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Determinations of dorsal root ganglion (DRG) neuron loss in
nerve growth factor (NGF) and neurotrophin-3 (NT-3) null mu-
tant mice have supported the concept that neurons can switch
neurotrophin dependence by revealing that many neurons must
require both of these factors acting either sequentially or simul-
taneously during development. The situation is complex, how-
ever, in that NT-3(—/—) mutant mice show far greater neuron
loss than mice deficient in the NT-3 receptor TrkC, suggesting
that NT-3 may support many DRG neurons via actions on the
NGF receptor TrkA. To assess the possibility of ligand-receptor
cross-talk as a developmental mechanism, we have compared
the onset of survival dependence of lumbar DRG neurons on
NT-3, TrkC, NGF, and TrkA signaling in mice deficient in these
molecules as a result of gene targeting. At embryonic day 11.5
(E11.5), virtually all lumbar DRG cells express TrkC mRNA and
many require NT-3 and TrkC signaling for survival. In contrast,

although many lumbar DRG cells also express TrkA at E11.5,
there is little survival dependence on TrkA signaling. By E13.5,
most lumbar DRG cells have downregulated TrkC mRNA. The
onset of survival dependence on NGF and TrkA-signaling is
concurrent and of equal magnitude at E13.5, demonstrating
that NT-3 alone does not support DRG neurons via TrkA, nor
can NT-3 compensate for the loss of NGF. We conclude that
many murine DRG cells require NT-3 for survival before exhib-
iting NGF dependence and that NT-3 activation of TrkA is
unimportant to these early NT-3 survival-promoting actions. We
suggest that the discrepancy in cell loss between NT-3(—/-)
and trkC(—/—) mutants is attributable to the ability of NT-3 to
support DRG neurons via TrkA in the artificial situation where
TrkC is absent.
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Mice with targeted mutations in neurotrophin and the Trk family
of receptor tyrosine kinase genes have established that many
classes of peripheral neurons require a target-derived neurotro-
phin for survival at some stage of development (for reviews, see
Snider, 1994; Klein, 1994; also see Ernfors et al., 1995, and
references therein). These results substantiate ideas about target
dependence of peripheral neurons during critical developmental
periods based on nearly three decades of work with the prototyp-
ical neurotrophin nerve growth factor (NGF). Although the de-
pendence of peripheral neurons on target-derived neurotrophins
is now established, recent work in vitro suggests that neurons and
even neuronal precursors may require neurotrophins for survival
before the acquisition of growth factors from target fields. For
example, dissociated murine trigeminal sensory neurons require
brain-derived neurotrophic factor (BDNF) or neurotrophin-3
(NT-3) as early as E11 and then switch to NGF dependence by
E13 (Buchman and Davies, 1993). Furthermore, sympathetic neu-
roblasts express TrkC and are supported by NT-3 in vitro at early
developmental stages, whereas sympathetic ganglion neurons ex-
press TrkA and require NGF later in development (Birren et al.,
1993; DiCicco-Bloom et al., 1993). An idea that has emerged from
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these studies is that peripheral neurons or their precursors de-
pend on locally synthesized factors before the arrival of axons in
target fields and then switch to dependence on a target-derived
factor (Bujo-Bello et al., 1994; Davies, 1994). All of these studies
would predict that the onset of dependence of dorsal root gan-
glion (DRG) sensory neurons on NGF/TrkA signaling would
occur after axons have arrived in developing skin and that neurons
would be dependent on another neurotrophin before that time.

Support for this idea has been generated by examination of
DRG neuron survival in the settings of neurotrophin and neuro-
trophin receptor deficiency in mouse and chick. Most murine
DRG neurons require NGF/TrkA signaling at some stage of
development, as demonstrated by the loss of 70—80% of lumbar
DRG neurons in animals with mutations in these genes (Crowley
et al., 1994; Smeyne et al., 1994; Silos-Santiago et al., 1995). In
addition, NT-3(—/—) mice show loss of 50-70% of lumbar DRG
neurons, demonstrating that some NGF-dependent neurons also
require NT-3 for survival at some stage of development (Ernfors
et al., 1994; Farifias et al., 1994). Indeed, Gaese and colleagues
(1994) demonstrated in chick that NT-3 dependence occurs ear-
lier than NGF dependence and that some DRG neurons seem to
require both factors.

Although it now seems clear that NT-3 is important for the
survival of some NGF-dependent DRG neurons, a number of
issues related to this NT-3 dependence remain unresolved. First,
NT-3 has pleiotrophic effects in early development with demon-
strable influences on proliferation, migration, survival, and even
differentiation of neuronal precursors (Kalcheim et al., 1992;
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Birren et al., 1993; DiCicco-Bloom et al., 1993; Pinco et al., 1993;
Verdi and Anderson, 1994; Ockel et al., 1996). Whether the
effects of NT-3 deficiency on NGF-dependent DRG neurons are
attributable to effects on neuron or precursor survival as opposed
to some other mechanism is unknown. Second, the DRG popu-
lation is heterogeneous, containing TrkC-expressing propriocep-
tive neurons and TrkA-expressing nociceptors even at early de-
velopmental stages (Ernfors et al, 1993; Mu et al, 1993;
Tessarollo et al., 1993). Whether these different populations re-
quire NT-3 at the same or different developmental stages is
unclear. Finally, the situation is complex in that N7-3(—/—) mu-
tants show far greater neuron loss than #kC(—/—) null mutants.
This latter finding has suggested that NT-3 supports many DRG
neurons via actions on the NGF receptor TrkA rather than the
preferred NT-3 receptor TrkC (Davies, 1994; Farinas et al., 1994;
Klein et al., 1994).

To settle these unresolved issues about the early dependence of
sensory neurons on neurotrophins in vivo, we have compared the
onset of survival dependence of lumbar DRG neurons on NT-3,
TrkC, NGF, and TrkA signaling and determined expression pat-
terns of ligands and receptors in relation to the initial target
encounter of sensory axons.

MATERIALS AND METHODS

Animals. The generation of the NGF and Trk null mutant mice used in
this study has been described (NGF, Crowley et al., 1994; rkA, Smeyne
et al.,, 1994; #kC, Klein et al., 1994). NT-3(—/—) mice (Ernfors et al.,
1994) were obtained from Jackson Laboratory (Bar Harbor, ME). Wild-
type (WT), and (—/—) mutants were obtained from the overnight matings
[day of vaginal plug = embryonic day 0.5 (E0.5)]. Pregnant females were
killed by halothane overdose to harvest embryos on E11.5, E13.5, or
E15.5. Staging of embryos was verified by crown-rump length and degree
of limb development. The genotyping of mice was performed by poly-
merase chain replication using primers published in the studies cited
above. Embryos were frozen immediately on dry ice and stored at —80°C
until use.

Outbred CF-1 (Charles River Labs, Wilmington, MA) mouse embryos
were used to supplement the in situ hybridization and immunocytochem-
istry analyses because of the greater availability of these animals. In
preliminary comparisons of size and maturity at various embryonic stages
and time course of (1) TrkA and TrkC receptor expression in DRGs, (2)
neurotrophin expression in limb bud, (3) axon projections to spinal cord
and periphery, and (4) time course of naturally occurring cell death, no
gross differences were noted between #rkA (+/+) mice and outbred
CF-1s.

In situ hybridization. RNA probes complementary to neurotrophin and
neurotrophin receptor mRNAs were synthesized from full length cDNAs
or cDNA fragments. The following probes were used: (1) SD18-TrkA
(rat), 345 bp, extracellular domain; (2) SD36-TrkC (rat), 577bp, extra-
cellular domain; (3) SD39-NGF (rat), 771bp, pre-pro-NGF; (4) SD79-
NGF (mouse), 807bp, NGF short transcript; and (5) SD70-NT-3 (mouse),
783bp, full length. To synthesize antisense and sense riboprobes, plasmids
were linearized with the appropriate restriction endonucleases and tran-
scribed in vitro in the presence of 90 mCi [**P]JUTP (Amersham, Arling-
ton Heights, IL).

Previously frozen and embedded embryos were sectioned transversely
at 20 wm through the hindlimb region, mounted on SuperFrost/Plus
slides (Fisher Scientific, Orangeburg, NY), and allowed to air-dry. On the
day of hybridization, slides were equilibrated to room temperature (RT),
fixed for 10 min in 4% paraformaldehyde in 0.1 M isotonic PBS, pH 7.4,
and then rinsed twice in PBS (5 min each). In situ hybridizations were
performed according to a previously published protocol (Wright and
Snider, 1995). Slides were then dipped in Kodak NTB-2 liquid emulsion
and stored in desiccated light-tight boxes at 4°C for 10-15 d. Slides were
developed in Kodak D-19 and fixed in Kodak Fixer, rinsed in distilled
water, and counterstained with hemotoxylin and eosin.

Control experiments were performed to assess the specificity of the
riboprobes. Sections were incubated with individual sense-strand **P-
labeled riboprobes or were pretreated with RNaseA (Boehringer Mann-
heim, Mannheim, Germany) (20 pg/ml for 30 min at 37°C), followed by
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hybridization with individual antisense riboprobes. In each case, control
hybridizations resulted in loss of the specific hybridization patterns noted
with the complementary RNA probes.

Immunohistochemistry. WT embryos were immersion-fixed in 3% para-
formaldehyde/15% picric acid in 0.1 M phosphate buffer, pH 7.4, for 2 hr.
They were then placed in 30% sucrose overnight and frozen in OCT
embedding medium on dry ice. Embedded embryos were sectioned
transversely at 20 um through the hindlimb region, mounted on Fisher
SuperFrost/Plus slides, and allowed to air-dry. Fixed and mounted cryo-
sections were encircled with a Teflon coating using a Pap pen (Kyota
International, Elk Grove Village, IL) and incubated for 1 hr in a blocking
solution consisting of Superblock buffer (Pierce Chemical, Rockford, IL),
0.3% Triton X-100, 0.3% Tween 20 (Electron Microscopy Sciences, Fort
Washington, PA), 1.0% porcine gelatin (Sigma, St. Louis, MO), and 1.5%
normal serum. This solution was diluted 1:1 with Superblock buffer/1.5%
normal serum and used for the dilution of primary and secondary anti-
bodies. Rtk-Ex, a polyclonal antibody generated against the extracellular
domain of TrkA (Clary et al., 1995), was generously provided by Dr.
Louis F. Reichardt (University of California San Francisco) and used at
a dilution of 1:8000. Sections were incubated in the primary antibody
overnight (12-16 hr). Slides were then washed three times (5 min each)
with PBS and visualized with the indirect HRP-DAB reaction using a
Vectastain Elite kit (Vector, Burlingame, CA) as per instructions. Slides
were dehydrated in a graded series of alcohols and coverslipped in xylene
with DPX mountant medium.

Camera lucida drawings of the complete innervation patterns were
made during the stages of initial limb innervation in adequately labeled
preparations (E11.5, n = 2; E13.5, n = 3; E15.5, n = 2). Tracings from
serial 40 um sections were superimposed. In some preparations, TrkA
immunohistochemistry was compared with Dil (Molecular Probes, Eu-
gene, OR) staining of DRG axons to assess the adequacy of TrkA
staining. Dil was applied and visualized as described previously (Wright
et al.,, 1995).

In situ apoptosis detection. Unfixed tissue cryosections were fixed in
10% neutral buffered formalin for 10 min at RT followed by three washes
in PBS (5 min for each wash), according to the manufacturer’s instruc-
tions (Oncor, Gaithersburg, MD). Sections were postfixed in ethanol-
acetic acid (2:1) for 5 min at —20°C and washed with PBS (3 X 5 min
each) at RT. A preincubation buffer was applied to tissue sections for 10
min. Sections were then incubated with working strength terminal trans-
ferase at 37°C in a humidified chamber for 1 hr. After primary incubation,
tissue sections were incubated with intermittent agitation in a stop-wash
buffer at 37°C for 30 min, followed by 3 PBS washes for 5 min each. Fifty
microliters of antidigoxigenin—peroxidase were applied to slides, covered
with parafilm, and incubated in a humidified chamber at RT for 2 hr.
Parafilm was removed, and sections were washed in PBS (3 X 5 min).
Slides were then washed 3 times (5 min each) with PBS and visualized
with the indirect HRP-DAB reaction. The numbers of animals of each
genotype studied at each age were as follows: E11.5: trkA(—/—) (2),
NT-3(—=/-) (2), kC(—/—) (2), WT (5); E13.5: trkA(—/-) (5),
NGF(—=/-) (4), NT-3(-=/-) (2), wkC(—/—) (5), WT (8); E15.5:
trkA(—/=) (3), NGF(—/=) (3), WT (4). WT includes +/+ mice from all
of the neurotrophin and Trk null mutant lines.

Data analysis. Whether a neuron exhibited apoptotic figures (high
concentration of DAB-labeled 3'-OH ends of fragmented DNA) was
evaluated by examination of tissue sections using a 50X water-immersion
lens. Determination of percentages of apoptosis-positive neurons in lum-
bar DRGs was performed by counting all apoptotic DRG cells present in
at least 10 sections per animal and then estimating the number of cells
present in each section by multiplying a reticule count by an area
measurement of the individual section. Additionally, counts were made of
apoptotic-positive cells in at least 20 lumbar DRG sections per animal,
and the mean number of apoptotic figures per section was determined.
Mean numbers of apoptotic profiles in all groups of WT mice were similar
at each age, and results were therefore combined for statistical analysis.
The statistical significance of differences between the average number of
apoptotic figures per section in WT and null mutant mice of a given
embryonic age was accomplished by means of Student’s ¢ tests. The
accepted level of significance in all tests was p < 0.01. Analysis was
restricted to lumbar ganglia to correlate findings with expression of
neurotrophins in the hindlimb. Although it was difficult to identify par-
ticular segmental ganglia at E11.5 and E13.5, we did compare more
rostral sections with more caudal sections and found no noticeable
differences in the extent of apoptosis at the particular developmental
stages studied.
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Determination of cross-sectional areas and cell number. Whole embry-
onic trkA(+/+) and trkA(—/—) mice at E15 were fixed by immersion in
4% paraformaldehyde in 0.1 M phosphate buffer. Thorax/hindlimb tissue
blocks were dehydrated in ethanol, embedded in paraffin, serially sec-
tioned at 10 wm, deparaffinized, rehydrated, and stained with hemotoxy-
lin and eosin. Areas of lumbar DRG sections were generated from
camera lucida drawings of paraffin-embedded ganglia profiles stained
with hemotoxylin and eosin. An equal number of ganglia profiles (every
sixth section) were taken from each animal (n = 4 of each genotype).
Cross-sectional areas were determined with the aid of an image analysis
system (Bioquant, R & M Biometrics, Nashville, TN). Cross-sectional
areas of cryostat sections were determined in a similar manner at E13.5
for trkA(+/+), trkA(—/—), NGF(+/+), and NGF(—/—) mice. Procedures
used for DRG cell counting have been described previously (Silos-
Santiago et al., 1994). Counts in control animals at E17.5 were slightly
lower than those reported in the postnatal (PN) period, presumably
because of the difficulties in recognizing nuclei at early developmental
stages.

RESULTS

Lumbar DRG neurons require TrkA and NGF signaling
at E13.5

Previously reported results in NGF(—/—) and trkA(—/—) mutant
mice have shown that massive DRG neuron loss has already
occurred by PNO (Crowley et al., 1994; Silos-Santiago et al., 1994;
Smeyne et al., 1994). To determine when during embryonic de-
velopment lumbar DRG neurons acquire dependence on TrkA
signaling for survival, we performed cell counts and ganglion
volume determinations in hindlimb sections of embryos on E17.5
and E15.5. To assess survival at earlier stages (E11.5, E13.5), we
sought evidence of apoptosis in lumbar DRGs of trkA(—/—) and
trkA(+/+) animals using terminal transferase labeling to detect
oligosomal DNA fragments.

The results of ganglion cell counts and cross-sectional area
determinations at E17.5 and E15.5 show that at E17.5, only 2163
+ 243 neurons were present in L4 and L5 ganglia from trkA(—/—)
mutant animals compared with 10261 * 916 neurons in controls
(a 78.9% loss). Because reliability of counting may be suspect at
early embryonic stages, we determined ganglion section cross-
sectional areas at E15.5. These measurements revealed a 75%
reduction, suggesting that cell loss was virtually complete even at
this early stage.

To determine the time of DRG neuron death in trkA(—/—)
mutants, we assessed ongoing apoptosis in both normal and null
mutant animals. Results are shown in Figures 1 and 2. Perhaps
surprisingly, apoptotic figures could be detected in normal lumbar
DRGs as early as E11.5, a time of active proliferation within the
ganglion (Lawson and Biscoe, 1979; S. Ozaki and F. White,
unpublished observations). A significant number of labeled fig-
ures were also detected at E13.5 and E15.5, suggesting that
naturally occurring cell death is ongoing throughout this period.

Determinations of the mean number of apoptotic figures per
section in #rkA(—/—) mutant animals as compared with controls
revealed a statistically significant increase in the mean number of
labeled cells at E11.5. This difference, however, accounts for a
relatively small number of apoptotic figures when compared with
the #rkC(—/—) and NT-3(—/—) mutant animals (see below). Thus,
most DRG neurons at E11.5 are TrkA-independent. In striking
contrast, there is massive apoptosis in lumbar DRGs of E13.5
trkA(—/—) animals. In these ganglia, a mean of 75 apoptotic cells
per section exhibit oligosomal DNA fragments. Apoptotic figures
represent 36% of profiles in the ganglion, indicating that most
DRG neurons require TrkA for survival at this age. By E15.5, in
agreement with volume determinations, death of TrkA neurons in
trkA(—/—) mice seems to be complete. A mean of only two
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apoptotic DRG cells per section in rkA(—/—) was seen in mutant
mice compared with 11 apoptotic cells per section in WT animals.

If NT-3 normally acts via TrkA to support DRG neurons at
these early developmental stages, then loss of NGF should not
affect survival of ganglion cells until later developmental stages.
To compare the onset of dependence on NGF signaling with the
dependence on TrkA signaling, we determined the mean number
of apoptotic figures per section in NGF(—/—) mutant mice at
E13.5 and E15.5. The onset of cell death in lumbar DRGs of
NGF(—/—) mutants was strikingly coincidental with that in
trkA(—/—) mutants. Thus, at E13.5, a mean of 79 cells per section
exhibited terminal transferase labeling, a figure comparable with
that of the trkA(—/—) mutants. Furthermore, reductions in mean
cross-sectional areas of ganglion sections were similar at E13.5 in
NGF and TrkA null mutants (58%, n = 5; 57%, n = 4; percentage
of WT, respectively), suggesting that the extent of cell death is
similar in the two mutants. Finally, at E15.5 the mean number of
apoptotic figures in NGF(—/—) animals was 12 per section. This
number did not significantly differ from that in WT animals,
indicating that almost all NGF-dependent neurons had died by
this age. This concurrent onset of NGF and TrkA survival depen-
dence strongly suggests that NT-3 cannot act via TrkA at these
early developmental stages to support survival in the absence
of NGF.

If current ideas about sensory neurons changing neurotrophin
dependence are correct, then there should be differences in the
onset of survival dependence between NT-3 and NGF. To com-
pare the onset of NGF/TrkA dependence with the onset of sur-
vival dependence on NT-3 and TrkC signaling, we determined the
mean number of apoptotic figures per section in NT-3(—/—) and
trkC(—/—) mutant mice at E11.5 and E13.5. In contrast to findings
in trkA(—/—) animals, a mean of 30 (21% of total cell profiles)
and 29 (31% of total cell profiles) apoptotic figures was observed
in lumbar DRG sections at E11.5 from NT-3 and #kC null
mutants, respectively. Thus, many lumbar DRG cells are depen-
dent on NT-3 and TrkC signaling at this early stage, which is
before the onset of TrkA dependence. At E13.5, in NT-3(—/—)
mutants, many DRG cells (mean = 54 cells/section) also exhibit
characteristics of apoptosis. This is significantly less than the
figure in NGF or TrkA null mutants but is clearly greater than the
number of apoptotic profiles in controls. One possible implication
is that a substantial percentage of DRG cells require both factors
at E13.5. We favor the interpretation, however, that NT-3 depen-
dent cells are late-born cells in the ganglion that have not yet
downregulated TrkC (see below).

Interestingly, at E13.5 a discrepancy appears between survival
dependence on NT-3 and survival dependence on TrkC. There
are significantly fewer apoptotic figures per section (mean = 33)
in #7kC null mutants than in N7-3 null mutants (mean = 54, p <
0.007). This difference at E13.5 presumably accounts for the fact
that DRG neuron loss is much greater in N7-3 null mutants than
in trkC null mutants. One plausible explanation is that many cells
in the DRG co-express TrkC and TrkA between E11.5 and E13.5
(see below). Thus NT-3 may act via TrkA in the artificial situation
in which TrkC is deficient because of gene targeting.

NT-3 mRNA is abundantly expressed adjacent to

DRGs and developing sensory axons at E11.5

To correlate the onset of dependence on NT-3 and NGF signaling
with the availability of neurotrophins, the time course and expres-
sion patterns of NGF and NT-3 mRNAs were compared at
various developmental stages in CF-1 and #kA(+/+) mice. Both
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NGF and NT-3 mRNAs were detectable as early as E10.5, al-
though NT-3 was much more abundant than NGF at this age (not
shown). The distributions of NGF and NT-3 mRNA in the hind-
limb bud at E11.5 are shown in Figure 3 (fop). NT-3 expression
(arrows) is diffuse in the dermamyotome adjacent to the DRG and
abundant in muscle precursors in the interior of the limb bud.
Note that NT-3 expression is particularly intense in the ventral
aspect of spinal cord adjacent to the DRG. NGF mRNA is also
detectable at E11.5, but is both less abundant and distributed
differently than NT-3 mRNA at this age. NGF mRNA expression
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Figure 1. Bright-field photomicrographs showing
apoptotic profiles in transverse sections of lumbar
ganglia at indicated ages. Note that there is sub-
stantial apoptosis in ganglia of N7-3 null mutants
but not rkA null mutants at E11.5. There is mas-
sive apoptosis at E13.5 in NGF and trkA null
mutants, but little in either null mutant by E15.5.
Scale bar, 100 um.

is restricted to surface ectoderm of the developing hindlimb
(arrows).

At E13.5 (Fig. 3, middle), NT-3 mRNA (arrows) is diffusely
expressed in all developing paraxial and hindlimb muscle precur-
sors. Additionally, NT-3 mRNA is abundant in the mesenchyme
contiguous with the epithelial layer. Signal is present but weaker
in the more superficial layers and overlaps with NGF mRNA in
this region. Intense expression in the ventral horn adjacent to the
DRG is still apparent at this age. In contrast to the pattern for
NT-3, there is little NGF expression in the interior of the limb
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Figure 2. Mean numbers of apoptotic figures per section at E11.5, E13.5,
and E15.5 in WT and null mutant mice. Asterisks denote significant
differences from WT mice.

bud. NGF mRNA expression is most intense over the developing
superficial epithelium (arrows). Interestingly, NGF mRNA was
not observable in the distal hindlimb at this age (see below).

By E15.5, NT-3 expression was downregulated (Fig. 3, bottom).
NT-3 transcripts (arrows) were still observed, however, in hind-
limb muscle precursors and in mesenchyme adjacent to develop-
ing epidermis. By PNI1, expression in muscle is downregulated
further and restricted to developing spindles (not shown; also see
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Copray and Brouwer, 1994). In contrast to the pattern for NT-3,
increased expression of NGF mRNA transcripts was apparent at
E15.5 compared with levels observed at E13.5. NGF transcripts
(arrows) were intensely expressed in the epithelium of the hind-
limb epidermis and subjacent mesenchyme. NGF mRNA expres-
sion was apparent in all but the most distal region of the limb bud
at this age.

To assess the possibility that NGF or NT-3 mRNA expression
may be upregulated by the loss of TrkA axons, in situ hybridiza-
tions were also performed in #kA(—/—) mutants. Although our
observations were not quantified, we did not notice obvious dif-
ferences in the pattern or amount of NGF or NT-3 mRNA
expression in these #rkA(—/—) mutant animals. These observa-
tions concur with earlier work by Rohrer and colleagues (1988)
showing that denervation of developing chick limb buds did not
upregulate levels of NGF protein.

TrkA axons from lumbar DRGs do not reach target
fields in distal hindlimb until E15

To correlate target field innervation with neurotrophin mRNA
expression, hindlimb innervation by axons of TrkA neurons was
studied immunohistochemically using a polyclonal antibody
against TrkA (Clary et al., 1995; Molliver and Snider, 1995). This
antibody seemed to label DRG axons fully, because growth cones
with numerous swellings and complex filopodia were visible (not
shown). To assess further the adequacy of TrkA staining for
visualizing axons, comparisons with Dil staining were undertaken.
Dil labeling revealed somewhat more extensive axon growth at
E11.5 and E13.5 (not shown) and may reflect the earlier out-
growth of non-TrkA-expressing axons. Nevertheless, in agreement
with data presented below, the most distal hindlimb epithelium
was devoid of axons even in Dil-stained material at E13.5.

At E11.5, TrkA-positive fibers are seen penetrating into the
central region of the proximal hindlimb, but not extending distally
(Fig. 3, top). In more proximal sections (not shown), TrkA axons
projecting into dorsal and lateral cutaneous epithelium of the
lower trunk were also observed. Centrally, TrkA-positive axons
had reached spinal cord but did not penetrate gray matter at this
age. Thus, TrkA axons are initially closer to sources of NT-3 than
NGEF at this age.

TrkA-positive axons first approach cutaneous target fields in
proximal hindlimb at E13.5 (Fig. 3, middle); however, note that
distal cutaneous targets in the developing hindlimb are clearly not
innervated by TrkA axons at this age. The central projections of
TrkA-positive fibers at this early embryonic stage are still limited
to the dorsal root entry zone and have not penetrated spinal gray
matter. Thus, DRG neurons in lower lumbar ganglia have not
reached their definitive peripheral or central target fields at E13.5,
an age in which massive apoptosis is occurring in lumbar ganglia
from trkA null mutant mice. Note, however, that in the periphery,
axons are clearly in proximity to sources of both NGF and NT-3.

By E15.5, the TrkA-positive fibers have reached the most distal
portion of the developing hindlimb (Fig. 3, bottom). These TrkA-
positive fibers arborize extensively in the cutaneous epithelium of
the distal hindlimb and are in proximity to areas of intense NGF
mRNA expression. Centrally, TrkA axons have also penetrated
gray matter at this age (not shown).

Downregulation of TrkC by TrkA neurons

The expression of TrkA was examined by in situ hybridization and
immunohistochemistry in lumbar DRGs of WT animals (Fig. 4).
TrkA expression increased steadily between E10.5 and E13.5.
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TrkA mRNA transcripts were detected in a few cells on E10.5, the
first day a distinct collection of ganglion cells is apparent (not
shown). On E11.5, TrkA mRNA was detected in many DRG cells.
Bright-field examination revealed that at least 50% of DRG cells
expressed TrkA transcripts (not shown). Many cells were also
strongly immunoreactive for TrkA protein at E11.5 and clearly
had the morphology of neurons (Fig. 4, bottom left). By E13.5,
most DRG cells expressed substantial amounts of TrkA mRNA
and protein. Although not quantitated, it seemed that both the
levels of mRNA and the percentage of DRG cells expressing
TrkA increased over the 48 hr time period between E11.5 and
E13.5. By E15, when percentages can be calculated confidently, it
is apparent that both TrkA mRNA and protein are expressed by
~80% of DRG neurons (Molliver and Snider, 1995).

Expression of the preferred NT-3 receptor TrkC was examined
by in situ hybridization in lumbar DRGs at these same ages in WT
animals. As reported previously in the developing DRG of chick
and rat, TrkC mRNA expression is seen at very early time points
(Ernfors et al., 1993; Tessarollo et al., 1993; Oakley et al., 1995).
At E11.5, almost all DRG cells intensely express TrkC mRNA
(Fig. 4, right). Thus, there must be substantial co-localization of
TrkC and TrkA at this age (also see Plouffe et al., 1995). It is
important to note that because our probe recognizes mRNA
coding, the extracellular domain of TrkC, we are unsure of the
ratio or signaling to truncated TrkC isoforms expressed by DRG
cells at E11.5.

In striking contrast to the situation with TrkA, most DRG cells
downregulate TrkC mRNA expression between E11.5 and E13.5.
Both dark-field and bright-field photomicrographs demonstrate
that TrkC is expressed by only a minority of DRG cells at E13.5.
This pattern of intense expression of TrkC mRNA by a minority
of DRG cells persists into adulthood (not shown). Thus, coinci-
dental with the change from NT-3 to NGF dependence, a sub-
stantial percentage of DRG neurons downregulate TrkC mRNA
expression.

Finally, to determine whether TrkA upregulation accounts for the
discrepancy in cell loss between NT-3 and TrkC null mutants, we
examined TrkA mRNA expression in DRGs from #kC(—/—) and
WT mice at E11.5 and E13.5. No noticeable differences were de-
tected in patterns or intensity of expression between #kC null mu-
tants and WT mice (not shown). Thus, absence of TrkC does not
lead to alterations of TrkA expression, at least at the mRNA level.

A model of early neurotrophin actions in DRG

Taking all of our findings into account, we propose the following
scenario (Fig. 5). Virtually all neuronal precursors and early postmi-
totic neurons express TrkC, and many require NT-3/TrkC signaling
for survival during the period of active neurogenesis in DRGs
(E10.5-E12.5). Consistent with this idea, NT-3 mRNA is abundant
in regions immediately adjacent to the developing ganglion and axon
projection pathways (also see Buchman and Davies, 1993; Davies,
1994). Although many DRG cells also express TrkA at E11.5, there
is little survival dependence on TrkA. By E13.5, axons of the most
mature TrkA neurons are projecting into the hindlimb and are in
proximity to regions of synthesis of NGF mRNA in developing skin.
The onset of TrkA and NGF dependence is synchronous and of
equal magnitude at this age, suggesting that the same population of
cells requires both molecules. Coincidental with the onset of NGF/
TrkA dependence, TrkC is downregulated by all DRG neurons
except proprioceptors, which continue to express TrkC throughout
development. Thus, our findings suggest early survival dependence of
neuronal precursors, early postmitotic neurons, and fully differenti-
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ated proprioceptors on locally synthesized NT-3 at E11.5, and a shift
to dependence on skin-derived NGF by postmitotic TrkA-expressing
neurons at E13.5. Furthermore, our findings provide no support for
the idea that NT-3 acts via TrkA under normal conditions. Finally, it
is important to point out that our results speak only to the onser of
neurotrophin and Trk survival dependence. TrkA- and TrkC-
expressing subpopulations continue to require their appropriate
target-derived neurotrophin throughout much of embryonic devel-
opment (Ruit et al., 1992; Oakley et al., 1995).

Of note is that the discrepancy between the amount of cell
death in DRGs between N7-3(—/—) and trkC(—/—) mutants is
apparent at E13.5. Our findings of extensive expression of both
TrkC and TrkA in the DRG at E11.5 suggest that many early
postmitotic neurons express both of these receptors (also see
Plouffe et al., 1995). Therefore it seems plausible that NT-3 acts
via TrkA in the artificial situation in which TrkC is absent. These
results underscore the need for careful interpretation of absence
of findings in null mutant mice because of the possibility of
nonphysiological compensation.

DISCUSSION

Dependence of precursors and early postmitotic
neurons on NT-3

The dependence of DRG cells on NT-3/TrkC signaling at E11.5
reported here corresponds nicely with the previously reported
results of Tessarollo and colleagues (1994) that much of the TrkC
population was depleted by E11.5 in N7-3(—/—) mice. These
findings are also fully consistent with previous in vitro demonstra-
tions of survival dependence of neuronal precursors on NT-3
(Birren et al., 1993; DiCicco-Bloom et al., 1993), even though
these studies relate to sympathetic rather than sensory neuro-
blasts. Thus, the onset of NT-3 and TrkC dependence is E11.5,
which is at the height of neurogenesis in mouse DRGs (roughly
E10.5-E12.5) (Lawson and Biscoe, 1979; S. Ozaki and F. White,
unpublished observations). Because ~30% of cell profiles exhibit
signs of apoptosis at E11.5 in NT-3(—/—) and rkC(—/—) animals,
it seems likely that some of the NT-3-dependent cells are actively
dividing. Interestingly, previous studies have shown that NT-3 also
affects proliferation of sympathetic precursors in vitro (Verdi and
Anderson, 1994; also see Ockel et al.,, 1996). Our findings of
massive apoptosis in DRGs at E11.5 in NT-3(—/—) and
trkC(—/—) mutants argue that the predominant requirement for
NT-3 in vivo is for ganglion cell survival. We cannot exclude the
possibility, however, that proliferation may be regulated by NT-3
before the onset of survival dependence at E11.5.

It is clear that NT-3 must also support postmitotic neurons at
these early stages for two reasons. First, the entire proprioceptive
population is lost before E13.5 in the absence of NT-3 (Kucera et
al., 1995). These are thought to be the earliest-born cells in the
DRG (Lawson and Biscoe, 1979) and thus must be postmitotic
during the height of NT-3/trkC dependence at E11.5. Second,
many DRG cells at E13.5 also require NT-3 for survival. These
are most likely early postmitotic cells that are in the process of
upregulating TrkA and downregulating TrkC. This interpretation
is consistent with the findings of Buchman and Davies, (1993),
who showed that murine trigeminal ganglion neurons at E10-E12
can be supported by NT-3. Over a 48 hr period between E11 and
E13, these neurons lose the ability to survive in the presence of
this factor and become dependent on NGF. Presumably this
population of postmitotic neurons requires NT-3 for survival
during this same period in vivo.

Our findings of extensive expression of NT-3 mRNA in regions
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immediately adjacent to the ganglion at E11.5 are consistent with
the survival requirement for NT-3/TrkC signaling at this age.
Previously, Northern blots had revealed that BDNF and NT-3
were expressed in peripheral tissues at an earlier age than NGF
(Buchman and Davies, 1993). Consistent also with important early
functions for NT-3 is that NT-3 expression has been documented
in chick and rat neural tube, differentiating motor neurons and
dermamyotome, and even within the DRG (Ernfors and Persson,
1991; Kalcheim et al., 1992; Pinco et al., 1993; Schecterson and
Bothwell, 1992; Elkabes et al., 1994; Brill et al., 1995). In accord
with this early NT-3 expression adjacent to sensory axons, we find
widespread expression of TrkC in DRGs at E11.5 (also see
Ernfors et al., 1993; Tessarollo et al., 1993; for data in chick, see
Williams and Ebendal, 1995; Kahane and Kalcheim, 1994). Be-
cause of extensive neurogenesis within the ganglion at this age,
almost certainly both precursors and early postmitotic cells are
included. A surprising feature of our findings, however, is that
TrkA mRNA and protein expression are also extensive at E11.5.
Thus, many cells must express both TrkA and TrkC at this age.
Consistent with this interpretation is the recent finding in chick
that TrkC is transiently expressed by cutaneous sensory axons at
early developmental stages (Plouffe et al., 1995).

The most striking feature of these patterns of receptor expres-
sion is the massive downregulation of TrkC mRNA between
E11.5 and E13.5. Downregulation of TrkC in sensory ganglia has
also been demonstrated previously in rat and chick (Ernfors et al.,
1993; Zhang et al., 1994; Williams and Ebendal, 1995). It is
obviously attractive to consider this downregulation, presumably
in a population of TrkA-expressing neurons, as being responsible
for the switch from NT-3/TrkC dependence at E11.5 to NGF/
TrkA dependence at E13.5.

Synchronous onset of NGF and TrkA

survival dependence

Results of sensory neuron loss in sympathetic and dorsal root
ganglia have differed greatly in N7-3(—/—) and trkC(—/—) mutant
mice. Although neuronal counting is fraught with uncertainty (see
Saper, 1996), it is clear that sensory and sympathetic cell loss is far
greater in N7-3(—/—) than in #rkC(—/—) mutants. For example,
DRG loss in trkC(—/—) mutants is reported to be 20% (Klein et
al., 1994; Minichiello et al., 1995; Silos-Santiago et al., 1995),
compared with up to 75% in NT-3(—/—) mutants (Ernfors et al.,
1994; Farinas et al., 1994). Furthermore, in contrast to NT-3(—/—)
mutants, no sympathetic ganglion cell loss occurs in #rkC(—/—)
mutants (Silos-Santiago et al., 1995). These discrepancies have
lead to the idea that NT-3 may signal via TrkA at early develop-
mental stages and support large percentages of TrkA-expressing
neurons via this mechanism (Farifas et al., 1994). Indeed, ample
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evidence supports the concept that NT-3 can act via TrkA in vitro
(Ip et al., 1993; Davies et al., 1995).

We show here that the onset of survival dependence on NGF
and TrkA is concurrent at E13.5, 48 hr after the onset of NT-3/
TrkC dependence. This concurrent onset of survival dependence
of NGF and TrkA provides no support for the idea that NT-3 acts
via TrkA during normal development. If NT-3 were supporting
neurons via TrkA at early stages, one would expect the loss in
trkA(—/—) mutants to occur earlier than in NGF(—/—) mutants. It
is important to note that some DRG cells are dependent on NT-3
at E13.5. Thus, it could be argued that both NT-3 and NGF act via
TrkA at this age. In this scenario, however, apoptosis in
trkA(—/—) mutants should be twice as extensive as apoptosis in
either NGF(—/—) or NT-3(—/—) mutants. In fact, the magnitude
of loss in trkA(—/—) mutants at E13.5 as judged by absolute
numbers of apoptotic cells and reduction in ganglion section
cross-sectional areas is almost identical to the loss in NGF(—/—)
mutants, both of which argue that NT-3 is not acting via TrkA.
The most likely explanation is that NT-3 supports a population of
early postmitotic cells that still express TrkC at E13.5.

It is perhaps surprising that NT-3 cannot support DRG neurons
via actions on TrkA at E13.5, because TrkA axons are in proximity
to sources of NT-3. Concentrations of NT-3 possibly are not
adequate, because activation of TrkA by NT-3 requires relatively
high concentrations of NT-3 compared with NGF (Birren et al.,
1993; Davies et al., 1993; Dechant et al., 1993; DiCicco-Bloom et
al., 1993; Davies et al., 1995). Also, expression of p75 is robust in
many DRG neurons by E13 (F. White, unpublished observations)
and may prevent activation of TrkA by NT-3 (Ip et al., 1993). A
potential explanation for the discrepancy between survival in
NT-3(—/—) and trkC(—/—) mutant animals at E13.5 is that NT-3
acts via TrkA in the highly abnormal situation where no TrkC
receptor is present. It seemed plausible that TrkA might be
upregulated in the setting of TrkC deficiency, but our preliminary
studies provide no support for this concept. Finally, it remains
possible that NT-3 signals via the preferred BDNF/NT-4 receptor
TrkB at early developmental stages, a possibility not addressed by
this study.

The extent of DRG neuron loss in NGF and NT-3 null mutant
mice reveals that as many as 40% of DRG neurons require the
actions of both NT-3 and NGF during development (Farifias et
al., 1994; Airaksinen et al., 1996; for studies in chick, see Gaese et
al., 1994). It is important to point out that NT-3 supports a
population of non-TrkA-expressing TrkC neurons that are pro-
prioceptors (Ernfors et al., 1994; Farifias et al., 1994; Klein et al.,
1994). Because these cells comprise only 18% of DRG neurons
(Klein et al., 1994), however, the majority of TrkA neurons (80%

Figure 3. Dark-field photomicrographs of the distributions of NGF and NT-3 mRNA expression in transverse sections through the lumbar spinal cord
and hindlimb of an E11.5, E13.5, and E15.5 mouse embryo. Right panels are camera lucida reconstructions of TrkA-immunoreactive axons at
corresponding time points. At E11.5, note that NGF mRNA expression (arrows) is limited to the developing epithelium. In contrast, NT-3 mRNA
transcripts (arrows) are distributed throughout the dermamyotome and muscle precursors of the developing hindlimb. Note intense expression of NT-3
mRNA in the ventral horn of the developing spinal cord (arrow) adjacent to the DRG. TrkA-IR-labeling demonstrates that TrkA-IR axons have
penetrated only the proximal region of the limb bud at this age. Note that TrkA axons would likely be exposed to high concentrations of NT-3 all along
their course at E11.5. Scale bars, 100 um. At E13.5, NGF mRNA (arrows) is limited to developing epithelium of the proximal hindlimb. NT-3 mRNA
(arrows) is still expressed in ventral horn and muscle precursors but is now also expressed in developing epithelium and gonads. TrkA-IR axons have
reached the surface epithelium of the proximal hindlimb at this age but do not project into distal hindlimb. Note that there is a rough correspondence
between the proximodistal extent of NGF expression and the proximodistal extent of TrkA axon extension. Thus at E13.5, TrkA axons would likely be
exposed to both NT-3 and NGF. Scale bar, 400 um. At E15.5, expression of NGF mRNA (arrows) is more intense than at earlier stages. Expression
remains superficial in the epithelial layer and superficial mesenchyme and has extended to all regions of the limb bud except the most distal tip. In contrast,
NT-3 transcripts (arrows) clearly have been downregulated, although the pattern of NT-3 expression remains the same as at earlier stages. Extensive
innervation of epithelium in the distal hindlimb by TrkA-IR axons is apparent by E15.5. Scale bar, 300 wm.
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IrkA  E115 E13.5 E115 E13.5

Figure 4. TrkA and TrkC expression in lumbar DRGS at E11.5 and E13.5. Left, TrkA (top), Low-power dark-field photomicrographs of transverse
sections through the hindlimb region at E11.5 and an E13.5 hybridized with antisense TrkA riboprobe. Dashed box shows DRG. Note that expression is
already apparent at E11.5 and increases by E13.5. Scale bar, 500 wm. Middle, Higher power of box shows that most DRG cells express TrkA at E11.5
and E13.5 and that mRNA levels increase between the two time points. SC, Spinal cord. Scale bar, 100 um. Bottom, Bright-field photomicrographs
(Nomarski) of TrkA immunoreactivity. Many DRG cells clearly express TrkA protein as early as E11.5. Scale bar, 100 um. 77kC (top), TrkC mRNA is
intensely expressed by DRG cells at E11.5. In striking contrast to the pattern for TrkA expression, TrkC mRNA is downregulated by most DRG cells
between E11.5 and E13.5. Middle, Higher magnification of boxed regions demonstrates downregulation of TrkC by many DRG cells. Bottom, 100X
bright-field photomicrographs show that >80% of DRG cells express TrkC at E11.5, whereas only a minority express TrkC at E13.5. Scale bar, 40 um.
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E13.5 E15.5

Trk NT-dependence Stage
@ TrkC NT-3 Precursor
@® T1kC NT-3 Post-mitotic
@ T1rkC/TrkA NT-3 Post-mitotic
@ TrkA NGF Post-mitotic

Figure 5. Schematics of lumbar DRG axon projections in relation to
neurotrophin expression (fop) and changes in neurotrophin receptor ex-
pression and neurotrophin dependence in lumbar DRGs (bottom) at
E11.5-E15.5. For the sake of clarity, hindlimbs in top and DRGs in bottom
are not drawn to scale.

of DRG neurons at early stages) are supported by NT-3 between
E11.5 and E13.5. The onset of NGF/TrkA dependence 48 hr after
the onset of NT-3/TrkC dependence establishes that NT-3 and
NGF act sequentially to regulate development of these TrkA-
expressing neurons. Interestingly, some TrkA neurons survive in
NT-3(—/—) mutants and thus may not require NT-3 signaling
(Ernfors et al., 1994; Farinas et al., 1994; Airaksinen et al., 1996).
One cannot exclude the possibility, however, that all TrkA neu-
rons normally may be supported by NT-3 during development, but
that compensation may occur via NGF/TtkA or BDNF/TrkB in
the NT-3(—/—) mutants.

DRG neuron death in relation to arborization of
sensory axons in target fields

Current thinking about dependence of neurons on locally synthe-
sized neurotrophins at early developmental stages would suggest
that neurons switch to dependence on target-derived factors after
arrival of axons in their definitive target fields (Davies, 1994).
Thus, the onset of dependence on NGF/TrkA signaling shown in
this study is a surprisingly early phenomenon. Indeed, lower
lumbar DRG neurons in NGF and TrkA null mutant mice die
massively at E13.5, 48 hr before the time that their axons arborize
in the superficial ectoderm of the distal hindlimb. Our results thus
demonstrate the puzzling phenomenon that neurons are depen-
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dent on signaling from a target-derived factor well before arrival
of axons in the definitive target field. These observations are
entirely in agreement with the results of Coggeshall and col-
leagues (1994) who found that naturally occurring cell death in
L4-L5 lumbar DRGs in the rat was ongoing several days before
arrival of axons in the distal hindlimb as revealed by GAP-43
staining. Recently reported results in vestibular ganglia in trkB-
deficient animals also suggest the death of many neurons before
the arrival of axons in the sensory epithelium of the inner ear
(Fritsch et al., 1995; Schimmang et al., 1995).

The most logical explanation for this early dependence of
sensory axons on skin-derived NGF is that axons are in proximity
to sources of diffusible NGF in the hindlimb well before they
reach their final fields of innervation. Indeed, Figure 3 demon-
strates that the proximodistal extent of NGF mRNA expression is
roughly correlated with the proximodistal extent of TrkA axon
projections into the limb bud between E13.5 and E15.5. Further-
more, growing TrkA axons are located superficially, apparently in
close proximity to cutaneous regions of NGF mRNA synthesis.
The most interesting question here is how these DRG neurons
switch from NT-3 to NGF dependence. In particular, what signals
initiate the downregulation of TrkC mRNA and upregulation of
TrkA mRNA by DRG neurons as axons arrive in proximity to
sources of NGF?

It is important to place these results in the context of current
ideas about the regulation of naturally occurring cell death by
competition for neuronal growth factors synthesized by target
tissues (Oppenheim, 1991). It is apparent that regulation of neu-
ronal survival at early developmental stages is considerably more
complex than has been appreciated previously. The work reported
here indicates that the survival of precursors and early postmitotic
neurons is regulated by growth factors well before any influences
from targets, and that naturally occurring death happens during
this early period. It should be emphasized, however, that naturally
occurring cell death continues well after initial arrival of axons in
target fields. We find substantial apoptosis at E15.5 in WT ani-
mals, a time when sensory axons are arborizing throughout the
cutaneous epithelium of the hindlimb in proximity to sources of
NGF (also see Coggeshall et al., 1994). Thus, our findings in no
way invalidate ideas about regulation of cell number related to
competition of axons for target-derived factors. Indeed, a decline
of neuronal number after this time would make an important
contribution to the final neuron count.
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