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Summary

Spinal sensory ganglia have been shown to contain
neuronal subpopulations with different functions and
neurotrophin dependencies. Neurotrophins act, in large
part, through Trk receptor tyrosine kinases: nerve
growth factor (NGF) via TrkA, brain-derived neuro-
trophic factor (BDNF) and neurotrophin-4/5 (NT-4/5)
via TrkB, and neurotrophin-3 (NT-3) via TrkC. In the
present paper, we use antibodies to TrkA, TrkB, and
TrkC to characterize their expression patterns and to
determine which subpopulations of cells are lost in
mice lacking individual neurotrophins or Trk recep-
tors. Despite previous reports of Trk receptor mMRNAs
in neural crest cells, we detect Trk receptor proteins
onlyin neuronsand notin neural crest cells or neuronal
precursors. Comparisons of neonatal mice deficient
in NT-3 or its cognate receptor TrkC have shown that
there is a much greater deficiency in spinal sensory
neurons in the former, suggesting that NT-3 may acti-
vate receptors in addition to TrkC. Using the same
antibodies, we show that, during the major period of
neurogenesis, NT-3 is required to maintain neurons
that express TrkB in addition to those that express
TrkC but is not essential for neurons expressing TrkA.
Results also indicate that survival of cells expressing
both receptors can be maintained by activation of ei-
ther one alone. NT-3 can thus activate more than one
Trk receptor in vivo, which when coexpressed are
functionally redundant.

Introduction

Neurotrophic factors have been shown to be important
regulators of the development and maintenance of ver-
tebrate nervous systems (reviewed by Reichardt and
Farifas, 1997). In particular, during nervous system de-
velopment, neuronal populations undergo a process of
naturally occurring cell death, which is believed to en-
sure a balance between neuronal numbers and the sizes
of their target territories. Among these, the neurotroph-
ins are a closely related family of trophic factors that
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have been shown to be secreted in limiting amounts by
target tissues, to be internalized into and retrogradely
transported within neurons by receptor-mediated pro-
cesses, and to mediate not only neuronal survival but
many aspects of neuronal differentiation and function.
In mice, there are four identified neurotrophins: nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and NT-4/5. The actions
of these factors are mediated in large part through re-
ceptor tyrosine kinases of the Trk family, with NGF inter-
acting with TrkA, BDNF and NT-4 with TrkB, and NT-3
with TrkC. Ligand binding to these receptors has been
shown to activate several intracellular signaling path-
ways, including PI-3 kinase, ras, MAP kinases, and
PLC1, some of which promote cell survival and others
of which promote differentiation. All of the neurotrophins
have also been shown to interact with the low affinity
neurotrophin receptor p75NTR, which has been shown
also to regulate intracellular signaling pathways, such
as sphingomyelin hydrolysis.

Spinal sensory neurons, found in dorsal root ganglia
(DRG), include different subpopulations within each
ganglion specialized for transfer of different modalities
of sensory information (reviewed by Scott, 1992). Dis-
tinct subclasses of neurons have been shown to inner-
vate separate types of peripheral sensory organs and
specific laminae within the spinal cord. Previous work
has shown that these different populations of neurons
exhibit different neurotrophin dependencies and that
specific subpopulations are absent in mice lacking in-
dividual neurotrophins or Trk receptors (reviewed by
Reichardt and Farifias, 1997). Thus, in the DRGs of NGF-
or TrkA-deficient mice, ~70% of the normal complement
of neurons is missing, and these include essentially all
of the neurons that express TrkA postnatally, which are
small-diameter neurons with unmyelinated axons that
mediate pain perception and express the peptide trans-
mitters calcitonin gene-related peptide (CGRP) and sub-
stance P (Crowley et al., 1994; Smeyne et al., 1994;
Minichiello et al., 1995). An additional population of
small-diameter neurons with C-fibers that mediate non-
nociceptive thermal and low threshold mechanorecep-
tive stimuli are also lostin these mutants (Silos-Santiago
et al., 1995). Mice with targeted mutations in either NT-3
or its high affinity receptor TrkC have been shown to lack
major populations of proprioceptive neurons, including
virtually all group la afferents, as assessed by the ab-
sence of the la projection to the ventral spinal cord and
of muscle spindles and Golgi tendon organs in periph-
eral target fields (Ernfors et al., 1994; Farifias et al., 1994;
Klein et al., 1994; Tessarollo et al., 1994; Tojo et al.,
1995). Deficiencies in D-hair cutaneous afferents and
Merkel cells, which are induced and maintained by
slowly adapting (SA) afferents, are also seen in NT-3-
deficient animals postnatally (Airaksinen et al., 1996).
While the identities of the ~35% of DRG sensory neu-
rons lost in trkB and BDNF mutant animals have been
more elusive, these deficits appear to occur postnatally
(Minichiello et al., 1995; Silos-Santiago et al., 1997; I. F.


https://core.ac.uk/display/82097604?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Neuron
326

and L. F. R., unpublished data) and may reflect the im-
portance in vivo of an autocrine BDNF-TrkB loop
(Acheson et al., 1995).

In most instances, neurotrophin-deficient and cog-
nate Trk receptor-deficient mice have similarities in
phenotype in agreement with the biochemical interac-
tions between these molecules characterized in vitro
(see Reichardt and Farifas, 1997, for summary). Surpris-
ingly, mice deficient in NT-3 lose many more neurons
than those lacking a functional TrkC receptor (Ernfors
et al., 1994; Farifas et al., 1994, 1996; Klein et al., 1994;
Tessarollo et al., 1994, 1997; Minichiello et al., 1995;
Tojo et al., 1995; Liebl et al., 1997; Silos-Santiago et al.,
1997). In particular, as many as 60%-70% of the neurons
are missing in DRGs of neonatal NT-3-deficient mice,
whereas only ~20% are lost in a TrkC kinase—-deficient
mouse strain and ~30% are lost in trkC null mice, sug-
gesting that NT-3 may activate receptors other than
TrkC. Consistent with this possibility, it has been shown
that NT-3 is capable of activating TrkA and TrkB when
expressed in fibroblasts (Ip et al., 1993). However, when
these receptors were expressed in PC12 cells, they
could only be activated by NT-3 at concentrations 100-
fold higher than those of their preferred ligands, NGF and
BDNF, respectively. This has suggested that neuronal
populations restrict the actions of nonpreferred ligands
and that, in vivo, where neurotrophins are present in
limiting quantities, NT-3 acts only on its cognate recep-
tor TrkC.

We have previously shown that the lack of NT-3 during
embryonic development of DRGs results in increased
neuronal apoptosis as early as embryonic day 11 (E11)
(Farifas etal., 1996). It has also been shown that apopto-
sis is increased in the DRGs of embryos that lack a
functional TrkC receptor at E11 (White et al., 1996). This
suggests that the absence of NT-3-mediated TrkC sig-
naling causes the loss of proprioceptive neurons, which
are missing in both the trkC and the NT-3 mutant mice
at birth. In order to understand why so many additional
neurons are missing in the NT-3-deficient embryos, we
analyzed Trk protein expression on sensory neurons
and their precursors in wild-type, NT-3 mutant, and vari-
ous trk mutant embryos. Using antibodies specific for
the extracellular domains of each Trk receptor (Clary et
al., 1994; Wilkinson, 1997), we have discovered that, in
addition to TrkC-expressing neurons, TrkB-expressing
neurons are also lost in NT-3 mutants, providing an ex-
planation for this discrepancy. TrkB neurons are notlost
in trkC mutants, implying that NT-3-mediated activation
of TrkB is essential for survival of these cells in vivo.

We have also shown previously that the lack of NT-3
during embryonic development of DRGs results in pre-
mature differentiation of neuronal precursor cells within
the DRG by E12 (Farifas etal., 1996). As there have been
numerous reports of survival and/or mitogenic effects of
NT-3 and other neurotrophins on neuronal precursors
cultured in vitro (e.g., Sieber-Blum, 1991; Memberg and
Hall, 1995), the simplest explanation for the observed
premature differentiation of precursors in vivo was a
direct mitogenic effect of this neurotrophin on those
cells. Using these same antibodies, however, we have
discovered that DRG precursors do not express detect-
able levels of any Trk receptor protein. Together with

our recent observations indicating that NGF deficiency
also results in neuronal loss followed by premature dif-
ferentiation of precursors (unpublished data), our results
indicate that the actions of neurotrophins on precursor
cells in vivo are indirect and the loss of large numbers
of neurons reduces interactions that normally inhibit
precursor differentiation.

Results

To characterize the developmental expression patterns
and neurotrophin dependencies of cells expressing the
different Trk receptors, we prepared antibodies specific
for TrkA, TrkB, and TrkC, using the entire extracellular
domains of rat TrkA, TrkB, and TrkC purified from either
baculovirus-infected Sf29 cell or COS cell supernatants.
By antigen blot, antigen immunoprecipitation, and im-
munocytochemistry, each of these antibodies has been
shown to recognize its antigen but not either of the two
other Trk receptors or unrelated antigens (e.g., Clary et
al., 1994; Wilkinson, 1997). Thus, anti-TrkA recognizes
TrkA but not TrkB or TrkC and so on.

Using these specific reagents, we then characterized
the expression patterns of each Trk during the major
period of neurogenesis in spinal sensory ganglia, which
occurs between E10 and E13 (e.g., Farifias et al., 1996).
As illustrated in Figure 1, immunostaining of DRGs with
antibodies specific for TrkA, TrkB, or TrkC shows that
Trk receptor expression in wild-type embryos is highly
dynamic between E11 and E13. Cells with neuronal mor-
phologies expressing each of the Trk receptors are pres-
entat E11. Each antibody appears to stain both intracel-
lular and surface membrane compartments containing
Trk receptor protein. Prominent staining is detected on
axons as well as cell bodies of neurons expressing each
of these proteins. We have also observed prominent
staining of axons and growth cones in the targets of
these neurons at this and later stages of development
(data not shown). Even at E11, the average sizes of
neurons expressing TrkA appear to be significantly
smaller than those of neurons expressing either TrkB or
TrkC, as has previously been observed in adult sensory
ganglia (e.g., McMahon et al., 1994).

In earlier work, we have quantified neurogenesis in
both thoracic and lumbar sensory ganglia and have ob-
served that neurogenesis is initiated shortly before E10
and is consummated with a major burst between E12
and E13, after which there is no net neurogenesis within
these ganglia (Farifias et al., 1996). Examination of Trk
receptor expression during this interval, as illustrated in
Figure 1, shows that the absolute numbers and propor-
tions of cells expressing each Trk receptor vary rapidly
over this interval. At E11, TrkC appears to be expressed
in a majority of neurons, but comparatively few neurons
continue to express this receptor at E13. At E11, a spa-
tially skewed population of neurons expresses TrkB,
and this population also appears to be reduced at E13.
In contrast, while TrkA-expressing cells are present in
reasonable numbers at E11, their numbers increase dra-
matically over the next 2 days, so that at E13, the vast
majority of neurons appear to express this receptor.
These data appear generally consistent with previous
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descriptions of Trk mRNA distributions within DRGs us-
ing in situ hybridization techniques (Martin-Zanca et al.,
1990; Tessarollo et al., 1993, 1994; Lamballe et al., 1994;
White et al., 1996). The numbers of neurons expressing
each Trk receptor have been quantified, and the results
are presented in Table 1 and Figure 2. Results show
that in the L1 DRG ~70% of neurons express TrkC at
E11, but <10% continue to express it at E13. The total
number of neurons expressing TrkC at E13 is smaller
than at E11, as the total number of neurons increases
~2.5-fold during this interval (Farifias et al., 1996), not
sufficient to compensate for the 4-fold decrease in pro-
portion of TrkC-expressing cells. Approximately 40% of
the neurons express TrkB at E11, and this fraction is
reduced to ~8% at E13. Again, this reflects a decrease
in absolute number as well as proportion of neurons
expressing this Trk receptor. In contrast, while ~20%
of neurons express TrkA at E11, this proportion is in-
creased to almost 80% at E13. This represents an 8-fold
increase in the number of cells expressing TrkA and

Figure 1. TrkA, TrkB, and TrkC Expression in
Early DRGs Is Highly Dynamic

Immunostaining of thoracolumbar DRGs from
E11 (A-C) and E13 (D-F) wild-type embryos
with antibodies specific to TrkA (A and D),
TrkB (B and E), or TrkC (C and F) shows the
highly dynamic expression of these receptors
over this 2 day period. Scale bar, 100 pm.

suggests strongly that the vast majority of neurons gen-
erated during the burst of neurogenesis that occurs be-
tween E12 and E13 express this Trk receptor. While
differing in magnitude, the same trends are seen during
development of the T1 DRG during this interval (Table 1).

In studies on peripheral sensory neuron precursors
in vitro, several neurotrophins have been reported to
promote survival proliferation or differentiation (e.g.,
Sieber-Blum, 1991; Kalcheim et al., 1992; Henion et al.,
1995; Memberg and Hall, 1995). Thus, we were surprised
to observe that, at high magnification in vivo, every cell
expressing TrkA, TrkB, or TrkC in the DRGs had a clearly
neuronal profile (Figures 3A-3C). Even at E11, when
>60% of the DRG cells are precursors (Farifias et al.,
1996), those immunoreactive for Trk receptors present
a clear neuronal morphology with the bipolar shape
characteristic of young sensory neurons. To examine
this issue more thoroughly, we injected wild-type fe-
males bearing E11 embryos with 2'-bromo-5’-deoxyuri-
dine (BrdU) 2 hr before sacrifice and determined whether

Table 1. Numbers of Trk-Positive Neurons in DRGs of Wild-Type Embryos

T1 DRG L1 DRG
E11 E12 E13 E11 E12 E13
TrkA 718 + 79 (3) 1403 * 260 (2) 3398 = 454 (3) 457 * 52 (3) 1611 * 33 (2) 3694 + 461 (3)
TrkB 777 = 47 (3) 400 + 44 (2) 414 = 28 (3) 834 + 95 (3) 592 + 136 (2) 369 = 50 (3)
TrkC 1385 = 100 (4) 962 = 70 (2) 722 + 22 (2) 1522 * 113 (3) 1310 * 38 (2) 426 = 8 (3)

Numbers of TrkA-, TrkB-, and TrkC-expressing cells in DRGs of wild-type embryos. Numbers of cells in the T1 and L1 DRGs expressing
individual Trk receptors were counted at E11, E12, and E13. The number of embryos analyzed for each determinationis indicated in parentheses.
The average number of immunopositive cells per ganglion is presented = SEM (variance for n = 2). These numbers were used in preparing
Figures 2A and 2B, together with numbers for neurofilament-expressing cells that were determined earlier (Farifias et al., 1996).
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proliferating precursors express any of the Trk recep-
tors. In spite of the large numbers of progenitor cells
present at that age, none of the Trk-positive cells had
incorporated the deoxyribonucleotide (Figures 3D-3F).
For quantitation, we counted a total of 636 Trk-express-
ing cells (including 162 positive for TrkA, 150 for TrkB,
and 324 for TrkC) and 735 BrdU-positive cells in single
sections through lumbar DRGs of three different em-
bryos and did not find any BrdU-positive cells that coex-
pressed a Trk receptor. Consistent with this, in a sepa-
rate set of colabeling experiments, virtually all cells
expressing a Trk receptor were also labeled by antibod-
ies to the 150 kDa neurofilament subunit (data not
shown). Altogether, these data indicate that only neu-
rons express Trk receptors in the developing DRGs.
Results are consistent with our observations that initial
formation of DRG sensory ganglia occurs normally in
NT-3- and NGF-deficient mice (Farinas et al., 1996, and
unpublished data). Possible explanations to reconcile
the in vivo and in vitro observations will be presented
in the Discussion.

Neural crest cells, precursors of sensory neurons,
have been reported to express mRNA for TrkB and TrkC
but not TrkA (Klein et al., 1990; Tessarollo et al., 1993).
As we failed to detect Trk receptor protein in the deriva-
tives of these cells, the proliferating precursors within
sensory ganglia, we extended our analysis to earlier
stages of development when neural crest cells are mi-
grating to sensory and autonomic ganglia. As illustrated

Figure 2. Development of TrkA-, TrkB-, and
TrkC-Expressing Cells in Early DRGs

(A) Graph depicts numbers of cells in the L1
DRG expressing individual Trk receptors or
neurofilament antigen at E11, E12, and E13.
The numbers of cells positive for each Trk
were counted in the L1 DRGs of at least two
different embryos. Numbers for neurofila-
ment-expressing cells were determined ear-

kA lier and published in a separate publication
kB (Farinas et al., 1996).

(B) Graph showing the percentage of neurons
trkC expressing each Trk in DRGs of different em-

bryonic stages as quantified by division by
the total number of neurons (neurofilament-
expressing cells) present in these ganglia at
each stage (Farinas et al., 1996). Each point
in the graphrepresents the percentage of Trk-
positive neurons in the L1 ganglia.

Neurofilament

in Figure 4, staining of transverse sections through the
trunks of E9 embryos, when neural crest cells are ac-
tively migrating, indicates that these cells do not express
detectable levels of TrkC (Figure 4B) or TrkB (data not
shown) proteins but do express the low affinity neuro-
trophin receptor p75 (Figure 4A). Previous in situ analy-
ses have not detected TrkA mRNA in neural crest (e.g.,
Martin-Zanca et al., 1990). The data thus indicate that
Trk receptors are not present in migrating murine neural
crest cells in vivo. We also determined when TrkC pro-
tein expression first appears in developing spinal gan-
glia by staining spinal ganglia at different rostral-caudal
levels at E10. Ganglion coalescence and the initiation of
neurogenesis occurs at E10 and follows a rostrocaudal
gradient. As illustrated in Figures 4C-4E, coinciding with
the spatial gradient of neurogenesis, the number of
TrkC-immunoreactive cells at E10 is low in caudal DRGs
(Figure 4C) and increases progressively in more anterior
DRGs (Figures 4D-4E). Even at the time when the first
TrkC-positive cellis seenin a DRG (Figure 4C), it shows a
clear bipolar neuronal morphology. Similar results were
seen using the antibodies to the other Trk receptors
(data not shown). Each of these antibodies is a poly-
clonal prepared using the entire extracellular domain of
a Trk receptor as an immunogen and is able to detect
Trk protein in intracellular compartments as well as on
the cell surface (see Figures 1 and 3). Thus, these data
indicate that, in murine DRG sensory ganglia, Trk ex-
pression is restricted to postmitotic neurons. When
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Figure 3. Trk Proteins Are Found in Developing Sensory Neurons
but Not in Precursors

Immunostaining of lumbar DRGs of E11 embryos with antibodies
specific to TrkA (A and D), TrkB (B and E), and TrkC (C and F)
illustrate the neuronal morphology of cells expressing each of the
Trk receptors. Sections (D-F) through lumbar DRGs of E11 embryos
stained with each anti-Trk (red) and with anti-BrdU (green) show a
complete lack of colocalization between the nucleotide and each
Trk receptor. Scale bar, 20 pm.

compared to previous in situ analyses (Klein et al., 1990;
Tessarollo et al., 1994), our results suggest that transla-
tional control mechanisms may help regulate neuro-
trophin responsiveness. This possibility will be explored
more extensively in the Discussion.

In earlier work, we have shown that neurons, not pre-
cursors, die in the DRGs of NT-3 mutant embryos at E11
(Farifas et al., 1996). Comparisons of neuronal losses in
NT-3-deficient and TrkC-deficient mice also have shown
that many more spinal sensory neurons are lost in the
former (e.g., Ernfors et al., 1994; Farifas et al., 1994;
Klein et al., 1994; Tessarollo et al., 1997). Among many
possibilities, a simple explanation for this discrepancy
would be an essential role for NT-3 in maintaining sur-
vival of neurons expressing TrkA or TrkB. To explain
this discrepancy, it is clearly necessary to identify the
populations lost in the absence of NT-3. With this objec-
tive, we compared the morphological profiles and quan-
titated the numbers of neurons expressing each Trk
receptor at E11 in wild-type and mutant DRGs (Figure
5 and Table 2). When cells expressing TrkC were exam-
ined, we observed, not unexpectedly, a dramatic disrup-
tion in staining in NT-3-deficient embryos (Figure 5A).
Positive neuronal numbers were drastically reduced and
immunoreactivity was, in most instances, associated
with pyknotic profiles. We also used TUNEL (terminal
deoxynucleotide transferase [TdT] -mediated dUTP nick
end labeling) staining, which visualizes nuclei with frag-
mented DNA, to demonstrate apoptosis of TrkC-positive
neurons (Figure 5B). Many but not all TUNEL-positive
cells were also stained with the TrkC antibodies. When

Figure 4. Absence of Trk Expression in Neural Crest and Appear-
ance with Neurogenesis in DRGs

Consecutive transverse sections through the body of an E9 embryo
stained for p75NTR to reveal the migrating neural crest (A) and for
TrkC (B) demonstrate that neural crest cells do not express the TrkC
protein. Neural crest cells were also immunonegative for TrkB and
TrkA (data not shown). DRGs in an E10 embryo at successive levels
in the caudorostral direction were stained with anti-TrkC antibodies
(C-E). Coincident with the spatiotemporal progress of the neuro-
genic process, the number of cells positive for TrkC increases in
the caudal-to-rostral direction. Evenin the most caudal DRGs, where
as few as one positive cell can be observed, the morphology of the
labeled cells is clearly neuronal (C). Scale bars, 190 pum (A and B);
70 pm (C-E).

total numbers of cells expressing TrkC were quantitated
in the T1 and L1 DRGs, a dramatic reduction in the
numbers of TrkC-positive neurons was observed in the
mutant at E11 (Table 2). Thus, almost all TrkC-positive
neurons have either died or are dying in the absence of
NT-3. When examined a day later at E12, TrkC-express-
ing cells are completely absent (data not shown), con-
sistent with a previous report that no TrkC mRNA-
expressing neurons remain in these ganglia at E13.5
(Tessarollo et al., 1994). At E15.5 and later stages, we
have detected reappearance of TrkC expression in a
subset of neurons within the DRGs in NT-3 mutants,
consistent with the reported presence of TrkC mRNA
within a subset of these DRG neurons at E17 and PO
(Tojo et al., 1995; Liebl et al., 1997).

As NT-3 is the only known ligand for TrkC, it was not
surprising to observe such a drastic effect in the NT-3
mutant on survival of TrkC-expressing neurons. As this
result seemed insufficient to explain the much more
severe deficiency in neuronal numbers observed in
NT-3- compared to TrkC-deficient neonatal animals, we
also determined whether absence of NT-3 affected the
morphological differentiation or survival of subpopula-
tions of DRG neurons expressing either of the other two
Trk receptors. As illustrated in Figures 5C-5D, we also
observed apoptosis of TrkB-positive neurons in the ab-
sence of NT-3 as assessed by the presence of many
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TrkB-positive apoptotic profiles and by colabelling of
TUNEL-positive profiles with anti-TrkB. While TrkB-
expressing cells are clearly undergoing apoptosis in the
mutant ganglia, it is worth noting that, in constrast to
TrkC-expressing cells, numerous neurons expressing
TrkB appear morphologically normal. Quantification of
numbers of TrkB-expressing cells, presented in Table
2, shows that NT-3 deficiency results in aloss of ~40%
of the TrkB-expressing neurons at this stage, a signifi-
cantly less severe phenotype than the reduction of TrkC-
expressing cells. In contrast to observations with TrkC-
expressing cells, significant numbers of TrkB-expressing
cells remain in these ganglia in subsequent days (E12:
T1, 318 =+ 78 [2]; L1, 395 *+ 49 [3]; E13: T1, 208 * 24
[2]; L1, 252 = 20 [2]). The effect of NT-3 deficiency
is specific at this stage for TrkC and TrkB-expressing
neurons. When we examined the ganglia of mutant ani-
mals for possible effects on TrkA-expressing cells, these
neurons appeared to be completely normal. At this age,
TrkA immunoreactivity was never associated with pyk-
notic profiles (Figure 5E). When quantified, the total
number of TrkA neurons was not reduced in the mutant
embryos (Table 2).

The simplest interpretation of the experiments de-
scribed above is that, in vivo, NT-3 promotes spinal
sensory neuron survival by activation of either TrkB or

Figure 5. TrkB-and TrkC- but Not TrkA-Posi-
tive Neurons Die in Lumbar DRGs of E11 NT-
3-Deficient Embryos

Pyknotic figures (arrows) can be observed
that are positive for TrkC (A) and TrkB (C) but
not for TrkA (E). Double labeling for either
TrkC ([B], red) or TrkB ([D], red) and TUNEL
(green) in lumbar DRGs of E11 NT-3-deficient
embryos reveals cells positive for both a Trk
and TUNEL (arrows). Scale bar, 20 pm.

TrkC. However, it seemed possible that apoptosis in
the TrkB-positive population of neurons only reflects
a requirement for activation of TrkC, not TrkB, within
neurons coexpressing both receptors. To pursue this
possibility, we determined whether significant numbers
of neurons coexpress both receptors at E11. As docu-
mented in Figures 6A-6C, we did observe neurons coex-
pressing both TrkB and TrkC (especially in medial and
posterior parts of the ganglia) as well as neurons ex-
pressing only TrkB (especially in anterior parts of the
ganglia, where TrkB is very prominent) or TrkC. To deter-
mine whether a deficiency in TrkC activation accounted
for the loss of TrkB-expressing neurons, we determined
whether the survival of TrkB-positive neurons was im-
paired in a trkC mutant (Klein et al., 1993). As illustrated
in Figure 6D, despite extensive apoptosis at this stage
in the sensory ganglia derived from the trkC mutant,
TrkB staining was not associated with the pyknotic fig-
ures. When quantified, we also observed normal num-
bers of TrkB-positive neurons within these ganglia at
this stage (Table 2). Conversely, in trkB mutant DRGs at
E11, many fewer pyknotic profiles (Figure 6E) or TUNEL-
positive nuclei (data not shown) were observed, but
these pyknotic figures were not immunoreactive for
TrkC, and the number of TrkC-positive neurons was also
normal (Table 2). Thus, absence of TrkC does not result

Table 2. Numbers of Trk-Positive Neurons in DRGs of Wild-Type and Mutant E11 Embryos

T1 DRG L1 DRG
Wild-Type NT-37/~ % Reduction Wild-Type NT-37/~ % Reduction
TrkA 718 + 79 (3) 770 + 10 (3) NS 457 = 52 (3) 390 = 34 (2) NS
TrkB 777 + 47 (3) 494 + 98 (2) 37* 834 + 95 (3) 540 = 12 (2) 35+
TrkC 1385 + 100 (4) 270 * 70 (2) 80% 1522 + 113 (3) 494 * 254 (2) 68+
Wild-Type trkC~'~ % Reduction Wild-Type trkC~/'~ % Reduction
TrkB 777 + 47 (3) 640 = 36 (2) NS 834 = 95 (3) 844 + 24 (2) NS
Wild-Type trkB~/~ % Reduction Wild-Type trkB~/~ % Reduction
TrkC 1385 *+ 100 (4) 1606 + 133 (3) NS 1522 + 113 (3) 1140 * 168 (2) NS

Quantification of Trk-expressing neurons present in NT-3-, TrkB-, and TrkC-deficient embryos at E11. The numbers of cells positive for each
of the Trks were counted in the T1 and L1 DRGs (number of embryos in parentheses). The percentages of reduction in mutants compared
to wild-type controls are shown. Statistical significance was tested with a one-tailed Student’s t test: NS, not significant; *p < 0.05; **p <
0.001. The numbers of TrkB- and TrkC- but not TrkA-positive cells are reduced in the absence of NT-3. No significant deficits in the numbers
of TrkB- or TrkC-positive cells are seen in the trkC or trkB mutant embryos, respectively.
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in apoptosis of TrkB-expressing neurons and vice versa,
even though loss of NT-3 results inlosses in both popu-
lations of cells. Altogether, our data indicate that activa-
tion by NT-3 of either TrkB or TrkC alone is sufficient to
maintain the survival of those neurons that coexpress
both receptors. The recent report that the loss of DRG
neurons in a double trkB/trkC mutant homozygote ap-
pears to be larger than the sum of the deficits in the two
single trk mutants is also consistent with this conclusion
(Silos-Santiago et al., 1997).

Discussion

Results presented in the present paper support several
major conclusions. First, expression of Trk receptors
appears to be exclusively neuronal within developing
spinal sensory ganglia. Secondly, differences in Trk ex-
pression between neuronal subpopulations appears at
the time of initial neurogenesis of these cells, indicating
that they have been previously directed to assume spe-
cific fates. Thirdly, NT-3 appears essential to maintain
the survival of all or virtually all of the TrkC-expressing
neurons. In addition, NT-3 is essential for viability of a
major fraction of the TrkB-expressing neurons and acts
by direct activation of TrkB. Finally, the apparent ab-
sence of apoptosis among the TrkB-expressing cells in
a trkC mutant and vice versa indicates that those neu-
rons that coexpress both receptors at this stage can be
sustained by activation of either Trk receptor.

Our observation that Trk receptor proteins can be
detected exclusively within neurons and not in migrating
neural crest or intraganglionic precursor cells is consis-
tent with the apparently normal migration of trunk neural
crest cells and the normal initial formation of spinal gan-
glia we have observed in NT-3 mutants (Farinas et al.,
1996). The antibodies used in these experiments are
polyclonal sera that have been shown to detect Trk
receptor proteins by immunoblot, immunoprecipitation,
and immunocytochemistry. By blot, these antibodies
clearly recognize precursors of mature Trk proteins as
determined by size in SDS-PAGE. By immunocytochem-
istry, they clearly recognize Trk proteins in intracellular,

Figure 6. TrkB- and TrkC-Positive Cells Do
Not Die in TrkC- and TrkB-Deficient DRGs,
Respectively

(A-C) Confocal microscopy of lumbar DRGs
(middle portion of the ganglion) in a wild-type
E11 embryo stained with anti-TrkB ([A],
green) and anti-TrkC ([B], red) shows in a
combined image that some cells express
both receptors (C). Section through a lumbar
DRG of a TrkC-deficient E11 embryo stained
with antibodies to TrkB (D). Notice that, in
spite of the presence of numerous pyknotic
figures (arrows), none are positive for TrkB.
Section through a lumbar DRG of a TrkB-
deficient E11 embryo was stained with anti-
bodies to TrkC (E). Only a few pyknotic pro-
files are observed (arrows), none of which are
positive for TrkC. Scale bar, 20 pm.

almost certainly ER and Golgi, as well as plasmalemmal
compartments. We therefore believe that absence of
detectable antigen in these experiments must reflect
absence of significant levels of the Trk proteins from
neural crest and sensory ganglia precursor cells. There
is areport of TrkC receptor mRNA expression in murine
neural crest cells invivo using radioactive in situ analysis
(Tessarollo et al., 1993). Another report, however, failed
to observe such expression using the same methodol-
ogy (Lamballe et al., 1994). Thus, although the first of
these in situ reports raises the interesting possibility
that there is accumulation of Trk receptor mRNAs whose
translation is repressed within neural crest cells and
Sensory precursors, it is also possible that major tran-
scription of these genesis initiated at the onset of neuro-
genesis. In zebrafish, TrkC mRNA expression does not
appear to precede neurogenesis (Martin et al., 1998). In
the chick, in contrast, stronger evidence for the pres-
ence of TrkC within a subset of migrating neural crest
cells with neurogenic potential has been obtained using
in situ techniques at cellular resolution (Henion et al.,
1995). TrkC protein has been observed within a small
subset of these cells using a polyclonal antibody (Lefcort
et al., 1996).

The data also argue that reported effects in vivo of
NT-3 deficiency on murine sensory neuron precursors
are likely to be indirect, as these cells do not express
Trk receptors (e.g., Farifas et al., 1996). While NT-3
might conceivably act through p75NTR, in analyses of
proliferation rate and survival of sensory precursors in
vivo, we failed to detect any effects of NT-3 deficiency
on these cells in vivo (Farifas et al., 1996). Premature
differentiation of precursors into neurons, though, did
result in depletion of the precursor pool by E12, sug-
gesting that many of the sensory neurons not present
at birth in the NT-3 mutant were not born during the
major period of neurogenesis between E12 and E13
because precursors were not present in normal num-
bers. Interestingly, premature differentiation of precur-
sor cells is also seen in the DRGs of NGF-deficient em-
bryos along with increased apoptosis of TrkA-positive
neurons (I. F., unpublished data). Thus, the inhibition of
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either of two distinct ligand-tyrosine kinase pathways,
both of which result in extensive apoptosis of largely or
completely distinct neuronal populations, causes pre-
mature precursor differentiation. Consequently, these
results suggest that large reductions in sensory neurons
of either type create an environment in which precursor
differentiation is enhanced, probably by removal of in-
hibitors of neurogenesis (e.g., Haddon et al., 1998). As
predicted by this model, despite the presence in the
NT-3 mutant of normal numbers of TrkA-expressing
DRG neurons at E11, the deficiency in precursor cell num-
bers results in fewer TrkA-expressing neurons within
DRGs atE13 and E15 (I. F., unpublished data). It is worth
noting that NT-3 has been shown to induce survival,
differentiation, and/or proliferation of cultured neural
crest cells in vitro. While the majority of these studies
have used cultured avian neural crest cells (e.g., Sieber-
Blum, 1991; Kalcheim et al., 1992; Henion et al., 1995),
a few have examined cells derived from rodent embryos
(e.g., Memberg and Hall, 1995; EIShamy and Ernfors,
1996). Extrapolating from in vitro data, direct effects
of NT-3 on precursor populations in vivo have been
proposed to explain effects on precursor populations
observed after inhibition of NT-3 action in murine or
avian embryos (e.g., Gaese et al., 1994; EIShamy and
Ernfors, 1996). Our data, however, provide independent
lines of evidence arguing that effects in vivo are instead
indirect, at leastin murine embryos. We suggest that the
in vivo and in vitro studies are not directly comparable,
because the loss of cell-cell interactions or another as-
pect of cell culture results in expression of the TrkC
protein and NT-3 responsiveness in these cells in vitro.

Trk protein expression does not appear to precede
neurogenesis, because no expression of any receptor
was seen in proliferating cells as identified with BrdU
incorporation. At the same time, the initial steps in sen-
sory neurogenesis appear to include induction of Trk
receptor expression, as Trk receptor-expressing cells
were observed at essentially the same time as neurofila-
ment-expressing cells in these ganglia. Our observa-
tions indicate that neurons are generated expressing
each of the Trk receptors at early stages in neurogenesis
within DRGs. As development precedes, the biasin neu-
rogenesis shifts from generation of predominantly TrkC-
or TrkB-expressing neurons at early stages to genera-
tion of predominantly TrkA-expressing cells between
E12 and E13. In addition, examination of the percent-
ages in Figure 2B suggests that a sizable fraction of the
neurons present at E11 coexpress more than one Trk
receptor, but very few do so 2 days later. Thus, neuronal
phenotype appears to be further refined with time after
neurogenesis. In the future, it will clearly be interesting
to characterize the intrinsic and extrinsic factors that
regulate the generation and further development of
these different sets of neurons (e.g., Alexiades and
Cepko, 1997).

The striking discrepancy between the ~20% loss of
DRG neurons in neonatal TrkC-deficient mice and 60%
loss in NT-3-deficient mice has suggested that NT-3
deficiency affects populations of neurons that do not
require signaling through TrkC for survival (Farifias et
al., 1994). Results in the present paper show that NT-3
has the physiologically essential role of activating TrkB

in addition to TrkC within cells during sensory ganglia
neurogenesis, providing a plausible explanation for this
discrepancy. At E11 in either thoracic or lumbar DRGs,
NT-3 deficiency resulted in loss of virtually all TrkC neu-
rons with normal morphologies. The reduced numbers
of profiles remaining appeared to be associated with
degenerating or apoptotic cells. It thus seems likely that,
as neurons expressing TrkC are generated, they become
almost immediately dependent upon this neurotrophin
and undergo apoptosis in its absence. Our work is con-
sistent with previous reports of the very early loss of
TrkC-expressing cells from the sensory ganglia of this
mutant (e.g., Tessarollo et al., 1994). In previous work,
we have documented the extensive expression of NT-3
within mesenchymal cells adjacent to these ganglia be-
tween E10 and E12, so the mesenchyme appears capa-
ble of providing trophic support to these neurons before
their axons have reached their final targets (Farifias et
al., 1996). At E11, NT-3 deficiency also resulted in severe
depletion of TrkB-expressing neurons and appearance
of numerous degenerating profiles of cells expressing
this receptor. Notably, there was no deficiency in these
TrkB-expressing cells in TrkC-deficient embryos, indi-
cating that NT-3 is not supporting these cells via activa-
tion of TrkC coexpressed within the same neurons. Con-
sequently, the results indicate that TrkB-expressing
neurons also become dependent upon local sources
of NT-3 almost immediately after neurogenesis, which
sustains them until their axons innervate targets that
express other neurotrophins capable of activating this
receptor, such as BDNF and NT-4/5. Expression of
BDNF mRNA has been detected in dermal mesenchyme
of targets of sensory neurons but not within mesen-
chyme immediately adjacent to DRGs at E11.5 in rat
and murine embryos (Schecterson and Bothwell, 1992;
A. P., unpublished data). Taken together, previous in
situ analyses and our data indicate that BDNF and NT-
4/5 are not accessible to DRG sensory neurons immedi-
ately after neurogenesis.

While NT-3is clearly required to support a significant
fraction of the TrkB-expressing population of sensory
neurons, many TrkB-expressing neurons remained and
many of these had normal morphologies in the NT-3
mutant. As our data strongly argues that other ligands
able to activate this receptor are not available to these
neurons immediately after neurogenesis, we think these
cells very likely survive because they coexpress TrkA.
Since both sera were prepared in rabbits, it was techni-
cally difficult to examine coexpression of TrkA and TrkB,
and we have not performed these studies. The percent-
ages in Figure 2B, though, suggest that significant num-
bers of cells coexpress more than one Trk receptor at
E11. TrkA and TrkB have been definitively shown to be
coexpressed in DRG neurons of adult rats (McMahon
et al., 1994). In analyses of mutant mice, double trkB/
trkA homozygous mutants have been reported to have
essentially the same number of neurons as trkA homo-
zygotes (Minichiello et al., 1995), consistent with the
possibility that a significant fraction of TrkB-expressing
neurons are supported by NGF at the times of our exami-
nations.

At E11, although significant numbers of TrkA-express-
ing cells have been generated, evidence in the present
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paper indicates that they are not affected by the absence
of NT-3. Elevated levels of apoptosis of TrkA-expressing
neurons were not observed within NT-3 mutants, and
the neurons present had normal morphological profiles.
While not addressed in this paper, it seems most likely
that these neurons also acquire neurotrophin depen-
dence immediately after neurogenesis, but are sus-
tained in the NT-3 mutant by another neurotrophin, al-
most certainly NGF. NGF mRNA has been detected at
E11.5 with strongest expression in epidermal cells in
murine and ratembryos (e.g., Davies etal., 1987; Schec-
terson and Bothwell, 1992). In other results (I. F., unpub-
lished data), we have observed losses of TrkA-express-
ing cells in an NGF mutant at this stage, which is
consistent with this model and also suggests that the
ability of NT-3 to compensate for NGF absence within
these ganglia is limited at this stage in development.
High levels of NT-3 have been shown to be capable of
activating TrkA in cultured PC12 cells or sympathetic
neurons in vitro (e.g., Clary et al., 1994; Bamiji et al.,
1998). Both NT-3 and NGF have been shown to collabo-
rate in promoting survival of normal numbers of sympa-
thetic neurons in vivo, but NT-3 clearly cannot sustain
these neurons in the absence of NGF (Davies et al.,
1987). In the case of sympathetic neurons, evidence has
implicated the low affinity receptor p75 as a negative
regulator of NT-3 activation of survival signals through
TrkA (Bamiji et al., 1998). It will be interesting to deter-
mine why NT-3 is not more effective in supporting the
TrkA-expressing population of sensory neurons in vivo.

In summary, the present study has provided direct in
vivo evidence that interactions of NT-3 with TrkB are
important for the regulation of neuronal survival in DRG
sensory populations and explains the large discrepancy
between the neuronal losses observed in the NT-3 and
trkC mutants. Elegant in vitro experiments have shown
that neurons isolated from cranial ganglia of TrkC-defi-
cient embryos indeed respond to high doses of NT-3
at certain stages of development (Davies et al., 1995).
However, it is difficult to know whether such high con-
centrations of neurotrophin are attained in vivo. Here,
we show that interactions of NT-3 with TrkB, at least,
do occur in a physiological context. Furthermore, the
finding that Trk proteins are not expressed in precursors
and neural crest cells raises further questions on regula-
tion of Trk expression, as well as mechanisms of indirect
effects of neurons on precursor population differen-
tiation.

Experimental Procedures

Preparation of Antibodies

The rabbit and goat polyclonal antibodies specific for TrkA, TrkB,
TrkC, and p75NTR (low affinity neurotrophin receptor) used in this
study have been previously characterized (Weskamp and Reichardt,
1991; Clary et al., 1994; Wilkinson, 1997). In brief, the TrkA and
p75NTR antisera were prepared with the entire extracellular domains
of rat TrkAand rat p75NTR expressed in Sf9 cells using a baculovirus
expression vector. After purification of each antigen to homogeneity
from the conditioned media of these cells, each antigen was used
to immunize rabbits. The purified sera have been shown to be spe-
cific for their respective antigens and to inhibit strongly interactions
of NGF with the receptor used as an immunogen (Weskamp and
Reichardt, 1991; Clary et al., 1994). The TrkB and TrkC antisera were
prepared with the entire extracellular domains of rat TrkB and rat

TrkC expressed in COS cells. After purification of each antigen from
the conditioned media of these cells, anti-TrkB was prepared by
immunizing rabbits and anti-TrkC by immunizing a goat. Toimprove
specificity, it was necessary to affinity purify the antibodies in each
serum using affinity columns in which each antigen was coupled to
Sepharose. The affinity purified Ig preparations were shown to be
specific for their respective antigens as assessed using antigen
blots, immunoprecipitations, and immunocytochemistry (Wilkinson,
1997). It has not been determined whether they inhibit neurotrophin
interactions with these receptors.

Animal Husbandry and Histological Procedures

Procedures for the generation, genotyping, and processing of the
embryos used in this analysis have been described elsewhere (Fari-
Aas et al., 1994, 1996).

Immunocytochemistry

For single labelings, primary antibodies were used at the following
concentrations in blocking solution (10 mM Tris HCI [pH 7.5], 150
mM NacCl, containing 0.4% Triton X-100, 3% bovine serum albumin,
and 10% normal serum from the host species of the secondary
antibody to be used): rabbit anti-TrkA 1gG (5 pg/ml; Clary et al.,
1994), affinity-purified rabbit anti-TrkB (5 pg/ml; Wilkinson, 1997),
affinity-purified goat anti-TrkC (5 pg/ml; Wilkinson, 1997), and rabbit
anti-p75NTR 1gG (5 pg/ml; Weskamp and Reichardt, 1991). Biotinyl-
ated goat anti-rabbit IgG or biotinylated rabbit anti-goat IgG and the
ABC complex from the Vectastain-peroxidase detection kit (Vector
Laboratories, Burlingame, CA) were used following the manufactur-
er’s instructions. Methods for BrdU injection and labeling and for
TUNEL staining have been described previously (Farinas et al.,
1996). For double-labeling experiments, TrkC immunoreactivity was
detected with Cy3-coupled donkey anti-goat antibody, and TrkA
and TrkB immunoreactivity was detected using Cy3-coupled donkey
anti-rabbit 1gG or FITC-coupled donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) at 1:200.
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