes, so that they
could be further classified as radial and horizontal cells.
After Ph4, trkB receptor localization was mostly restrict-
ed to layer 13, with a few cells in intermediate and su-
perficial layers of the caudo-ventral tectum being labeled
up to Ph7 (not shown). In adult pigeons the trkB anti-
body labeled no tectal neurons. Radially oriented fibres
expanding from the inner tectal surface up to the superfi-
cial layers were trkB positive from E14 up to Ph14, with
a peak between Ph0 and Ph7 (Fig. 3a, c).

Tectal trkC expression

With the antibody against trkC a clear and age-dependent
somatic staining of tectal neurons could be observed 
(Fig. 3e–h). At E14 trkC-labeled neurons were seen in d
(not shown), extending to the intermediate tectal layers at
E16. In the period of time from hatching till Ph2 a promi-
nent trkC-synthesis in neurons of all tectal layers was ob-
served. TrkC immunolabeling was uniform in the d along
the ventro-dorsal extension, however in the intermediate
and superficial layers the antibody against trkC marked
neurons in a columnar fashion (Fig. 4d). From Ph4 on-
ward, trkC immunoreactivity of tectal cells decreased
mainly in the intermediate and superficial layers, and af-
ter Ph7 somatic trkC signal was restricted to the d. In
adults no labeling of tectal neurons was detectable. Radi-
ally oriented fibres without somatic staining were observ-
able in stages E16 (Fig. 3e) to Ph1 (not shown). 

Discussion

The present data show that the distribution of neurotro-
phins and their corresponding trk receptors in retina and
tectum is in close correspondence with the development
of the retino-tectal system in the pigeon. In the retina,
the first immunosignal of BDNF and NT-3 is detectable
at hatching day, whereas in the tectum it is initially visi-
ble at E14. Moreover NT-3-synthesis seems to vanish in
the OT after retino-tectal development is completed,
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while BDNF is synthesized until adulthood. Therefore
neurotrophins very likely play an important role in the
establishment of the retino-tectal system, but probably
also act as autocrine or paracrine factors in the retina and
tectum itself. Since their onset of retinal synthesis starts
after hatch, they do not seem to play an important role in
prehatch light-stimulation induced asymmetry, but could
be a decisive factor in establishing posthatch tectal
asymmetries.

Local action of neurotrophins 

In pigeons as in other species the retinal distribution of
BDNF and NT-3 as well as their corresponding high-
affinity receptors make locally restricted intraretinal
functions of these neurotrophic factors likely. In earlier
investigations a coexpression of neurotrophins and corre-
sponding receptors was demonstrated in chick dorsal
root ganglia, suggesting local circuits of trophic action
(Schecterson and Bothwell 1992). The same seems to
hold for the retina (NT-3: Bovolenta et al. 1996; BDNF:
Liu et al. 1997). Indeed, BDNF of retinal ganglion cells
seems mostly to stem from intraretinal sources, whereas
the tectally-derived amount of BDNF is small (Herzog
and von Bartheld 1998). This accords with our data
showing a BDNF and NT-3 immunosignal in bipolar and
amacrine cells, while trkB and trkC receptors were pres-
ent in ganglion cells, as well as in the INL and trk B also
slightly in the ONL.

These data are comparable with the neurotrophin ex-
pression pattern in chicks, where BDNF mRNA and
BDNF immunolabeling was demonstrated in photorecep-
tors, in neurons of the INL, and in RGC, with expression
peaks around E12–E15 (Hallböök et al. 1996; Herzog
and von Bartheld 1998). NT-3 expression was shown in
the pigment epithelium since E5 (Bovolenta et al. 1996),
and in amacrine cells and RGC between E9 and E11 (de
la Rosa et al. 1994). Besides this, trkB- and trkC-synthe-
sis was also demonstrated in photoreceptors, in bipolar
cells and amacrine cells (Garner et al. 1996; Hallböök et
al. 1996), and also in RGC with peaks around E12–E15
(Hallböök et al. 1996; von Bartheld et al. 1996a). There-
fore in principle the pattern of retinal neurotrophin distri-
bution is comparable between altricial pigeons and pre-
cocial chicks, even though the onset of neurotrophin syn-
thesis seems to be earlier in chicks. 

Due to the observed relation of BDNF and NT-3 to
that of trkB and trkC distribution, also intratectal neuro-
trophic mechanisms are comparable between pigeons
and chicks. The present study demonstrates, that trkB
and trkC are present in tectal neurons before the first ret-
inal fibres innervate this structure in the pigeon. In
chicks, BDNF expression was demonstrated from E4 on-
ward (Herzog et al. 1994), 2 days before retinal innerva-
tion starts (Crossland et al. 1975). NT-3 mRNA was
shown in the superior colliculus of juvenile rats, but not
in the OT of chicken (von Bartheld 1998). Also trkB is
expressed in tectal neurons of chicks since E6 (Garner et



al. 1996), as well as trkC mRNA at E15 (Escandón et al.
1994; von Bartheld et al. 1996a).

As the differentiation of tectal neurons in chicks be-
gins at E3/E4 (Goldberg 1974; Puelles and Bendala
1978), and as these neurons were shown to express the
corresponding trkB receptor (Biffo et al. 1994), BDNF
could regulate tectal neurite development in chicks 
(Herzog et al. 1994). The distribution pattern of BDNF
and NT-3 and the corresponding trk-receptors in the de-
veloping pigeon tectum makes also in this altricial bird
intrinsic trophic mechanisms conceivable. They probably
might regulate the development of the tectal morphology
by stimulating the migration of neurons as well as their
dendritic ramification.

However, corresponding with the altricial status of this
animal, the same developmental sequences of the retino-
tectal system as in chicks seem to take place in the retina
and the OT of pigeons with a delay of up to ten days. Ad-
ditionally, in both species intraretinal as well as intratectal
neurotrophic mechanisms of BDNF and NT-3 are likely.

BDNF and NT-3 as target derived 
and as efferent trophic factors 

In several studies RGC were shown to depend on their
target, as tectal ablation or optic stalk transsection result
in their death (Vanselow et al. 1990). Since BDNF
mRNA could be detected in the tectum of various spe-
cies (Leibrock et al. 1989; Cohen-Cory and Fraser 1994;
Herzog et al. 1994; Herzog and von Bartheld 1998), and
since Fournier et al. (1997) demonstrated the retrograde
transport of microinjected BDNF from the tectum to the
retina in rats, it is likely that BDNF is a trophic factor for
retinal neurons (Cohen-Cory and Fraser 1995). In the pi-
geon tectum, BDNF as well as NT-3 immunosignal was
first shown at E14. This is approximately the day when
retinal fibres start innervating this structure (Manns and
Güntürkün 1997). However, a clearly visible prehatch
retinal immuno-positive signal of the corresponding trkB
and trkC receptors was not detected. Although minor re-
ceptor quantities might remain undetected with immuno-
histochemical techniques, these data make it likely that
RGC of pigeons do not depend to an important degree on
tectal BDNF or NT-3 before hatch. However, as horizon-
tal and radial cells in the superficial and intermediate
tectal layers showed a BDNF- and NT-3-like immuno-
signal during the whole retino-tectal development, and as
trkB- and trkC-labeling was prominent from hatching
day onwards in the retina, these neurotrophins could be
important candidates in shaping the posthatch retino-tec-
tal system. These BDNF- and NT-3-dependent posthatch
processes seem at least initially to be independent of pat-
terned light input, since pigeons open their eyes only
about 1 week after hatching. 

In recent studies neurotrophins were discussed to also
fulfill trophic influences in an anterograde direction 
(Fawcett et al. 1998; Herzog and von Bartheld 1998), as
anterograde transport of neurotrophins could be demon-

strated in several investigations (von Bartheld et al.
1996a; Zhou and Rush 1996). It is therefore likely that
BDNF and NT-3, which are both prominently expressed
in the pigeon retina from hatching day onwards, are an-
terogradely transported and released in the superficial
tectal layers. After hatch, they probably regulate the out-
growth and neuronal circuitry of tectal neurons, that do
express trkB and trkC receptors. In principle, these tro-
phic influences of retinal origin could not only shape tec-
tal neurons in the retinorecipient layers 2–7, but also
neurons in the intermediate laminae that reach with their
radially oriented dendrites into superficial layers. Even a
large part of the tectorotundal neurons in lamina 13 have
dendrites in retinorecipient laminae and receive mono-
synaptic retinal input (Hardy et al. 1985; Luksch et al.
1998; Hellmann and Güntürkün 1999). Thus, the post-
hatch anterograde release of retinally derived BDNF
and NT-3 could shape virtually the complete tectal cir-
cuitry.

Visual asymmetry and neurotrophic mechanisms 

The synaptic release of neurotrophins seems to be at
least in part activity-dependent and regulated by the acti-
vation of glutamate receptors (Lindholm et al. 1994;
Thoenen 1995) that have been revealed in the tectum
(Theiss et al. 1998, Huang et al. 1998). In the chick reti-
na trkB and trkC receptor expression is similarly up-reg-
ulated by light exposure and down-regulated by darkness
(Okazawa et al. 1994). Thus, light stimulation is likely to
result in a high activity level of retinal ganglion cells,
which then could influence the activity-dependent secre-
tion of trophic molecules in the tectum. Due to the late
start of retinal BDNF and NT-3 labeling at hatching day,
these neurotrophins do not seem to play an important
role in prehatch light-stimulation induced asymmetry.
However, they could be an important contributor to the
posthatch stabilization of visual lateralization.

Due to the slow maturation of the visual system in the
altricial pigeon, the retinorecipient layers of only some
tectal areas are innervated by retinal fibers at hatch
(Manns and Güntürkün 1997). While at Ph0 retinal fi-
bers already exhibit their adult lamination pattern in the
rostral tectum, the prospective retinorecipient layers 2–7
of the caudoventral tectum are not innervated at all.
Since tectal morphological asymmetries depend on pre-
hatch light input (Güntürkün 1997b), the retinorecipient
rostral tectum already displays asymmetries with larger
somata on the left side, while no left-right differences are
present in the caudo-ventral tectum (Manns 1998). How-
ever, 2 weeks after hatch the complete OT, including the
caudo-ventral portion, displays morphological asymme-
tries (Manns 1998). Since after hatching light input is
unbiased, the transfer of asymmetries to the caudo-ven-
tral tectum might result either from horizontal intratectal
mechanisms or from asymmetrical interactions with oth-
er structures, as recently shown to exist (Keysers et al.
2000). 
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Whatever the mechanisms that spread morphological
asymmetries throughout the tectum within the first two
posthatching weeks, they have to depend on a high level
of posthatch plasticity. Indeed, 10 days of lateralized
posthatch photic stimulation are able to fundamentally
modify tectal asymmetries as measured in soma sizes
(Manns and Güntürkün 1999a). In this period of time
BDNF and NT-3 are massively labeled in the retina.
These neurotrophins exert morphological effects like an
increase in the complexity of retinal arbors within the
tectum (Inoue and Sanes 1997) and an enlargement of
soma size (Ventimiglia et al. 1995). At the same time, a
strong immunosignal of the corresponding receptors trkB
and trkC was observed throughout the tectum. Both 
trk-receptors displayed a columnar expression, making it
likely that neuronal circuits that traverse laminar bound-
aries from superficial-to-deep are established. Since 
NT-3 is selectively expressed in a short posthatch period
within the tectum, it might be especially tuned to these
morphological processes. Indeed, although BDNF and
NT-3 have synergistic effects, NT-3 especially seems to
promote the proliferation of precursor cells and axon
collaterals (reviewed Snider 1994).

Thus, BDNF and NT-3 as well as their corresponding re-
ceptors seem to have differential pre- and posthatch effects.
Before hatch they probably regulate tectal mechanisms that
are not related to retinal input. Therefore, prehatching in-
duction of visual asymmetry has to be mediated via mecha-
nisms that do not depend on any of these neurotrophins. Af-
ter hatch, however, BDNF as well as NT-3 seem to be mas-
sively involved in the shaping of retino-tectal circuits. The
posthatch horizontal proliferation of tectal asymmetry and
the consolidation of visual lateralization might therefore be
intimately related to these neurotrophins.
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