
The Journal of Neuroscience, March 1, 1996, 76(5):1740-l 752 

Expression of TrkB Receptor lsoforms in the Developing Avian 
Visual System 

Andrew S. Garner,’ Harry J. Menegay,’ Kristen L. Boeshore,’ Xiao-Yi Xie,’ James M. Voci,l James E. 
Johnson,” and Thomas H. Large1 

1 Department of Neurosciences, Case Western Reserve University School of Medicine, Cleveland, Ohio 44 106-49 75, and 
*Department of Neurobioloav and Anatomv, Bowman Gray School of Medicine of Wake Forest University, Winston- 
Salem, North Carolina 2 7 13 7 

The expression of novel TrkB receptor transcripts has been 
characterized to understand the potentially diverse roles of 
brain-derived neurotrophic factor (BDNF) in the developing 
avian visual system. In situ localization with an extracellular 
domain probe common to all TrkB transcripts labeled a sub- 
population of large retinal ganglion cells as well as many asso- 
ciated visual nuclei, including the neuronal layers within the 
tectum that receive retinal innervation. Because of the potential 
for structurally and functionally distinct receptors derived from 
the TrkB gene locus, cDNA cloning and reverse transcription- 
PCR analysis were used to further analyze receptor isoform 
expression in the retina and tectum. Receptor isoforms were 
sequenced that contained a deletion of the N terminus, a 
deletion in the putative ligand-binding domain, or a deletion in 
the cytoplasmic juxtamembrane (JM) domain. Two novel JM 

insertion sequences also were identified, one of which exhibits 
weak homology to p-actin and was found in both kinase- 
containing (TK+) and kinase deletion (KD) receptor isoforms. In 
the developing retina, TK+ receptor mRNA is upregulated dur- 
ing the period of retinal ganglion cell (RGC) death, consistent 
with the proposed role of BDNF as a tectal-derived survival 
factor for RGCs. However, the expression of TK+ transcripts in 
the tectum indicates that this structure also contains cells 
responsive to BDNF throughout development. Because BDNF 
is expressed in both the retina and tectum, it is conceivable that 
TrkB also mediates autocrine/paracrine signaling within these 
structures or anterograde retinotectal trophic support. 
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The vertebrate visual system is an important model for studying 
the epigenetic signals that guide CNS development. Retroviral 
tagging (Wetts and Fraser, 1988; Turner et al., 1990) and retinal 
culture experiments (Reh and Tully, 1986; Guillemot and Cepko, 
1992) indicate that extracellular (EC) signals direct the ordered 
differentiation of retinal cell types from a common multipotent 
progenitor. The topographic innervation of the avian optic tectum 
by retinal ganglion cells (RGCs) appears to be partly determined 
by substrate-bound cues (Drescher et al., 1995) although soluble 
growth factors also are likely to play important roles within the 
tectal target fields (Mey and Thanos, 1992). Finally, the survival of 
neurons in the visual system is dependent on trophic support 
during development. In the embryonic chick, ablation of the 
tectum increases RGC death (Rager and Rager, 1978; Hughes 
and McLoon, 1979), and enucleation increases the death of neu- 
rons in the isthmo-optic nucleus (ION), which projects centrifu- 
gally to the retina (Clarke et al., 1976). Enucleation also leads to 
increased death in the tectum (Kelly and Cowan, 1972), indicating 
that anterograde, as well as retrograde, trophic support must be 
important for visual system development (see also Clarke, 1985). 

Growth factors are an important class of EC molecules likely to 
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regulate many aspects of visual system development. Brain- 
derived neurotrophic factor (BDNF), a member of the neurotro- 
phin gene family, has been proposed to be a target-derived factor 
supporting RGC survival in amphibian (Cohen-Cory and Fraser, 
1994) avian (Rodriguez-Tebar et al., 1989), and mammalian 
(Johnson et al., 1986) species. BDNF mRNA is expressed in the 
optic tectum during the period of RGC death (Xie et al., 1992; 
Cohen-Cory and Fraser, 1994; Herzog et al., 1994) and exoge- 
nous BDNF supports the survival of RGCs in vitro Johnson et al., 
1986; Rodriguez-Tebar et al., 1989) and in vivo after injury (Mey 
and Thanos, 1993; Voci et ah, 1993; Mansour-Robaey et al., 
1994). Consistent with this, the principal receptor for BDNF, 
TrkB, is expressed in the retina (Jelsma et al., 1993; Takahashi et 
al., 1993; Allendoerfer et al., 1994; Escandon et al., 1994; 
Okazawa et al., 1994b) and has been localized to mammalian 
(Jelsma et al., 1993) and amphibian (Cohen-Cory and Fraser, 
1994) RGCs. However, BDNF also is expressed in the avian 
(Herzog and Barde, 1994; Herzog et al., 1994) and amphibian 
(Cohen-Coty and Fraser, 1994) retina, suggesting that the actions 
of BDNF are likely to be substantially more diverse than simply 
mediating target support of RGC survival. 

To understand the potential roles of BDNF in the developing 
avian visual system, it is important to identify the cell types 
bearing TrkB receptors. In situ hybridization identified a subpopu- 
lation of RGCs that express TrkB mRNA, as well as surprisingly 
strong expression in cells of the optic tectum and many other 
associated visual nuclei. However, such an analysis is complicated 
by the fact that alternative splicing of the TrkB gene locus gen- 
erates a variety of receptor isoforms (Klein et al., 1990; Middle- 
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mas et al., 1991) that may differ in ligand-binding (Clary and 
Reichardt, 1994) and ligand-signaling functions (Lamballe et al., 
1993; Tsoulfas et al., 1993; Valenzuela et al., 1993; Garner and 
Large, 1994). Therefore, we also have characterized the structure 
of the major TrkB receptor splice variants, many of which are 
novel. The results of reverse transcription (RT)-PCR analysis of 
the developmental expression of kinase-containing (TK+) and 
kinase deletion (KD) receptor isoforms are consistent with the 
proposed role for BDNF in the survival of RGCs. However, the 
early expression of TK+ TrkB transcripts in the optic tectum 
indicates BDNF may play additional roles as an anterograde 
retinotectal factor and an autocrine/paracrine factor. 

MATERIALS AND METHODS 
Animals. Fertilized White Leghorn chicken eggs and 6-week-old chickens 
were obtained from either Hubbard Farms (Statesville, NC), or Squire 
Valleevue Farm (Gates Mills, OH). Eggs were staged (Hamburger and 
Hamilton, 1951) at the time of embryo removal for either in situ analysis 
or RNA extraction. 

Isolation of TrkB receptor splice variants. An embryonic day 13 (E13) 
chick brain cDNA library in AgtlO (generously provided by Dr. Barbara 
Ranscht, La Jolla (CA) Cancer Research Foundation) was screened with 
a probe corresponding to the middle third of the mouse TrkB cDNA 
(nucleotides 1181-1785; ATCC) using methods reported previously 
(Large et al., 1989). Briefly, library lifts on Biotrans membranes (ICN, 
Costa Mesa, CA) were UV-crosslinked and hybridized overnight at 65°C 
with a 3ZP-labeled riboprobe in hybridization (HYB) buffer containing 5X 
SSPE, 5X Denhardt’s, 100 yg/ml denatured herring sperm DNA, and 
0.1% SDS. Final washes of the filters were performed in 2~ SSPE and 
0.1% SDS at 65°C (40°C below the Tm of a perfect match). The initial 
screen yielded three TrkB clones and a single TrkC clone (Garner and 
Large, 1994). Subsequent screens of the library with the longest TrkB 
clone produced an additional eight TrkB clones, including three clones 
with complete coding sequence (see Fig. 6). cDNA inserts were sub- 
cloned into pBluescript SK II + (Stratagene, La Jolla, CA) for single- 
stranded sequencing in both directions by the Sanger-dideoxy chain 
termination method (Sequenase, USB, Cleveland, OH), and consensus 
sequences were determined using MacVector (Kodak, Rochester, NY). 

For the isolation of additional solice variants bv RT-PCR. total RNA 
was extracted from El3 brain u&g the RNAzolB method (Tel-Test, 
Friendswood, TX). Reaction conditions for the reverse transcription and 
PCR amplification were as described in the GeneAmp RNA PCR kit 
(Perkin Elmer Cetus, Norwalk, CT). TK+ products wcrc amplified with 
the PCR+/FLp primer pair, and KD products were amplified with the 
PCR+/KD- primer pair (see Fig. 6). RNA (1 pg) was reverse- 
transcribed and PCR amplified for 35 cycles using an annealing temper- 
ature of 50°C (Saiki et al., 1988). To improve resolution of the multiple 
products of the TK+ PCR amplification, the reaction was digested 
overnight at 37°C with either BamHI or Rsal restriction enzyme (Boeh- 
ringer Mannheim, Indianapolis, IN). Unless otherwise noted, the prod- 
ucts were separated on a 1.5% agarose gel, NaOH denatured, and 
transferred to Genescreen Plus (NEN/DuPont, Wilmington, DE) as 
described previously (Chomczynski, 1992). Southern blots were incubated 
overnight in HYB buffer containing 50% formamidc at 58°C with one of 
two “‘P-labeled riboprobes. The TK probe for TK+ PCR products was 
complementary to nucleotides 1593-1910, corresponding to the jux- 
tamembrane (JM) domain and a portion of the kinasc domain. The EC 
probe for KD PCR products was complementary to nucleotides 1119- 
1293, corresponding to a portion of the EC domain upstream of the 
unique BamHl site (see Fig. 6). Final washes were done at 63°C in 0.1 X 
SSPE and 0.1% SDS (10°C below Tm), and the blots were placed either 
under x-ray film or quantified by phosphorimage analysis (Molecular 
Dynamics, Sunnyvale, CA). In some cases, blots also were stripped and 
hybridized with 32P-labeled oligo probes corresponding to the Jl and 52 
insertions (see Fig. 7A, B). For sequencing of the RT-PCR products, 
individual bands were eluted from the gel and reamplified for 25 cycles, 
and the products were subcloned into the pCRI1 TA vector (Invitrogen, 
San Diego, CA). 

In situ hybridization. Embryos at age E6 were tixed by immersion in 4% 
p-formaldehyde at 4°C and embryos at El0 and older were fixed by 
transcardiai perfusion with PBS followed by 4% p-formaldehyde at 4°C. 
The brain and eyes were removed and immersed in fixative for 4 hr, 

followed by PBS containing 30% sucrose at 4°C for overnight. After this 
cryoprotection step, 20 pm frozen sections were mounted-on Superplus 
slides (Fisher. Pittsburgh. PA) and air-dried for 2-3 hr before in situ 
hybridization using a midification of the method described by Schaeren- 
Wiemers and Gerfin-Moser, 1993. Digoxigenin-labeled antisense and 
sense (control) riboprobes corresponding to the EC domain of the TrkB 
receptor were transcribed from a linearized template containing a 1.2 kb 
insert. To facilitate tissue penetration, the probes were reduced to -300 
bases in length by alkaline hydrolysis at 65°C for IO min. Sections were 
prehybridized overnight at room temperature in 5X SSC, 50% form- 
amide, 5X Denhardt’s solution, 250 pgiml tRNA, and 50 pg/ml sheared 
herring sperm DNA. Sections then were hybridized with probe for 16 hr 
at 65°C under sealed coverslips and washed in 0.2~ SSC for 1 hr at 65°C. 
Endogenous alkaline phosphatase was inhibited by 0.24 mgiml, levamisol, 
and the digoxigenin-labeled probes were detected with the Genius kit 
(Boehringer Mannheim, Indianapolis, IN) according to the manufactur- 
er’s instructions. For comparison of antisense and sense probe hybridiza- 
tions, slides of neighboring sections were processed together to eliminate 
any variation in immunostaining, enzymatic reactions, or detection. 

RT-PCR analysis of TrkB mRNA exprerrsion. To perform semiquantita- 
tive RT-PCR analysis, the exponential phase for PCR amplification of 
TrkB isoforms was determined empirically by a cycle dilution experiment 
using El3 brain total RNA and the PCR+/FL- primer pair. The amount 
of each isoform produced between cycles 20 and 32 was quantified by 
phosphorimaging of Southern blots. A plot of {log of product} versus 
{cycle number} demonstrated that the efficiency of amplification (see 
Golde et al., 1990) of each isoform was essentially identical (0.80) and 
that the rate of production was linear through 30 cycles (data not shown). 

For RT-PCR analysis of receptor isoform expression, total RNA was 
extracted from the retina and optic tectum of embryos between ages E5 
to El9 and 6-week-old hatched chickens (adult). After reverse transcrip- 
tion of 1 pg of total RNA and 30 cycles of amplification with either the 
PCR+/FL- or PCR+/KL- primer pairs, the products were electropho- 
resed and Southern-blotted as described above. Blots first were probed 
with a 32P end-labeled oligonucleotide complementary to the Jl motif 
overnight at 50°C in HYB buffer and washed in 2X SSPE and 0.1% SDS 
at 52°C (10°C below Tm). The blots then were stripped and reprobed with 
a 32P end-labeled oligonucleotide complementary to the 52 motif. Finally, 
the blots were stripped and hybridized with the appropriate TK or EC 
riboprobe. The blots were analyzed on a phosphorimager (Molecular 
Dynamics, Sunnyvale, CA) and the TIFF images adjusted for contrast 
using the NIH Image 1.54 program. For the preparation of Figures 9 and 
10, the images then were combined using Aldus Photoshop, lettered in 
Microsoft Superpaint 3.5, and printed on a Tektronics Color Phaser 440. 

For analysis of the developmental expression of receptor isoforms, the 
band densities on the Southern blots were quantified using a phospho- 
rimager. The equivalent amplification efficiencies for isoforms sharing 
common forward and reverse primer sites, e.g., TK+ isoforms, allowed 
their relative proportion within each sample to be determined unambig- 
uously. For comparison of isoform expression between samples, two 
controls were used. First, the integrity of the template RNA and the 
accuracy of the RNA concentrations of each sample were checked by 
electrophoresis of the total RNA samples on an ethidiumibromide form- 
aldehyde agarose gel. Second, p-actin was amplified under identical 
RT-PCR conditions and used as a control to normalize the amount of 
TrkB isoforms produced (Horikoshi et al., 1992). 

RESULTS 
TrkB receptor mRNA expression in the developing 
chick visual system 
TrkB transcripts were localized in the developing avian visual 
system by in sita hybridization with a digoxigenin-labeled ribo- 
probe against the EC domain that recognizes all known TrkB 
splice variants (Table 1). Within the E6 retina (Fig. M,B), the 
antisense riboprobe labeled cells of the forming RGC layer, but 
not the proliferating cells of the ventricular zone (VC) or the 
retinal pigment epithelium. The staining of individual presump- 
tive RGCs was limited to the central regions of the retina, in 
which the first RGCs begin to differentiate and establish axonal 
contact with the tectum (Rager, 1980; Thanos and Bonhoeffer, 
1983). By ElO, when nearly all RGCs have been produced (Kahn, 
1973) and just before the period of cell death (Hughes and 
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Table 1. Summary of TrkB mRNA expression in the visual system of the developing chick embryo 

Relative expression of TrkB 

Region Layer Aherents Efferents E6 El0 E21 

Eye 
Retina 

Mesencephalon 

Optic 

Tectum 

Nucleus Isthmi (NI) 

Isthmo-optic (ION) 

Ectomammillary (EM) 

Lateral Spiriform (SpL) 

Diencephalon 

Lateroventral 

Geniculate nucleus 

Lateroventral geniculate 

intercalated (LGi) 

Dorsal lateral geniculate 

superficial magnocellular 

(SW 
Dorsal lateral geniculate 

superficial synencephalic 

W) 
Dorsolateral anterior thalamus 

lateral division (DLL) 

Dorsolateral anterior thalamus 

anterior division (DLA) 

Lateral anterior thalamus 

(LA) 
Nucleus rotundus (ROT) 

Lateral hypothalamic/supra- 

chiasmatic (SCN) 

RGC 

INL’ 

FR 

SGF 

SGC 

IMC 

IPC 

Nucleus 

Nucleus 

Nucleus 

Internal (LGvil) 

External (LGvexl) 

Nucleus 

Nucleus 

Nucleus 

Nucleus 

Nucleus 

Nucleus 

Nucleus 

Nucleus 

INL 

PR and ION 

Light 

RGC (a-f) and SpL 

(s-j) 
RGC and SpL 

Both receive SGC and 

other sensory inputs 

SGF 

RGC 

Basal ganglia and telen. 

RGC and SGC 

RGC and SGC 

RGC 

RGC 

RGC 

RGC 

RGC 

RGC 

SGC 

RGC 

Tectum, Thalamus +++a 

RGC - 

INL - 

SGC + 

ION, NI, PRF, ROT, + 

LGv 

Both project back - 

onto the tectum 

INL 

OMC, Cerebellum + 

SGF (g-j) and SGC - 

Tectum, thalamus, telen. - 

Tectum, thalamus, telen. - 

Tectum, thalamus, telen. - 

Tectum, thalamus, telen. - 

Tectum, thalamus, telen. - 

Tectum and telen. - 

Tectum and telen. - 

Tectum and telen. - 

Cortical structures - 

Hypothalamic nuclei 

++++ 
+ 
+ 

++++h 

++++ 

++++ 
++++ 
+++ 
++ 

++++ 

+++ 
- 

- 

+++ 

- 

- 

- 

- 

++ 

++ 

+++++ 

++ 

++ 

+++++ 

+++++ 

+++++ 

+++++ 

+++++ 

+++ 

+++++ 

+++++ 

- 

- 

+++I-+ 

- 

- 

- 

++ 

++++ 

++ 

In situ hybridization for TrkB mRNA was performed on retina and brain sections containing nuclei associated with vision at embryonic ages E6, ElO, and E21. The cellular 
layers are listed along with their major afferent and efferent projections. The relative expression of TrkB was scored as follows: p, none; +, trace; ++, weak; +++, 
intermediate; + + + +, strong; + + + + f, intense. 

‘At E6, only RGCs in the central retina are labeled. 
bAt ElO, the deeper layers of the forming SGF are labeled. 
‘Labeled INL neurons are scattered along the border with the inner plexiform layer. PR, Photoreceptors; (a-f) and (g-j), layers of the SGF, PRF, pontine reticular formation; 
OMC, oculomotor complex; Telen., telencephalon. 

Figure 1. Figures 1-4, show in situ localization of TrkB receptor transcripts in the embryonic avian visual system. Sections were hybridized with a 
digoxigenin-labeled riboprobe corresponding to the EC domain of the TrkB receptor, which is contained in all known TrkB transcripts. TrkB mRNA 
expression in the E6 retina. A, The blue reaction product is found in cells (white arrows) that have migrated to the RGC layer at the vitreal surface. No 
labeling is observed in the proliferating cells of the ventricular zone (VZ) or within the brown, melanin-bearing retinal pigment epithelium (WE). Scale 
bar, 40 pm. B, Higher magnification of the RGC layer demonstrating intense cytoplasmic labeling of a presumptive RGC. Scale bar, 10 km. 

Figure 2. TrkB mRNA expression in the E21 retina. A, B, Low magnification of the retina hybridized with either the antisense probe (A) or the sense 
control probe (B). The layers of the retina are indicated at the Zeft, with the exception of the outer plexiform layer between the ONL and INL, which 
becomes more prominent after hatching. Scale bar, 33 pm. C, D, Higher magnification of the INL, ZPL, and RGC layers hybridized with the sense control 
probe (C) or the antisense probe (0). TrkB mRNA is expressed in large cells in the RGC layer (arrows) and scattered cells (arrowhead) in the inner nuclear 
layer (ZNL) along the border with the inner plexiform layer (ZPL). Scale bar, 40 Frn. E, Higher magnification of the RGC layer demonstrates labeling in 
the cytoplasm of many large cells. Scale bar, 15 pm. F, G, Higher magnification of the ONL layer hybridized with either the sense control probe (F) or 
the antisense probe (G) showing labeling of the cytoplasm around nuclei in the ONL. The labeling of the photoreceptor cells was weak compared with 
the strong labeling of the RGCs. Scale bar, 8 pm. 
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sense control 

Photoreceptor Layer 

4c El0 Optic Tectum 
IPC ’ 

SAC 

SGF 

Figure 3. TrkB mRNA expression in the E21 SpL. The SpL, which innervates the tectum, is labeled intensely, but not the neighboring medial spiriform 
nucleus (SpM), which is not involved in the visual system and forms a descending projection. Scale bar, 600 pm. 

Figure 4. TrkB mRNA expression in the optic tectum and midbrain. A, At E21, the trkB antisense riboprobe intensely labeled the SGF and the SGC, 
the two neuronal layers of the optic tectum innervated by RGCs. Note the absence of staining in the underlying plexiform layer [stratum album centrale 
(SAC)]. The nucleus isthmi (MC and IPC), which receives input from the SGC, was labeled, as was the ION, which receives input from the SGC and 
innervates the retina. Large cells within the Purkinje cell layer of the cerebellum (Cb) also were labeled. B, Section hybridized with the control sense 
riboprobe. C, At ElO, the SGC and only the deeper layers of the SGF were labeled. Scale bars: A, B, 800 km; C, 100 km. 
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Qure 5. Schematic representation of the functional relationships between the regions of the avian visual system and TrkB mRNA expression at E21. 
The principal visual nuclei of the mesencephalon and diencephalon are included in each punel, and the two paths taken by visual information en route 
to the cortex are indicated by n~ows. The major tectofugal pathway (light blue) includes regions of the avian tectum that receive direct retinal input and 
the two major diencephalic nuclei that receive second-order visual inputs from the tectum. The minor thalamofugal pathway that receives direct retinal 
input is shaded in red. Nuclei that innervate the tectum and retina are potential feedback loops and are shaded ingreen. TrkB mRNA expression is shaded 
in purple. RGC, Retinal ganglion cells; SGF, stratum griseum et fibrosum superficiale; SGC, stratum griseum centrale; MI, nucleus isthmus; ION, 
isthmo-optic nucleus; SpL, lateral spiriform nucleus; OC, optic chiasm; OTr, optic tract; SCN, lateral hypothalamicisuprachiasmatic nucleus; LGv:il and 
LGv:exl, internal and external layers respectively, of the LGv; LGi, intercalated layers of the lateroventral geniculate nucleus; SS, dorsal lateral geniculate, 
superficial synencephalic; SM, dorsal lateral geniculate, superficial magnocellular; I,A, lateral anterior thalamus; DII., dorsolateral anterior thalamus, 
lateral division; DLA, dorsolateral anterior thalamus, anterior division; and ROT, nucleus rotundus. 

McLoon, 1979), labeling had extended to cells in the pcriphcral 
RGC layer. At E21, after the period of cell death and midway 
through the period of synaptogenesis in the inner plexiform layer 
(Large et al., 1985), many cells within the RGC layer were labeled 
intensely (Fig. 2Q). The predominant class of RGC that ex- 
pressed TrkB mRNA appeared to have a relatively large cell body 
(Fig. 2E). The photoreceptor layer also was labeled weakly (Fig. 
2A,G), as were scattered cells [likely to be either amacrine or 
displaced ganglion cells (Fig. 20)] along the inner margin of the 
inner nuclear layer. 

TrkB mRNA expression was surprisingly strong in the stratum 
griseum et fibrosum superficiale (SGF) and the stratum griseum 
centrale (SGC) (see Fig. 4A), the neuronal layers of the optic 
tectum that receive RGC innervation via their dendrites in the 
superficial layers of the SGF (Mey and Thanos, 1992). The first 
RGC axons reach the anterior ventral pole of the contralateral 
tectum by E6, extend across the superficial stratum opticum (SO) 

over the next week, and ramify within dccpcr tcctal layers to form 
topographic and laminar-specific connections beginning at El2 
(LaVail and Cowan, 1971; Rager and von Oeynhausen, 1979; 
Thanos and Bonhoeffer, 1987). TrkB mRNA expression was 
present in the SGF and SGC as early as E6 (Table 1) and had 
increased by ElO, with the SGC and the deeper layers of the SGF 
labeled more strongly (see Fig. 4C). By E21, labeling was rela- 
tively intense in both the SGC and the superficial and deep layers 
of the SGF (see Fig. 4A), although not all cells were TrkB 
mRNA-positive. Labeling appeared to be predominantly neuro- 
nal, because plexiform layers were unlabeled and the large size of 
the labeled cells in the SGC are typical of neurons in this layer 
(data not shown). 

TrkB mRNA also was detected in several other regions in- 
volved in processing visual information (Table 1). The ION, which 
receives tectal efferents and innervates amacrine cells within the 
retina, is dependent on the retina for trophic support during the 
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Class 
Clone EC Cp 

15.1 a FL 

5.1 P FL 

RT/PCR ED -- 

RT/PCR -- JD 

RT/PCR -- Jl 

17.1 a Tl 

RT/PCR -- Jl+Tl 

RTIPCR -- JZ+Tl 

RT/PCR ED J2+Tl 

RT/??CR -- Jl+J2+1’1 

RT/PCR -- T3 

RT/PCR ED Jl+J2+Tl 

TK+ Receptor lsoforms 

EC probe TK probe 
- 

ATG EC TM JM TK 
s I 

______ 
B PaI t*- 

_ _ _ _ _ _ _ _ 
__-___ i-x --__--_- 

+ e 
PCR+ FL- 

KD Receptor lsoforms 

ATG 
Bm 

I I I I I I I I I I 

Kilobases 0 1 2 3 4 

Figure 6. Schematic representations of the avian TrkEI receptor isoforms. Translation start codons (ATG) and the extracellular BamHI restriction site 
(B) are indicated along with the EC, TM, JM, and TK domains. The EC and TK probes used to probe RT-PCR products are indicated by black bars. The 
isoforms are separated into TK+ and KD receptor classes and are classified according to the unique motifs seen in the EC and cytoplasmic (CP) domains. 
Clones were isolated either from an El3 chick brain cDNA library (clones 15.1, 5.1, and 17.1) or from El3 chick brain total RNA by RT-PCR. 
Amplification used an upstream PCR+ primer (black arrow) and either the FL- primer to the kinase domain (white arrow) or the KL- primer to the 
Tl motif (line arrow). All schematized isoforms were characterized by sequencing and, in the case of isoforms containing the Jl and/or 52 isoforms, by 
Southern blotting of RT-PCR products. Three extracellular motifs were identified: the 01 N terminus of the FL receptor, the p N-terminal truncation, and 
the ED that eliminates the BamHl site. The cytoplasmic motifs consisted of the JM and kinase domains of the FL receptor, a JD, two JM insertions (Jl 
and J2), and two KD motifs (Tl and T3). The CTG? and ATG? indicate the location of possible alternative, in-frame translational start sites for the p 
N-terminal motif. The scale bar at bottom indicates the sizes of the cDNA clones and PCR products. 

period of cell death between El3 and El7 (Clarke, 1992). TrkB 
labeling appeared as early as ElO, and virtually all cells within the 
ION expressed TrkB mRNA by E21 (see Fig. 4A). The two 
neuronal layers of the nucleus isthmi (Fig. U), the isthmus pars 
magnocellularis (IMC), and isthmus pars parvocellularis (IPC), as 
well as the lateral geniculate nucleus (Table l), receive tectal 
efferents (Hunt and Kunzle, 1976) and were labeled by the anti- 
sense TrkB riboprobe. The lateral spiriform nucleus (SpL), which 
innervates the tectum (Reiner et al., 1982), also expressed TrkB 
mRNA (Fig. 3). Figure 5 is a schematic relating the widespread 
TrkB mRNA expression (right panel, dark blue shading) to the 

major pathways for processing of visual information in the avian 
CNS (leftpanel). The principal visual nuclei of the mesencephalon 
and diencephalon are included in each panel, and the two paths 

taken by visual information en route to the cortex are indicated by 
UYTOWS (Ehrlich and Mark, 1984). Most of the nuclei in the major 
tectofugal pathway (light blue) express TrkB mRNA, including the 
two neuronal layers of the tectum that receive direct retinal input 
and the two major diencephalic nuclei that receive second-order 
inputs from the tectum. In addition, nuclei that innervate the 
tectum and retina and are potential feedback loops (green) express 
TrkB mRNA. Some of the diencephalic nuclei in the minor 
thalamofugal pathway that receive direct retinal input (red) also 
express TrkB mRNA. 

Characterization of TrkB receptor isoforms 
Although in situ localization with the EC domain probe served to 
identify the complete range of TrkB mRNA expression in the 
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Figure Z Nucleic acid and deduced amino acid sequences of the avian TrkB isoforms. A, ED isoform. The ED motif is missing nucleotide sequence in 
the EC domain, flanked by arrows, that contains the unique BamHl site. B, Jl and JD isoforms of TK+ receptors. AWOWS mark the Jl insertion and the 
sequence that is missing in the JD motif. Clones were isolated that contained either the Jl or the JD motif, although Southern blots of RT-PCR products 
indicated that some transcripts may contain both motifs (data not shown). The location of the Jl oligo probe is indicated by the thick line. The residues 
that are conserved with the C-terminal domain of p-actin are indicated by black dots. C, Jl and 52 isoforms of KD receptors. As schematized in Figure 
6, the Tl motif may occur independently, with one or both of the JM insertion (JI and J2) motifs. Five residues of the JM domain are shown, followed 
by the inserted nucleotide sequences, flanked by large UYTOWS. The horizontal arrow indicates the position and length of the KD- primer used for the 
RT-PCR amplification of the KD isoforms. The location of the J2 ohgo probe is indicated by the black bar. D, T3 isoform of the KD receptor. The T3 
insert, flanked by large arrows, is followed by the TZ sequence. The T3 sequence contains a stop codon, resulting in a KD isoform with a predicted novel 
C terminus. 

visual system, it could not discriminate between receptor isoforms. 
Members of the Trk gene family are alternatively spliced within 
both the EC and cytoplasmic domains to yield receptor variants 
with potentially diverse functions (Klein et al., 1990; Middlemas et 
al., 1991; Meakin et al., 1992; Lamballe et al., 1993; Tsoulfas et al., 
1993; Valenzuela et al., 1993; Garner and Large, 1994). To begin 
to characterize avian TrkB isoforms, an El3 chick brain cDNA 
library was screened and three classes of cDNAs were isolated; a 
full length (FL) receptor (clone 15.1) which is essentially identical 
to a cDNA reported previously (Dechant et al., 1993), an 
N-terminal truncated isoform (clone 5.1) and a KD isoform (clone 
17.1) (Fig. 6). The cDNA coding for the KD isoform replaces 
nearly all of the cytoplasmic domain with 11 amino acids that are 
conserved completely in the mouse and rat homologs, called the 
Tl isoform (Klein et al., 1990; Middlemas et al., 1991). Compared 
with the nucleotide sequence coding for the N terminus of the FL 
receptor, called the (Y motif, the /3 motif of the N terminal 
truncation deletes 555 nucleotides and fuses part of the 5’ un- 
translated sequence with the coding sequence beginning at nucle- 
otide 210 (Fig. 6). This seems to result from the splicing out of the 
exon(s) coding for the start codon, the signal peptide, and the first 

cysteine cluster of the 01 motif. Inspection of the p sequence 
reveals that codons 144 (Leu) and 188 (Met) are in an appropriate 
context to initiate translation of the remainder of the receptor, 
including the tyrosine kinase (TK) domain. The TrkB /3 extracel- 
lular motif is very similar in structure to a N-terminal variant of 
chicken TrkC identified previously (Garner and Large, 1994) and 
may be a common feature of the Trk receptor family, because 
N-terminal variants also have been identified by Northern analysis 
in mammals (Klein et al., 1990; Middlemas et al., 1991). 

EC deletion (ED) variants of mammalian Trk receptors lack 
short sequences between the second Ig-like domain and the TM 
domain (Meakin et al., 1992; Shelton et al., 1995) and, in the case 
of TrkA, this motif alters ligand-binding properties (Clary and 
Reichardt, 1994). To determine whether similar variants of TrkB 
exist, El3 brain RNA was subjected to RT-PCR amplification of 
the coding region between the last EC cysteine (Fig. 6, PCR+ 

primer) and the first 30 residues of the tyrosine kinase domain 
(FL- primer). Southern blotting with the TK probe (see Fig. 8, 
lane 1) identified one prominent band, which comigrated with the 
714 bp product amplified from the FL cDNA clone (lane 6) and 
two minor bands. Although most RT-PCR products from the 
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Template: RNA RNA -RNA -RT FL cDNA 
BamHl cut: - + + + - + + 

- 766 .I1 

- 714 FL 
- 661 ED - 681 ED 

- 612 Jl 

- 540 FL 

710 bp - 

489 bp - 

404 bp - 

1 2 3 4 6 7 

Figure 8. RT-PCR amplification of TK+ receptor isoforms from El3 
chick brain RNA. The ED and JI insertion motifs are contained within 
transcripts that also contain the TK domain. Brain total RNA was reverse- 
transcribed and PCR-amplified with the PCR+ and FL- primers. The 
products, either uncut (lulzes I, 6) or digested with BumHI (lanes 2, 3, 4, 
7), were analyzed by Southern blot with the 32-P labeled TK probe. Lanes 
1, 2, RT-PCR of 1 pg of El3 brain total RNA; lane 3, no RNA template 
control reaction; lane 4, no reverse transcriptase control reaction; lanes 6, 
7, PCR positive control amplification of the FL cDNA clone. The sizes of 
the expected products, for both digested and uncut reactions, are indi- 
cated on the right, and the molecular weight markers are indicated on the 
Zej?. BumHl digestion shifts the major 714 bp FL band (lanes I, 6) to 540 
bp (lanes 2, 7). The residual signal at 714 bp after digestion, which was 
~5% of the uncut band, may be attributable to incomplete digestion or 
PCR mutation of the BumHl site in a minority of the products. The band 
at 786 bp corresponding to the Jl insert is reduced by a similar amount by 
BumHl digestion, but the band at 681 bp corresponding to the ED motif 
is unchanged by digestion (lanes I, 2). 

major band were identical to the FL sequence, a small portion was 
missing 12 nucleotides at the splice site used by the Tl isoforms 
called the JD isoform (Figs. 6, 7B). Sequencing of the minor 681 
bp band demonstrated that 33 nucleotides containing the EC 
BarnHI site were missing (Figs. 6, 7A), thereby identifying an 
avian TrkB ED isoform. The amplification of the ED isoform 
from brain RNA was confirmed by its resistance to BamHl 
digestion (Fig. 8, lane 2). Finally, the 786 bp band (Fig. 8, lane I) 
was reduced to 612 bp (lane 2) by BamHI digestion, indicating 
that this PCR product contained additional sequence downstream 
of the BamHI site. Sequence analysis revealed that 72 nucleotides 
(.U) were inserted in the JM domain (Figs. 6, 7B). A search of 
Genbank revealed that the Jl insert displayed strongest homology 
to the C terminus of /3-actin, a region important for binding 
regulatory proteins such as profilin (Pollard et al., 1994). 

Another major class of Trk receptor splice variants are the KD 
isoforms, which lack the tyrosine kinase domain (Barbacid, 1994). 
Additional TrkB isoforms that contain the Tl motif were identi- 
fied by RT-PCR using the KD- downstream primer (Fig. 6) and 
the PCR+ upstream primer. A range of products hybridized on 
Southern blots with the EC probe to the EC domain (Fig. 9, lane 
I). The smallest band at -450 bp comigrated with the product 
from the Tl cDNA clone (lane 8) and by sequencing was found to 
be identical. An oligonucleotide complementary to the Jl insert 
hybridized weakly to the broad band centered at 525 bp and more 
strongly to the diffuse band at -600 bp. Sequence analysis re- 
vealed that the 600 bp band contained receptor isoforms with a 
novel insertion (J2) of 69 bp immediately downstream of Jl (Fig. 
9, lane 4; Fig. 7B) and, in some clones, the Jl + 52 isoform also 
contained the ED motif (Fig. 6). Probing the RT-PCR products 
with an oligonucleotide to the 52 insert labeled the band at 600 bp 
(Fig. 9, lane 3) and, more strongly, the broad band at 525 bp. 

Sequence analysis of clones isolated from this broad band con- 
firmed that either the Jl or 52 sequence motif occurred singly with 
the Tl motif (Fig. 9, lanes 6, 7), but that the 52 motif was more 
common (15/18 clones). One clone contained the 52 insert with 
the ED motif (ED/J2); although no ED/J1 clones were identified, 
this may be attributable to the lower abundance of the Jl motif 
relative to the 52 motif. Finally, sequence analysis of a single clone 
(Fig. 9, lane 5) from the broad band at 525 bp demonstrated that 
a third sequence of 89 nucleotides also can be inserted upstream 
of the Tl motif (Fig. 70) and codes for a novel C terminus of six 
amino acids. This isoform is called T3, in keeping with the no- 
menclature for the mammalian KD isoforms (Middlemas et al., 
1991). 

Developmental expression of TrkB transcripts in 
the retina 
The identification of alternatively spliced TrkB receptors raised 
the possibility that development- or region-specific expression of 
receptor isoforms underlie the widespread distribution of TrkB 
transcripts in the visual system. To characterize the expression of 
individual TrkB isoforms, semiquantitative RT-PCR (Horikoshi 
et al., 1992) was performed on retinal RNA from E5-19 embryos 
and 6-week-old (adult) chickens (Fig. 1QA). Reaction conditions 
were used that guaranteed that all samples were analyzed in the 
linear phase of amplification, which allowed the relative amount 
of each isoform within a sample to be determined unambiguously 
(see Methods). Transcripts encoding KD isoforms appeared ele- 
vated transiently in the retina at E5 (Fig. 10,4, toppanels), whereas 
TK+ transcripts barely were detectable between E5 and E9 (Fig. 
lOA, middle panels). Both TK+ and KD transcripts increased 
between El1 and hatching, although at 6 weeks posthatching (Fig. 
loA, Ad), TK+ transcripts were reduced, whereas KD transcripts 
remained elevated. Northern blot analysis of TrkB mRNA expres- 
sion confirmed the low-level expression of TK+ transcripts early 
in development and their upregulation during the period of RGC 
death, El1 to El7 (data not shown). The developmental regula- 
tion of individual isoforms was assessed by measuring the relative 
expression of the TK+ or KD isoforms at each age. Throughout 
retinal development, the Tl and 52 isoforms were the most 
prominent KD isoforms, and each represented -45% of all RT- 
PCR products. Similarly, the contributions of the minor Jl + 52 
and Jl isoforms remained relatively unchanged throughout devel- 
opment at <lo% and <5%, respectively, of all KD products. 
Within the TK+ class, the FL isoform was the most abundant at 
all ages. The relative contributions of the ED and Jl isoforms 
declined slightly over embryonic development and represented 
-10 and 5%, respectively, of all TK+ products at hatching. 

Developmental expression of TrkB receptor mRNA in 
the optic tectum 
RT-PCR analysis demonstrated that the optic tectum expresses 
both TK+ and KD isoforms of the TrkB receptor (Fig. 1OB). As 
in the retina, the expression of KD isoforms was relatively strong 
as early as E5, and the Tl and 52 isoforms were the most 
prominent, each representing -40% of all KD products (Fig. lOB, 
top panels). The Jl isoform remained a minor component (<5% 
of all KD products), but the Jl + 52 isoform increased several- 
fold during tectal development to reach 20% of all KD transcripts 
by hatching. Although blots were not probed for the T3 motif, 
there appears to be relatively little of this isoform in either the 
developing optic tectum or retina, because the combined hybrid- 
ization signals for the Jl isoform (top row, middle panel) and the 
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Figure 9. RT-PCR amplification of KD 
receptor isoforms from El3 chick brain 
RNA. Lanes l-3, Brain total RNA was 
RT-PCR-amplified with the PCR+ and 
Kl- primers. The Southern blot was hy- 
bridized with the 32P-labeled EC probe 
(lane I), followed by stripping and hybrid- 
ization with the 32P-labeled Jl oligo (lane 
2), and then the 32P-labeled J2 oligo (lane 
3). The EC probe labels a band at 450 bp 
and two broad bands centered at -525 
and 600 bo. Lanes 4-8. Control PCR am- 

Template: 
Ji+J2 T3 J2 Jl Tl 

El3 brain total RNA cDNA cDNA cDNA cDNA CDNA 

Probe. - K Jl J2 EC EC EC EC EC 

plification’ of some of the subcloned iso- 
forms from the bands in lane I. The ex- -450 bp C 

petted products are indicated on the left, 
and the molecular weight markers are in- 
dicated on the right. 1 

J2 isoform (top row, right panel) were equivalent to the signal for 
the EC probe (top row, leftpanel). In contrast to the KD isoforms, 
TK+ isoforms displayed a striking biphasic embryonic expression 
pattern (Fig. lOB, middlepanels). Transcripts first appeared at E7, 
and expression increased gradually to a maximum at E13, fol- 
lowed by a fivefold drop by El5 TK+ isoforms increased again to 
nearly the same level by hatching, but at 6 weeks after hatching, 
the level was reduced. The FL isoform predominated at all ages, 
but in contrast to the retina, the ED and Jl isoforms virtually 
disappeared by hatching. Taken together, the data suggest that 
TK+ and KD TrkB mRNA transcripts are regulated indepen- 
dently in the developing optic tectum. 

DISCUSSION 
The early onset and widespread expression of TrkB mRNA indi- 
cate that the receptor is likely to function in many of the devel- 
opmental processes that shape the avian visual system. Consistent 
with this, BDNF is expressed in both the embryonic retina and 
tectum, even before RGC contact with the tectum (Herzog et al., 
1994). Based on the studies of a number of neural systems, an 
emerging mode1 is that BDNF-TrkB signaling mediates not only 
retrograde trophic support, but also anterograde trophic support 
or autocrine/paracrine interactions. However, it appears that an 
important element in understanding the pleiotropic functions of 
TrkB will be the characterization of receptor isoforms, because 
TrkB transcripts are subject to complicated alternative splicing, 
and even small changes in structure have been shown to affect Trk 
receptor function significantly (Klein et al., 1990; Middlemas et 
al., 1991; Meakin et al., 1992; Lamballe et al., 1993; Tsoulfas et al., 
1993; Valenzuela et al., 1993; Garner and Large, 1994). In addi- 
tion to establishing the widespread expression of TrkB mRNA in 
the avian visual system, this work has identified a variety of TrkB 
isoforms that are likely to differ in ligand-binding or signal- 
transduction properties. 

Identification of novel TrkB isoforms in the 
visual system 
The presence of an 11 amino acid ED motif in avian TrkB 
receptors indicates that this is a conserved feature within the Trk 

standards 

- 710 bp 

- 489 bp 

2 3 4 5 6 7 8 

gene family. In contrast with the ED variants of FL mammalian 
TrkA and TrkC receptors (Meakin et al., 1992; Shelton et al., 
1995), the avian ED motif was found in both KD and TK+ 
isoforms. Trk ED variants occur within the putative neurotrophin- 
binding domain (Perez et al., 1995; Urfer et al., 1995) and appear 
to be important for regulating ligand specificity, activation, or 
interaction with the p75 receptor (Benedetti et al., 1993). For 
example, TrkA receptors containing an ED motif display a signif- 
icantly lower level of activation by NT3 (Clary and Reichardt, 
1994). The avian TrkB ED isoform also appears to regulate ligand 
specificity, because NT3 activates the FL isoform, but not the ED 
isoform, when expressed in fibroblasts (K. L. Boeshore, A. S. 
Garner, T. H. Large, unpublished observations). However, low 
concentrations of NT3 fail to activate avian FL receptors ex- 
pressed in PC12 cells, as has been found for mammalian TrkB 
receptors (Ip et al., 1993), indicating that other neuronal compo- 
nents such as the ~7.5 receptor also may regulate ligand specificity. 

Deletions and insertions of novel sequence into the cytoplasmic 
domain of Trk receptors are capable of altering cellular responses 
(Lamballe et al., 1993; Tsoulfas et al., 1993; Valenzuela et al., 
1993; Garner and Large, 1994; Peng et al., 1995), presumably 
through altered coupling to signal transduction pathways. In con- 
trast to the kinase domain insertions in TrkC receptors, a TK+ 
isoform of avian TrkB receptors contains the Jl insertion in the 
JM domain, Although its function is unknown, the Jl sequence 
displays homology with the C terminus of p-actin (Fig. 7B), which 
binds regulatory proteins such as cY-actinin and profilin (Schutt et 
al., 1993; Pollard et al., 1994). The Jl insert may regulate receptor 
subcellular localization (Schechter and Bothwell, 1981) or alter 
the local polymerization of actin (Theriot and Mitchison, 1993; 
Pollard et al., 1994). Conceivably, it may serve a more direct 
functional role by regulating profilin interaction with two impor- 
tant signaling pathways activated by Trk receptors, the ras (The- 
riot and Mitchison, 1993) and PLC-y pathways (Goldschmidt- 
Clermont et al., 1991). 

TrkB receptors lacking the tyrosine kinase domain are the other 
major class of splice variant, although their function remains 
controversial. KD receptors may inhibit TK+ receptor activity or 

Figure IO. RT-PCR analysis of the expression of TrkB isoforms in the developing avian retina and optic tectum. A, Expression of TK+ and KD isoforms 
in the developing retina. Total RNA was isolated from the retina between E5 and El9 and from 6-week-old chickens (Ad), and 1 pg was 
RT-PCR-amplified for 30 cycles using the PCR+ primer and either the KL- (toppanels) or FL- primer (middlepaneD). Before Southern blotting, the 
TK+ products were digested with BamHl to resolve the FL and ED isoforms. The blots were hybridized sequentially with the Jl oligo probe (middle 
column), the J2 oligo probe (right column), and finally either the EC probe (KD products) or TK probe (TK+ products). To control for the amount of 
template RNA, each sample was analyzed by Northern blot (data not shown) and amplification, under identical conditions, of p-actin (bottom panel) 
(ethidium/bromide-stained). B, Expression of TK+ and KD isoforms in the developing optic tectum. Total RNA from the optic tectum was 
RT-PCR-amplified and analyzed by Southern blot as described above. 
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sequester ligand (Biffo et al., 1995; Garner and Large, 1993). The 
apparent predominance of the Tl motif in KD isoforms and the 
conservation of its coding sequence between mammals and birds 
argue for a common function, perhaps even stimulation of cyto- 
plasmic signaling (Radeke et al., 1994). The finding that the Jl 
insert is shared by both KD and TK+ isoforms suggests further 
that KD receptors possess functions in addition to simply binding 
ligands. Although RT-PCR has not been used to search for similar 
insertions in mammalian TrkB KD receptors, multiple truncated 
isoforms also have been identified by immunoprecipitation from 
neonatal rat brain (Knusel et al., 1994). 

TrkB mRNA expression in the retina 
A subpopulation of avian RGCs express TrkB mRNA, as was 
found in amphibian (Cohen-Cory and Fraser, 1994) and mamma- 
lian (Johnson et al., 1986) retinas, and expression began early in 
their differentiative program. Although the in situ probe could not 
differentiate between receptor isoforms, avian RGCs almost cer- 
tainly express TK+ receptors, because RGCs are labeled with 
pan-Trk antibodies (Okazawa et al., 1994a), and large-diameter 
RGCs deprived of their tectal targets are rescued in vivo by BDNF 
(Voci et al., 1993) (see also Mey and Thanos, 1993; Mansour- 
Robaey et al., 1994). RT-PCR analysis identified an increase in 
TK+ and KD isoforms at El1 that coincides with the ramification 
of RGC terminals in deeper tectal layers (Cantino and Sisto- 
Daneo, 1973; Rager, 1976) and the onset of RGC death (Hughes 
and McLoon, 1979). One mechanism for this increase may be 
increased access to tectal BDNF, which is elevated during this 
period in chick (Herzog et al., 1994) and frog (Cohen-Cory and 
Fraser, 1994) because exposure of central neurons to neurotro- 
phins has been shown to increase Trk receptor expression (Holtz- 
man et al., 1992). However, activity-dependent mechanisms also 
may regulate TrkB mRNA expression (also see Wong et al., 19Y5) 
(Birren et al., 1992), because light exposure increases TrkB 
mRNA in the adult avian retina (Okazawa et al., 1994b). 

The expression of KD transcripts is surprisingly prominent in 
the retina at E5 and appears to be independent of retinotectal 
contact. KD isoforms also appear to predominate relative to TK+ 
isoforms at E.5 in the avian optic tectum as well as very early in rat 
brain development (Knusel et al., 1994). Because there is robust 
expression of BDNF mRNA in the retina at this time, KD recep- 
tors may be important for regulating early RGC differentiation. 
After a drop in expression after E5, the developmental increase in 
KD isoforms in the retina after El1 coincides roughly with the 
increase in TK+ isoforms. This may serve to regulate the function 
of catalytic receptor isoforms, as proposed from studies of the 
developing mammalian brain (Allendoerfer et al., 1994; Escandon 
et al., 1994; Knusel et al., 1994). Surprisingly, immunoprecipita- 
tion experiments isolate TrkB KD receptors from El5 chicken 
tectum, but not retina (Escandon et al., 1994). Either the KD 
transcripts identified by RT-PCR are translated inefficiently in the 
retina at this age or KD receptors are transported preferentially to 
RGC axon terminals in the tectum. 

TrkB mRNA expression in the optic tectum 
Combined in situ hybridization and RT-PCR analyses indicate the 
presence of BDNF-responsive neurons in the tectum throughout 
most of embryonic development. Therefore, the immunoprecipi- 
tation of FL TrkB receptors from the embryonic optic tectum 
(Escandon et al., 1994) must be attributable to endogenous ex- 
pression, at least in part, rather than simply to TrkB receptors 
located on RGC terminals. Unlike the retina, TK+ mRNA ex- 

pression was biphasic, with the first increase between E7 and El3 
coinciding with a strong increase in tectal BDNF mRNA expres- 
sion (Herzog et al., 1994). Although intrinsic mechanisms cannot 
be excluded, the increased expression may be related to the 
growth of RGC terminals across the superficial layer of the tectum 
during this period (Rager, 1976; Mey and Thanos, 1992). Indeed, 
retinal activity is capable of regulating tectal BDNF mRNA levels 
as early as E7 (Herzog et al., 1994) and coordinate regulation of 
BDNF and TrkB receptor mRNA has been observed in the 
mammalian brain after glutamate receptor activation (Wetmore 
et al., 1994; Dugich-Djordjevic et al., 1995). 

The second phase of tectal expression of TK+ isoforms occurs 
after El3 and coincides with the formation of topographic and 
laminar-specific connections by RGC terminals and the onset of 
tectal dependence on retinal innervation for survival. The ele- 
vated BDNF mRNA levels in the retina and tectum (Herzog et al., 
1994) raise the possibility of autocrine/paracrine and anterograde 
roles for BDNF/TrkB signaling, as has been proposed in other 
parts of the nervous system (Schecterson and Bothwell, 1992; 
Kokaia et al., 1993; Nishio et al., 1994; Acheson et al., 1995). 
Although retinal BDNF appears to act as a retrograde factor 
supporting ION neurons (von Bartheld et al., 1994) which 
strongly express TrkB receptors (Fig. 44), retinal BDNF also may 
act locally. BDNF antibodies label a subpopulation of RGCs, and 
expression is not altered dramatically after optic stalk transection 
(Herzog and Barde, 1994). However, nearly all RGCs degenerate 
and die after axotomy, suggesting that RGC access to local BDNF 
is not sufficient to support their survival in the absence of tectal 
targets. Alternatively, retinal BDNF could serve as an antero- 
grade factor regulating tectal neuron survival or function. In this 
regard, it will be important to characterize the expression pattern 
of the individual TrkB splice variants to determine whether dif- 
ferent isoforms are coexpressed e.g., TK+ and KD, as is the case 
in the mammalian brain (Dugich-Djordjevic et al., 1995) or 
whether subpopulations of tectal neurons express distinct iso- 
forms. However, there is indirect evidence for BDNF-responsive 
tectal neurons that is consistent with the in situ and RT-PCR 
results. Superficial SGF neurons appear to depend on the anter- 
ograde transport and release of trophic substances from RGC 
terminals (Catsicas et al., 1992) and BDNF injected into the eye 
is transported to the tectum, where it is capable of rescuing tectal 
neurons (von Bartheld et al., 1993; von Bartheld et al., 1995). 
RGCs also regulate in an activity-dependent manner the survival 
of deeper SGC neurons (Catsicas et al., 1992) and second-order 
neurons in the SpL that innervate the SGC (Reiner et al., 1982; 
Page et al., 1993). Because SGC neurons express TrkB and BDNF 
(von Bartheld et al., 1993) and SpL neurons express TrkB (Fig. 5), 
it is conceivable that RGC activity regulates the release of BDNF 
by SGC neurons (also see Ghosh et al., 1994) (Acheson et al., 
1995) which then acts to support SGC neurons in an autocrine 
manner and SpL neurons in a retrograde manner. 

In addition to survival effects, there is a growing appreciation of 
the potential for the neurotrophins to regulate synaptic activity, an 
important determinant of both connectivity patterns during de- 
velopment and plasticity in the adult (Crair and Malenka, 1995; 
Kirkwood et al., 1995). TrkB transcripts are expressed in several 
nuclei of the avian visual system (Fig. 5) that receive patterned 
inputs from the retina [tectum, ION, lateroventral geniculate 
nucleus, internal layer (LGv:il), dorsal lateral geniculate, superfi- 
cial magnocellular (SM)], suggesting that BDNFiTrkB signaling 
may help coordinate the normal development of topographic 
connections (Cabelli et al., 1995). Similarly, nuclei in feedback 
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pathways [ION, nucleus isthmus, (NI), LGv, SpL] are potential 
sites of regulation of visual information (Fig. 5) and may require 
BDNF/TrkB signaling to remain plastic (Lohof et al., 1993; Kang 
and Schuman, 1995). Thus, BDNF/TrkB signaling is likely to play 
a major role in both the formation and normal function of the 
visual system. 
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