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To assess functions of neurotrophins at defined times in devel-
opment, we have prepared antibodies to the extracellular do-
mains of each of the trk receptors. Here, antibodies to trkC, the
major receptor for NT-3, are used to examine trkC expression
and function during the formation and maturation of the chick
dorsal root ganglion (DRG). Our results show that in the imma-
ture DRG, the majority of cells express trkC, and inhibition of
trkC activation results in reductions in neuronal numbers before
the period of target-mediated cell death, the time when neuro-
trophins previously have been shown to regulate survival. Fur-
thermore, blockade of trkC in ovo induced reductions in sub-
populations of DRG neurons known to be dependent on NGF,
in addition to those dependent on NT-3 during the target-
regulated cell death period. An early function for NT-3 on

immature DRG neurons is supported further by data presented
here that demonstrate that whereas BDNF and NGF can sup-
port a subset of immature DRG neurons in vitro, activation of
the trkC receptor either by NT-3 binding or via antibody-
mediated cross-linking induces the most:robust survival re-
sponse. When all three neurotrophins are combined, the num-
ber of surviving neurons does not exceed that supported by
NT-3 alone. Together, these data are consistent with coexpres-
sion of more than one trk receptor family member on immature
sensory neurons, and they demonstrate that inhibition of trkC
activation has surprisingly early and pleiotrophic effects on the
development of spinal sensory ganglia.
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Investigations of the effects of neurotrophins and their receptors,
the trk family of tyrosine kinases and p75™S*® (Snider, 1994), on
the developing dorsal root ganglion (DRG) (Scott, 1992) have
contributed significantly to our understanding of their function
during embryogenesis. In the course of differentiation into mature
sensory neurons, DRG neurons develop distinct neurotrophin
dependencies. The majority of the cutaneous afferents express the
NGF receptor trkA and are NGF-dependent during the period of
target-mediated cell death (for review, see Snider, 1994). In
contrast, the vast majority of muscle proprioceptive afferents are
larger in diameter, express trkC, and are trophically dependent on
NT-3 (Hory-Lee et al., 1993; Klein et al., 1994; Lopresti and Scott,
1994; Oakley et al., 1995). In the chick, this latter population
resides predominantly in the ventrolateral (VL) portion of the
ganglion, whereas the former resides overwhelmingly in the dor-
somedial (DM) sector of the ganglion (Lefcort et al., 1993, 1994;
Kahane and Kalcheim, 1994; Zhang et al, 1994; Oakley et
al., 1995).

Understanding how growth factors function to sculpt the for-
mation of the nervous system is of key biological interest. The
study of one particular family of neuroactive factors, the neuro-
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trophins, whose members include NGF, brain-derived neurotro-
phic factor (BDNF), and neurotrophin-3 (NT-3), -4/5, and -6 (for
review, see Bothwell, 1995), has pointed to the crucial role these
factors play during the development of the nervous system in
protecting postmitotic neurons from programmed cell death.

In addition to their role in target-regulated programmed cell
death, numerous in vitro studies during the past few years have
demonstrated activities for neurotrophins, in particular NT-3, in
events occurring before target innervation (Davies, 1994). For
example, NT-3 has been shown to induce proliferation of neural
crest cells (Kalcheim et al., 1992; Chalazonitis et al., 1994) and
DRG neuronal precursor cells (Memberg and Hall, 1995), to
promote the survival of sympathetic neuroblasts before their
dependence on NGF (Birren et al., 1993; DiCicco-Bloom et al.,
1993), and to promote neuronal differentiation (Wright et al.,
1992; Pinco et al., 1993). In light of the numerous functions in
which they have been implicated, it is important to identify the
steps in DRG development in vivo in which neurotrophins might
be involved, such as migration and proliferation of the neural
crest, survival and maturation of DRG precursor cells, and neu-
ronal differentiation, in addition to their classical role in target-
mediated cell death.

To evaluate the roles of neurotrophins, it is useful to control
both spatially and temporally the timing of application of reagents
that inhibit their functions. Although it may become possible to do
this in mice, using regulative gene deletion, at present the most
feasible approach is the use of function-inhibitory antibodies.
Thus, we have isolated cDNAs for the avian trkC receptor (Lef-
cort et al., 1993, 1994), expressed and purified its extracellular
domain, and generated a highly specific function-perturbing anti-
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body. Results in the present article show that trkC is expressed by
the majority of immature DRG neurons and in vitro can act as the
functionally predominant, identified trk receptor. Furthermore,
injections of monovalent anti-trkC Fabs in ovo result in major
deficits in both the VL. and DM subpopulations, with half of this
reduction occurring before the onset of target-mediated pro-
grammed cell death. Thus, NT-3 has multiple functions during
development of the DRG. In addition to regulating programmed
cell death of the VL population, it also is essential for normal
development of many DM neurons that later depend on other
neurotrophins. Together these data point to an early, significant
role for NT-3 and trkC in the development of the avian DRG.

MATERIALS AND METHODS

Isolation of avian trkC clones and generation of anti-trkC antibody. Frag-
ments of the avian homolog of #rkC were generated by PCR by amplifying
c¢DNA prepared from embryonic day 9 (E9) DRGs using oligonucleotide
primers spccific for the trk family tyrosine kinase domain: 5" GGGTCTA-
GAT(TC)GA(AG)AA(TC)CC(AGCT)CA(AG)TA 3’, approximately
corresponding to amino acid 485 in human trkA, and 5" GGGAATTC-
CCTC (AGCT) C(TGHTC)TGCCA(AG)CA(AGCT)CC 3', approxi-
mately corresponding to amino acid 762 in human trkA. PCR buffer
conditions were those recommended by the manufacturcr (Perkin-Elmer
Cetus, Norwalk, CT). Thesc cloned fragments then were used to probe an
ES8 chick DRG library prepared in the plasmid vector CDME. Among the
clones isolated was one full-length cDNA, clone 1201. Because we in-
tended to express the entire extracellular domain of chicken trkC as a
recombinant protein, we used the PCR technique to amplify the DNA
sequence from the initiator methionine to the start of the transmembrance
domain. The 3’ oligonucleotide primer also contained DNA sequences
encoding an antibody epitope derived from c-myc and a polyhistidine
sequence (single-letter amino acid code: GEQKLISEEDLHHHHHH)
followed by a stop codon. This modified DNA sequence was cloned into
a replicating COS cell expression vector, pMT23. Transfection of COS7
cells with this construct resulted in the production and secretion of a ~90
kDa protein that could be recognized by immunoblot using an mAb
recognizing the epitope tag (9E10; Evan et al., 1985). This fragment of
the trkC receptor was purified from the medium by sequential chroma-
tography on wheat germ agglutinin—agarose (Pharmacia LKB, Piscat-
away, NJ), a His-Bind nickel-chelating column (Novagen, Madison, WI),
and ion-exchange chromatography on Mono Q (Pharmacia LKB). Rabbit
polyclonal antisera were raised to the purified extracellular domain of the
avian trkC receptor (Caltag Laboratories, Healdsburg, CA), and IgG and
Fab fragments wcre prepared by standard procedures (Harlow and
Lane, 1988).

DRG cell cultures. DRGs from E7.5/E8 chick embryos were dissected in
HBSS (calcium and magnesium free) and incubated in trypsin (0.1%,
Worthington, Freehold, NJ) for 5 min at 37°C. The cells were preplated
for 1 hr on tissuc-culture plastic to enrich for neurons. The nonadherent
population (mostly neurons) was then replated on tissue-culture plastic
coated with laminin (5 pg/ml) and cultured overnight in F12 supple-
mented with penicillin and streptomycin and 0.4 mg/ml BSA (A7638,
Sigma, St. Louis, MO). Neurotrophins (5-10 ng/ml) and/or anti-trkC
(CTC) IgG, nonimmunc IgG (Cappel Laboratorics, Durham, NC), or
Fab fragments were then added to some of the wells. BDNF and NT-3
were kindly provided by Genentech (South San Francisco, CA). Cells
were cuitured for 48 hr and then fixed in 3% paraformaldehyde and 1%
glutaraldehyde in PBS for 15 min. In some experiments, DRGs were
removed from embryos at E4.5 (St.25). Those DRG were treated as
above except that once dissociated, the cells did not undergo a preplating
step and were cultured for only 24 hr. The total number of neurons
(defined as bearing a ncurite at least two cell diameters in length) was
determined in each well. All conditions were tested in duplicate or
triplicate as specified. To compare the effects of density on cell survival,
the number of cells plated per well varied, between experiments, from
1000 to 4000 cells. Thus, to standardize the results, the number of
surviving neurons relative to the number supported by NT-3 was deter-
mined for each condition in each experiment.

In ovo injections and quantitation of DRG cell numbers. Beginning at
St.18/19 (E2.75), White Leghorn eggs were windowed, and embryos
received daily injections of 30-60 ug of anti-chick trkC (CTC) Fab
fragments or nonimmune rabbit Fab fragments (prepared in the same
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manner as the CTC Fabs or purchased from Cappel). Half of the Fabs
were injected into the base of the right wing bud, and half were injected
into the amniotic cavity near the wing bud or onto the chorioallantoic
mcmbrane (beginning on E4). Embryos were fixed in Carnoy’s fixative
(60% ethanol, 30% chloroform, 10% acetic acid), at either E4.5/5 (St.25/
26) or E7/7.5, embedded in paraffin, and serially sectioned at 7 um.
Sections were then stained in 0.1% cresyl violet, and ncurons with a clear
nucleolus in every sixth section of brachial ganglion 14 were counted. For
the younger animals, E4/5, it was not possible to distinguish neurons
unambiguously (which when immature have elongated nuclei similar to
Schwann cells); therefore, all cells with a clear nucleolus were counted.
To determine the percentage of trkC-positive cells at E4/4.5 and E7.5,
embryos were fixed in paraformaldchyde and serial-sectioned at 10 pm.
Slides were processed for trkC immunolabeling (see below) and then
counterstained with cresyl violet. All cells unambiguously labeled with the
trkC antibody were counted in every fourth section through brachial
ganglion 14. At E7.5, a population of faintly trkC-positive cells cxist at the
extreme DM pole of the ganglion. These cells were not counted given that
their intensity was considerably less than the brightly labeled cells in the
VL portion of the ganglion and that their recognition varied depending
on the immunocytochemical conditions used.

Immunocytochemistry. Embryos from E2 to E7.5 were fixed in 4%
paraformaldehyde or Carnoy’s fixative for 2 hr to overnight (depending
on the age), cryoprotected overnight in 30% sucrose in PBS, and cryo-
sectioned in OCT (Miles). Before cryoscctioning, some of the embryos
were incubated overnight in a 1:1 mixture of 30% sucrose in PBS and
OCT. Endogenous peroxidase activity was gquenched by incubating the
scctions in TBS (10 mm Tris, pH 7.4, 150 mm NaCl) containing 3%
hydrogen peroxide and 10% methanol for 15 min. Subscquently, the
scctions were incubated for 1 hr at room temperature in a blocking bufter
composed of TBS containing 10% normal goat scrum, 1% glycine, and
0.2% Triton X-100. The scctions were incubated at 4°C overnight in
primary antibodics (1 ug/ml), diluted in the blocking buffer. Immunore-
activity was detected using a Vectastain Elite ABC-peroxidase kit (Vector
Laboratories, Burlingame, CA). Development was conducted in the pres-
ence of 0.05% diaminobenzidine tetrahydrochloride and 0.003% hydro-
gen peroxide. Some of the slides were then counterstained in cresyl violet
before they were coverslipped.

Transfections. Human embryo kidney 293 cells were plated on
polylysine-coated chamber slides and transiently transfected with cDNAs
encoding full-length avian trkA, B, or C that had been purificd on a
solid-phase anion-exchange resin (Qiagen 12145; Qiagen, Chatsworth,
CA), according to the instructions of the manufacturer, or they were
mock-transfected with lipofectamine (Gibco BRL, Gaithersburg, MD),
according to the instructions of the manufacturcr. Cultures were fixed
after 24 hr with 4% paraformaldehyde in PBS and stained as above cxcept
that the secondary antibody was a fluorescein-conjugated goat anti-rabbit
IgG (Southern Biotechnology Associates, Birmingham, AL). For immu-
noblot analysis, COS7 cells were transfected as above and lyscd as
described (Clary et al., 1994). Trk proteins were concentrated by immu-
noprecipitation with an antibody that recognizes the cytoplasmic tails of
all three trk receptors (Clary et al., 1994). The immunoprecipitates were
then blotted with either an antibody recognizing the cytoplasmic tails or
the anti-trkC antibody, CTC.

RESULTS

Specificity of the anti-trkC antibody

The specificity of the chick trkC polyclonal antibody (CTC pAb)
was determined using several approaches (Figs. 1-3). By immu-
noblot, CTC pAb did not recognize avian trkA or B expressed by
transfected COS7 cells but did react with a protein of ~130 kDa
expressed by COS7 cells transfected with a full-length avian irkC
c¢DNA (Fig. 14). This is in the expected molecular weight range
for full-length chick trkC. Further evidence of the specificity of
CTC pAb for trkC and its lack of cross-reactivity with the other trk
family members was provided by immunocytochemical analysis of
HEK 293 cells expressing trkA, B, or C (Fig. 1B). As in immuno-
blots, the CTC pAb labels only 293 cells transfected with avian
trkC and does not react with proteins expressed by 293 cells
transfected with avian kA4 or rrkB. Expression of trkA and trkB in



3706 J. Neurosci., June 1, 1996, 16(11):3704-3713

A blot: anti-cyt

LD

B
MABC

Lefcort et al. » Early Inhibition of TrkC Reduces DRG Neuronal Cell Numbers

blot: anti-trkC

—214

. —11

—74
= — 46
MABC Mo

Transfection

trkA

B mock

trkB

Figure 1. A, Specificity of the CTC anti-trkC antibody: immunoblotting. COS7 cells were transfected with chick trkA (4), kB (B), or trkC (C), or were
mock-transfected (M), and lysates prepared from the transfected cells were immunoprecipitated with an antibody recognizing the cytoplasmic tail of all
three trk receptors. The immunoprecipitates were immunoblotted with either the antibody that recognizes the trk cytoplasmic tail (feft} or with the CTC
anti-trkC antibody (right). B, Specificity of the CTC anti-trkC antibody: immunostaining. HEK293 cells were transiently transfected with chick trkA, #kB,
or trkC, or were mock-transfected (mock). The cells were then immunostained with the CTC anti-trkC antibody. Parallel transfections stained with
antibodies recognizing chick trkA and chick trkB demonstrated abundant expression of those receptors (data not shown). Scale bar, 50 pwm.

these two experiments was confirmed with antibodies that specif-
ically recognize avian trkA and trkB (Lefcort et al., 1993, 1994).

Functional activities of the CTC pAb: monovalent
versus bivalent IgG fractions

To determine whether the CTC pAb was capable of perturbing
the interaction between trkC and its ligand NT-3, dissociated
E7/E8 DRG neurons were cultured in the presence of neurotro-
phins with or without Fab fragments of the CTC pAb (Fig. 2).
After 48 hr in vitro, the number of surviving neurons cultured in
the presence of NT-3 and the monovalent CTC Fabs was dramat-
ically reduced relative to wells containing N'T-3 alone or NT-3 and
a nonimmune rabbit Fab fraction (Fig. 24). Only ~9% of those
cells plated in the presence of NT-3 and the CTC Fabs survived;
this compares with 6% survival in the absence of neurotrophin.
Those cells that survived tended to be small-diameter neurons and
may represent newly differentiated neurons, which have been
shown previously to be neurotrophin-independent (Ernsberger
and Rohrer, 1988; Wright et al., 1992). Thus, these data indicate
that the CTC Fab fragments can successfully block the biological
activities of NT-3 on these neurons. To characterize further the
specificity of the anti-trkC Fabs, we determined whether they
would interfere with the trophic activities of NGF or BDNF on
DRG neurons in vitro (Fig. 2B). All three neurotrophins support
discrete subpopulations of DRG neurons cultured in vitro (Hory-
Lee et al., 1993; Lopresti and Scott, 1994). Results in Figure 2B
show that the CTC Fabs did dramatically reduce the survival of
the NT3-promoted DRG subpopulation, but had no inhibitory

effect on the ability of NGF or BDNF to support survival of DRG
neurons. Thus the CTC Fabs prevent ligand-mediated activation
of trkC but not trkA or trkB.

In contrast to results using monovalent CTC Fabs, results
summarized in Figure 2C show that bivalent CTC IgG promotes
survival of DRG neurons in vitro in the absence of any exog-
enously supplied neurotrophin. In fact, culture in the presence of
CTC bivalent IgG alone is almost as effective as NT-3 in promot-
ing the survival and outgrowth of DRG neurons in vitro. Thus,
presumably by inducing oligomerization of trkC receptors, the
CTC pAb bivalent IgGs directly activate trkC. These results argue
that activation of trkC is sufficient for the promotion of survival
and outgrowth of a subpopulation of DRG neurons and that
activation of other receptors, such as p75~N“"®, is not required.
Similar observations have been made with bivalent anti-rat trkA
1gG on neonatal rat sympathetic neurons (Clary et al.,, 1994).

TrkC expression throughout the genesis of the DRG

As a first step toward understanding the function of trkC in the
differentiation of the DRG in vivo, we determined its spatial and
temporal patterns of expression throughout the genesis of the
DRG (Fig. 3). The first identifiable precursor cells that will
generate DRG neurons are neural crest cells, which bud from the
dorsal margins of the invaginating neural tube to migrate ventro-
laterally to give rise to the majority of the peripheral nervous
system (for review, see Bronner-Fraser, 1994). Thus, the first time
point at which we examined for expression of trkC was St.19/20,
which corresponds to the end of neural crest migration in the
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Figure 2. A, NT-3-promoted survival of DRG neurons in vitro is blocked by anti-trkC Fabs. Neurons were cultured in the presence of NT-3 (5 ng/ml), alone
or in the presence of either anti-trkC Fabs (CTC Fabs: 100 or 500 ug/ml) or a nonimmune Fab preparation. The total number of surviving cells with neurites
was counted after 48 hr. Results are expressed as the mean (relative to NT-3) = SEM of duplicate cultures from four separate experiments. B, Anti-trkC Fabs
do not block NGF- or BDNF-promoted survival of DRG neurons. Neurons were cultured in the presence of either NGF, BDNF, or NT-3 (all at 5 pug/ml) and
in the absence or presence of anti-trkC Fabs (500 ug/ml). After 48 hr, the number of surviving neurons with neurites was determined. Results are expressed as
the mean (relative to NT-3) = SEM of duplicate cultures from three separate experiments and in the absence (dark gray bars) or presence (bars with diagonal
lines) of anti-trkC Fabs. C, Bivalent 1gG preparations of anti-trkC promote survival and outgrowth of DRG neurons in vitro. Neurons from E7/8 DRG were
cultured in either the presence of NT-3 or anti-trkC IgG or nonimmune rabbit IgG. After 48 hr, the number of surviving neurons with neurites was determined.
Data are expressed as the mean (relative to NT-3) = the SEM of three separate experiments conducted in duplicate.

trunk region (Tosney, 1978; Lallier and Bronner-Fraser, 1988).
Adjacent sections were stained with a general neural crest marker,
HNK-1 (Fig. 34), and the CTC pAb (Fig. 3B). Comparison of the
two panels shows that only a small subset of the migrating neural
crest cells expressed trkC receptor. Some of the trkC-expressing
cells had a distinct neuronal morphology (albeit that of an imma-
ture bipolar neuron), while others appeared very flat and irregu-
larly shaped, morphologically reminiscent of neural crest cells
cultured in vitro (examples in Fig. 3C,D).

By S5t.22/23, the DRGs have become morphologically distinct
and consist of a discrete aggregate of cells (Lallier and Bronner-

Fraser, 1988). Results using the CTC pAb show that at this early
stage, trkC is expressed in many but not all cells within this
immature DRG (Fig. 3E). Within 1 d (E4/E4.5 = St.24/25), the
vast majority of the cells within all regions of the DRG seem to
express trkC (Fig. 3F). By St.32 (E7.5/8, Fig. 3G), prominent
staining of the Golgi makes trkC-expressing cells easily distin-
guishable: they now reside primarily in the VL region of the
ganglion. These cells are the large-diameter neurons (Hamburger
et al., 1981) that comprise part of the NT-3-dependent population
in vitro (Hory-Lee et al., 1993) and in vivo (Oakley et al., 1995). In
addition, faint trkC expression can be observed on a population of
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Table 1. Percentage of trkC-positive cells in E4.5 and E7.5 dorsal root
ganglia

E4.5 63+ 7%
E7.5 20 = 4%

n=3
n=3

All cells strongly expressing trkC were counted in serial sections of brachial ganglion
14 (see Materials and Methods).

small-diameter cells at the extreme DM pole of the ganglion (not
shown; see Kahane and Kalcheim, 1994). Because neurogenesis
and differentiation are ongoing in this region of the ganglion at
this time (Carr and Simpson, 1978), these cells may be nascent,
immature neurons. By this time, E7.5, the period of programmed
cell death for the large-diameter VL-located population is well
underway, having begun at circa E4.5/5 (Carr and Simpson, 1978;
Hamburger et al,, 1981). To quantify these changes, we deter-
mined the number of trkC-positive cells at E4.5 and E7.5. Results
shown in Table 1 demonstrate that ~63% of the cells in immature
DRG express trkC. Neurons and non-neuronal cells cannot be
distinguished morphologically at this stage, but there are essen-
tially no non-neuronal cells in the DRG at this early stage (Carr
and Simpson, 1978; Bhattacharyya et al., 1991). Moreover, the
trkC signal cannot be attributed to Schwann cells because one
does not see trkC-immunoreactive cells in developing ventral
roots (E3-E6; Fig. 3), nor has mRNA for trkC been localized over
Schwann cells (Zhang et al., 1994). Thus, the vast majority, if not
all, of the cells expressing trkC must be neurons or neural pre-
cursor cells. This number decreases to ~20% strongly trkC-
positive neurons by E7.5. Thus, over the course of differentiation
of the DRG, the pattern of trkC expression changes dramatically
both temporally and spatially from rare expression in migrating
neural crest to a broad, widespread expression in the immature
DRG, to a more restricted pattern of expression later in devel-
opment during the process of target-mediated cell death. These
expression patterns of trkC protein confirm previously reported in
situ hybridization patterns for avian #rkC mRNA (Williams et al.,
1993; Kahane and Kalcheim, 1994; Zhang et al., 1994) and extend
those data by providing high resolution cellular information, in-
cluding demonstration of axonal expression of trkC (Fig. 3F,
arrows).

In ovo effects of the anti-trkC Fab fragments on the
development of the DRG

To determine roles of trkC during DRG development, we made
daily injections of the blocking CTC Fab fragments into embryos
beginning at St.18, and then fixed the embryos at St.31 (E7/E7.5).
St.18 corresponds to the near completion of neural crest migra-
tion in the brachial region and St.31/32 corresponds to the com-
pletion of the bulk of cell death for the large, VL population of
DRG neurons in the brachial region (Carr and Simpson, 1978;
Hamburger et al., 1981). Control embryos were injected with a
Fab preparation made from a nonimmune rabbit serum. Results
in Table 2 show that treatment with the anti-trkC Fab preparation
results in a 47% reduction in the number of DRG neurons (p =
0.005). Sections through the center of an experimental and control
DRG are shown in Figure 4. The DRG at this stage can be divided
into two distinct subpopulations: a small-diameter, DM popula-
tion and a larger-diameter, VL population, each with distinct
neurotrophin dependency and functional projections (for review,
see Scott, 1992). Therefore, we also counted neurons in each of
those subpopulations. As expected from in vitro studies, we found
that the greatest deficit after treatment with the anti-trkC Fab

Table 2. Number of DRG neurons after antibody treatment

Reduction
Nonimmune Fab Anti-trkC Fab (%)
St.31
(E7-7.5)
Total 8538 £ 916 (n=3) 4486 =543 (n = 4) 47 p=0.005
VL 2246 = 727 516 = 84 77 p=0.02
DM 6292 + 289 3970 * 564 36 p=00I1
St.26
(ES)
Total 4045 =254 (n=4) 2933 =365 (n =4) 27 p=0.02

For the older embryos (E7/E7.5) all neurons were counted in every sixth section of
brachial ganglion 14. VL- and DM-located neurons could be distinguished at this age
on the basis of location and diameter (see Materials and Methods). Significance
levels were determined by the one-tailed Student’s ¢ test.

fragments was in the large-diameter VL population of neurons,
with a deficit of 77% (p = 0.02); however, the small-diameter,
DM-located population of neurons also underwent a reduction of
36% (p = 0.01). The potential significance of these data will be
discussed below.

Early effects of anti-trkC Fab fragments on

DRG development

The deficit at E7/7.5, induced by injection of anti-trkC Fab frag-
ments, in the number of the DM DRG neurons, a group of
neurons that when cultured at E7-9 are NGF-dependent and
express trkA (Lefcort et al., 1993), coupled with the early wide-
spread expression of trkC in the DRG (Fig. 3), indicated that
interactions between trkC and its ligand(s) might play an impor-
tant role during the early differentiative events occurring within
the DRG, before the period of postmitotic, target-mediated neu-
ronal cell death. To test that possibility, embryos were examined
at St.26 (E4.5/5), which coincides with the very onset of postmi-
totic cell death in the DRG. A reduction of 27% in cell number
could be induced by incubation in ovo with the anti-trkC Fab
preparation (p = 0.02; Table 2). This number may be an under-
estimate of the actual reduction in the mature neuronal popula-
tion; it is difficult to distinguish postmitotic neurons definitively
from neuroblasts or non-neuronal cells at this early stage, and
therefore total cell numbers rather than neuronal populations
were determined. Because non-neuronal cells are not observed in
the brachial DRG until E6.5 (Carr and Simpson, 1978; Bhatta-
charyya et al., 1991), however, the vast majority of the deficit must
be in the neuronal population in early precursor cells, neuroblasts,
or postmitotic neurons. Thus, these data indicate that a functional
trkC receptor is required for early differentiation of cells within
the DRG, before the onset of postmitotic neuronal cell death.

Immature DRG neurons express functional

trkC receptors

TrkC is known to have several isoforms, only some of which
include a kinase domain (Lamballe et al., 1993; Tsoulfas et al.,
1993; Valenzuela et al., 1993; Garner and Large, 1994), which
would not be distinguished using our antibody to the extracellular
domain. To assess more directly the functional significance of this
early, widespread expression of trkC in the developing DRG (Fig.
3E), neurons from E4.5 DRG were dissociated and cultured in the
presence or absence of NT-3. Under “impoverished” conditions,
that is, in the absence of serum and added growth factors or
supplements (see Materials and Methods), almost all of these
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Figure 4. Sections through brachial ganglion 14 at $t.31/32 after incubation with (4) control Fab fragments or (B) anti-trkC (CTC) Fab fragments. Note
that the section in B is smaller than that in A and contains many more pyknotic nuclei and fewer larger-diameter neurons. d, Dorsal; v, ventral; /, lateral;

m, medial. Scale bar, 20 pwm.

cells died after 24 hr in vitro. The majority of them, however, could
be rescued by culturing in the presence of NT-3 (10 ng/ml),
indicating a potent responsiveness to this neurotrophin (Fig. 54).
To determine whether this response to NT-3 was mediated by
trkC, we replaced NT-3 with anti-trkC IgG as a receptor agonist
and observed that the CTC IgG was approximately as effective as
NT-3 in promoting the survival and outgrowth of these young
DRG neurons. Previous work has documented an early response
of DRG neuronal precursor cells to NT-3 (Wright et al., 1992;
Memberg and Hall, 1995). These results suggested that NT-3
promotes the proliferation and/or differentiation of these precur-
sor cells. Because we counted cells only at the end of the 24 hr
culture period, we have not yet determined whether the major
effect of trkC receptor activation results from promotion of sur-
vival of the neuroblasts or precursor cells, promotion of precursor
cell differentiation into neurons, or survival of the early postmi-
totic cells that differentiate in these cultures.

To determine whether other neurotrophins were as effective as
NT-3 in promoting survival of immature DRG neurons, we com-
pared the relative abilities of NGF, BDNF, and NT-3 in E4.5
DRG neuronal survival assays in vitro. As noted above, in such
relatively “impoverished” culture conditions, most of the neurons
die in the absence of exogenously supplied neurotrophin. Each
neurotrophin promoted neuronal survival and differentiation in
these conditions (Fig. 3B). NGF and BDNF, however, supported
only ~50 and 60% of the neuronal numbers supported by NT-3.
In wells receiving a combination of all three neurotrophins, no
significant difference was found among the number of neurons in
those wells, compared with wells treated with only NT-3. These
results argue that the vast majority of cells expressing trkA or trkB

also express trkC at this stage. Again, given the multitude of
reported effects of NT-3 and BDNF on immature DRG cells in
vifro (Wright et al., 1992; Memberg and Hall, 1995), these data do
not distinguish between possible mechanisms underlying the in-
creased number of neurons present in neurotrophin-treated wells,
but they do demonstrate clearly the potent role of NT-3 on these
cells.

DISCUSSION

Our primary goal in this study was to examine the function of trkC
in the development of the DRG. To this end, we have generated
an antibody that interferes with the ability of trkC to interact with
its ligand(s). Using it for immunocytochemistry, we found that
trkC is expressed on a subset of neural crest cells and subse-
quently becomes prominently expressed by the vast majority of
cells comprising the immature DRG. This early widespread ex-
pression of trkC in the DRG changes dramatically during the
second week of embryonic development when the receptor be-
comes restricted primarily to larger-diameter neurons in the VL
region of the ganglion. These data indicate that most and perhaps
all DRG neurons and/or precursor cells express trkC at an early
stage of development, raising the possibility that NT-3 plays an
essential role in their early differentiation.

To assess the functions of trkC during DRG genesis and mat-
uration, CTC Fabs were injected into young chick embryos from
St.18 to St.31. As summarized in Figure 6, these time points were
chosen to span the period encompassing the end of neural crest
migration and their condensation into nascent DRG, the prolif-
eration and maturation of precursor cells into mature, postmitotic
neurons, and finally, the bulk of target-mediated cell death for the
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Figure 5. A, Both NT-3 and anti-TrkC bivalent IgG can promote the
survival and outgrowth of E4.5 (5t.25) DRG neurons in vitro. Neurons
from DRG of E4.5 embryos were cultured in vitro alone or in the presence
of either NT-3 (10 ng/ml) or anti-trkC 1gG (50 pg/ml) or nonimmune
rabbit IgG (50 ug/ml). After 24 hr, the number of surviving neurons with
neurites was determined. The data are expressed as the mean (relative to
NT-3) = SEM of duplicate culturcs from three separate experiments. B,
At E4.5, when compared with BDNF or NGF, NT-3 is the most effective
neurotrophin for promotion of survival and outgrowth of DRG neurons.
The number of neurons rescued by combining all three neurotrophins
does not surpass that supported by NT-3 alone. Neurons from DRG of
E4.5 embryos were cultured for 24 hr in vitro, alone or in the presence of
NGF, BDNF, or NT-3 (all at 10 ng/ml) or a combination of all threc. Data
are expressed as the mean number of neurons with neurites (relative to
NT-3) = SEM for triplicate cultures from two experiments. The mean
number of surviving cells in each treatment was compared in a two-way
ANOVA and by the Student-Newman-Keuls method. The means from
the NT-3 treatment alone were not found to be significantly different from
the means of wells treated with all three neurotrophins; however, the
means of both of those groups (NT-3 alone and combined neurotrophins)
were found to be significantly different from the means of BDNF, NGF, or
untreated wells (a« = 0.05).

VL neurons in the DRG. Our results show that such injections in
ovo result in a reduction of almost 50% in the number of brachial
DRG sensory neurons. Half of this decrease in cell number
occurred before the classical programmed cell death period.
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These results suggest that either sensory neuron progenitor cells
or a significant fraction of immature neurons, or both, express
trkC, but later they downregulate the expression of this receptor
and upregulate expression of trkA, the NGF receptor.

The reduction in neuronal survival induced by anti-trkC Fabs
(47%) is similar to the reduction in DRG neurons measured by
Gaese et al. (1994) after injection of a blocking antibody to NT3
in ovo (36%). These data are consistent with the finding that to
date, NT-3 is the only known ligand for trkC (Lamballe et al.,
1991; Ip et al., 1993). The postmitotic cell death period in the
brachial region begins between E4 and E5 (Fig. 6) (Carr and
Simpson, 1978; Hamburger et al., 1981), peaks between E5 and
E6 for the VL population, and then persists at a lower rate until
E10/11 (summarized in Fig. 6). Interestingly, we found that by
analyzing cell numbers at an earlier time point (at E5 for trkC), a
significant reduction in DRG cell numbers could already be de-
tected. Thus, both sets of results point to an early role for
trkC/NT-3 interactions in the developing DRG, before the period
of target-mediated cell death (Coggeshall et al., 1994).

Our results are similar to observations in mice homozygous for
a mutation in the NT-3 gene (Ernfors et al., 1994; Farinas et al.,
1994; Tessarollo et al., 1994) in which there is a dramatic deficit of
DRG neurons (50-80%). Mice lacking the kinase domain, but
not the extracellular domain of trkC, exhibit a loss of only ~20%
of DRG neurons (Klein et al., 1994). One possible reason for the
stronger effect of antibody-mediated trkC inhibition in the chick
compared with targeted mutagenesis in the mouse could be that
our antibody, which is directed against the extracellular domain of
trkC, should bind all isoforms of the receptor. Although our
understanding of the functions of nonkinase-containing isoforms
of trkC is limited, evidence has been presented for possible
signaling through one of the truncated isoforms of trkB (Radeke
et al,, 1994). It will be interesting to compare the phenotype of
mice deficient in all isoforms of trkC with that of mice deficient in
only kinase-containing isoforms.

At E7/E7.5, we found, in agreement with Oakley et al. (1995),
that the major cell type depleted after antibody injection (in their
case, an anti-NT-3 antibody) was the large-diameter, VL-located
subpopulation of neurons. Their work and other studies have
shown that the Ia muscle afferents are derived from this subpopu-
lation (Hory-Lee et al., 1993). Our analysis of trkC receptor
expression (Fig. 3), as well as in situ trkC mRNA localization data
(Williams et al., 1993; Kahane and Kalcheim, 1994; Zhang et al.,
1994; Oakley et al., 1995), demonstrates that during the second
week of embryonic development, the neurons that strongly ex-
press trkC are primarily large-diameter neurons located in the VL
sector of the avian DRG. Thus, our finding of a heavy cell loss in
the VL subpopulation at E7/7.5 is entirely consistent with this
pattern of expression.

Because the blocking anti-trkC Fabs were injected directly into
the base of the limb bud, the most likely cause of neuronal death
is the peripheral blockade of trkC receptors that are prominently
expressed on sensory axons as they project toward their targets
(Plouffe et al., 1995; our unpublished observations). Several stud-
ies have shown that NT-3 is produced in developing limb buds
(Henderson et al.,, 1993) and spinal cord (Pinco et al.,, 1993;
Elkabes et al., 1994) as well as in the DRG itself (Schecterson and
Bothwell, 1992; Pinco et al., 1993; Elkabes et al., 1994; Zhang et
al., 1994). Thus, even before the onset of axonogenesis, the
differentiating neurons in the DRG could presumably be exposed
to NT-3 from one or more of those sources. The presence of NT-3
in the DRG itself suggests the intriguing possibility that it sup-
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Figure 6. Summary time-scale depicting the major events in the development of the DRG.

ports at least some of those neurons in an autocrine or paracrine
loop, which was blocked by our antibody injections. Others have
found evidence that BDNF functions in an autocrine manner to
support the survival of DRG neurons (Acheson et al., 1995).

In addition to the deficit induced in the VL. DRG subpopula-
tion by the CTC Fabs, we also measured a smaller deficit in the
small-diameter DM subgroup. During the period of postmitotic,
naturally occurring cell death, the vast majority of these neurons
express trkA (Lefcort et al., 1993, 1994) and depend on NGF for
survival (Hory-Lee et al., 1993; Lopresti and Scott, 1994). What
could account for their loss? One possibility is that DM cells are
lost indirectly as a result of the considerable depletion of the VL
cells (Silos-Santiago et al.,, 1995). Experiments will have to be
conducted to test this hypothesis directly. Another possibility
would be cross-reactivity of the anti-trkC antibody with trkA;
however, neither our biochemical nor our functional character-
izations of the antibody support that hypothesis (Figs. 1, 2B).
Rather, our data are consistent with the idea that at some earlier
stage in their differentiation, some if not all of these neurons go
through a period of trkC expression before or while maturing into
trkA-positive, NGF-dependent neurons, and/or alternatively,
there exists a population of progenitor cells that are trkC-positive
and depend on NT-3. This switch in trk receptor expression is
similar to that observed in trigeminal sensory neurons {Buchman
and Davies, 1993) and by sympathetic neuroblasts (Birren et al,,
1993; DiCicco-Bloom et al., 1993).

Because the majority of the neurons in the DRG at E4-6
express trkC (Table 1, Fig. 3) (Williams et al., 1993; Kahane and
Kalcheim, 1994; Zhang et al., 1994) and this period corresponds
to the peak in neurogenesis in the DRG (Carr and Simpson,
1978), the likelihood of receptor switching and/or coexpression of
more than one trk family member is high. Further evidence for

receptor coexpression comes from our finding a lack of additive
effect of combined neurotrophin application (Fig. 5B) to young
(E4.5) DRG neurons in vitro, although all three neurotrophins
individually could support a percentage of the cells. Of the three
neurotrophins, NT-3 was clearly the most potent; furthermore, its
effects could be mimicked completely by culturing in the presence
of the activating bivalent anti-trkC IgG (Fig. 54). Thus, together
these data are consistent with our in ovo results and support the
idea that the early prominent expression of functional isoforms of
trkC at E4.5 support neuronal survival and outgrowth.

In summary, our results point to a significant role for trkC
throughout the period of DRG development. With an antibody
specific for the extracellular domain of trkC, we demonstrate,
beginning with expression on a discrete subset of neural crest
cells, early and broad expression of trkC protein in the developing
DRG. Interestingly, during the peak period of proliferation, neu-
rogenesis, and differentiation in the DRG, we show that trkC
protein is expressed by the vast majority of cells in the immature
DRG. Inhibition of this receptor in ovo, beginning during the
process of neural crest migration and continuing through the
periods of neurogenesis, differentiation, and programmed cell
death, results in a severe deficit in DRG neuronal numbers. Half
of this deficit occurred before the naturally occurring, target-
mediated cell death period. Given that NT-3 enhances neural
crest and DRG precursor cell proliferation (Kalcheim et al., 1992;
Memberg and Hall, 1995) and differentiation (Wright et al., 1992;
Chalazonitis et al., 1994; Davies, 1994) in vitro, further study will
be required to determine more rigorously the stages of develop-
ment at which NT-3-trkC interactions are essential: proliferation
of the crest cells giving rise to the DRG, survival of neuroblasts or
neuronal precursor cells, or the promotion of their differentiation
into mature neurons.
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