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Gene-targeting experiments of Trk receptors and neurotrophins
has confirmed the expectation that embryonic sensory and
sympathetic neurons require neurotrophin function for survival.
They have further revealed correlation between a specific neu-
rotrophin requirement and eventual sensory modality. We have
analyzed embryonic and neonatal mice with mutations in the
BDNF, neurotrophin 3 (NT-3), and TrkC genes. Our data confirm
an unexpectedly high proportion of sensory neuron losses in
NT-3 (>70%), BDNF (>20%), and TrkC (>30%) mutants, which
encompass populations thought to be NGF-dependent. Direct
comparison of TrkC and NT-3 mutants indicates that only a
subset of the NT-3-dependent neurons also requires TrkC. The

observed losses in our TrkC mutant, which is null for all proteins
encoded by the gene, are more severe than those previously
reported for the kinase-negative TrkC mutation, implicating
additional and important functions for the truncated receptors.
Our data further indicate that mature NGF-requiring neurons
undergo precocious and transitory requirements for NT-3
and/or BDNF. We suggest that neurotrophins may function in
creating early heterogeneity that would enable ganglia to com-
pensate for diverse modality requirements before the period of
naturally occurring death.
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Development of the vertebrate nervous system is characterized by
the generation of an excess number of neurons during embryo-
genesis. In the peripheral nervous system (PNS), the excess neu-
rons disappear through a process of naturally occurring cell death
after target innervation has been achieved. In the peripheral and
sympathetic nervous systems, the neurotrophins have long been
identified as major determinants of neuronal survival during this
process (Barde, 1994). The classical neurotrophic hypothesis pos-
tulates that after target innervation, limiting amounts of the
related target-derived soluble polypeptide growth factors NGF,
BDNF, neurotrophin 3 (NT-3), and NT-4/5 support a subset of
maturing neurons that successfully compete for the neurotro-
phins. In vivo application of NGF-blocking antibodies impedes
embryonic sensory or sympathetic development, and application
of excess exogenous neurotrophins prevents neuronal cell death
in avian and rodent embryos (Angeletti and Levi-Montalcini,
1972; Johnson et al., 1980; Hamburger and Yip, 1984; Levi-
Montalcini, 1987). In vitro, primary culture studies from rodent
and chick sensory neurons have added experimental support for
this model. Immature neurotrophin-independent sensory and
sympathetic neuroblasts can be maintained in culture and can be
observed to progress through a maturation process (Barde, 1994;
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Vogel et al.,, 1995). In addition, more recent experiments have
shown that overexpression of NT-3 during chick embryogenesis
can lead to disruption of normal ganglionic development (Ockel
et al., 1996), and interference with NT-3 function results in
reduction of sensory neurogenesis (Lefcort et al., 1996). As in the
embryo, the process begins with neurotrophin-independent neu-
roblasts—before innervation—and proceeds to acquisition of
nonspecific neurotrophin responsiveness. Fully mature neurons
are characterized by requirement for a specific neurotrophin. In
the PNS, the majority of mature neurons require NGF for
survival.

The interactions of the NGF family of neurotrophins with
neurons are mediated by the Trk receptor tyrosine kinase family
(Kaplan et al., 1991; Parada et al., 1992). Three Trk-encoding
genes have been identified in higher vertebrates, and their expres-
sion patterns and relative affinities to the neurotrophins concord
well with the known neurotrophin requirements of distinct neu-
ronal subpopulations (Parada et al., 1992; Barbacid, 1994). Gene
targeting in mice has provided important validation of the neu-
rotrophic hypothesis (Snider, 1994; Tessarollo et al., 1994; Snider
and Wright, 1996). Both TrkA and NGF mutant mice (Crowley et
al., 1994; Smeyne et al., 1994) exhibit sensory and sympathetic
deficits that are consistent with the prevailing models (Klein et
al., 1990; Tessarollo et al., 1993; Barde, 1994; Crowley et al., 1994;
Lamballe et al., 1994). Mice deficient for 7rkB and BDNF genes
display a loss of sensory neurons, and mice deficient for 7rkC or
NT-3 have loss of proprioceptive and subsets of mechanorecep-
tive sensory neurons (Snider, 1994; Tessarollo et al., 1994; Snider
and Wright, 1996). Analysis of double mutations has provided
additional novel information. For example, BDNF and NT-3
have complementary roles in the formation of acoustic and spiral
ganglion neurons, and BDNF and NT-4/5 support distinct sub-
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Figure 1. Generation of BDNF mutant mice. a, Schematic showing the
replacement vector and strategy used to inactivate the BDNF gene. The
filled bar indicates the BDNF coding region. Restriction enzyme sites are
as indicated: B, Bglll; E, EcoR1; S, Smal; X, Xbal. b, Southern blot analysis
of tail DNA from a litter obtained intercrossing two BDNF +/— mice.
BgllI restriction enzyme digestion and the 5" external probe indicated in
a were used to detect rearrangement in the mouse BDNF locus. The 14
kb wild-type (WT) and 15.6 kb rearranged (mt) DNA bands are indicated.

populations of nodose neurons, presumably via the same TrkB
receptor (Conover et al., 1995; Ernfors, 1995; Liu et al., 1995). In
the present study, we have used mice targeted at the BDNF,
NT-3, and TrkC genes to examine further the requirement for
neurotrophins in the developmental formation of the nervous
system.

MATERIALS AND METHODS

Targeting vector, electroporation, and selection. The replacement targeting
vector consisted of a 7.0 kb 129 SV (Stratagene, La Jolla, CA) mouse
genomic fragment containing the single-exon BDNF-coding sequence.
The neo gene with the phosphoglycerate kinase 1 promoter and the
bovine growth hormone polyadenylation sequence (pGKneobpA) was
introduced into a Sall site to disrupt the coding exon as a positive
selectable marker (Fig. 1a). A pGK-thymidine kinase cassette was used
as a negative selectable maker (Tessarollo et al., 1994). Electroporation
and selection were performed using the CJ7 embryonic stem (ES) cell
line as described elsewhere (Tessarollo et al., 1994). DNAs derived by
G418/FIAU-resistant ES clones were screened using a diagnostic Bg/11
restriction enzyme digestion using the 5 and 3’ probes external to the
targeting vector sequence indicated in Figure la. Recombinant clones
containing the predicted 15.6 kb rearranged band were obtained at a
frequency of 1 in 10.

Generation of mutant mice. Two independent targeted ES cell BDNF
recombinant clones injected into C57Bl/6 blastocysts generated chimeras
that transmitted the mutated BDNF allele to the progeny exhibiting
indistinguishable phenotypes. Breeding of two BDNF+/— mice gave
rise to homozygous mutant mice at a frequency of 25%. Subsequently,
the breeding of one BDNF+/— mouse and one NT-3+/— mouse re-
sulted in 25% of the offspring heterozygous for both BDNF and NT-3.
Two BDNF/NT-3 double heterozygous mice gave rise to BDNF/NT-3
double homozygous mutant mice. For embryonic staging, the day of plug

Liebl et al. « Early Sensory Neuron Loss in BDNF, NT-3, and TrkC Knock-Outs

appearance in the female was considered embryonic day 0.5 (E0.5).
Generation of TrkC mutant mice was performed as described above. The
recombination cassette was designed to ablate the first coding exon,
resulting in absence of protein expression, and is described elsewhere (L.
Tessarollo, P. Tsoulfas, M. J. Donovan, M. E. Palko, J. Blair-Flynn, B. L.
Hempstead, and L. F. Parada, unpublished data).

Histology and in situ hybridization. For histological analysis, neonatal
mice were anesthetized on ice and perfused with 4% paraformaldehyde
in 0.1 M borate buffer, pH 8.0. The spinal columns with attached dorsal
root ganglia (DRG) were excised and post-fixed in 4% paraformaldehyde
for 24 hr, whereas the heads were post-fixed in Bouin’s solution [71.4%
picric acid solution (1.2% w/v), 23.8% formalin, and 4.8% glacial acetic
acid] for 24 hr and then washed with 70% ethanol in saline for 2 d. The
tissues were dehydrated in ethanol, embedded in paraffin, serially sec-
tioned at 5 wm, and stained with hematoxylin and eosin. The number of
neurons was determined in blinded experiments, by counting DRG,
spinal cord ventral motor neurons (VMN), trigeminal ganglia (TG), and
facial motor neurons every eighth section (40 wm), whereas nodose/
petrosal ganglia, geniculate ganglia, vestibular ganglia, and spiral ganglia
were counted every sixth section (30 wm). DRG neurons were counted at
the fourth lumbar segment, and the VMN were counted between lumbar
segments 1 and 3. No correction was made for split nuclei in the direct
comparison of wild-type and mutant mice. Embryos were fixed whole in
Bouin’s solution, embedded in paraffin, and sectioned at 5 um thickness.
Counts were made every 20 um (four sections). Mean and SE were
evaluated between wild-type and mutant groups, and the significance was
determined by Mann—Whitney rank sum test.

In situ hybridization protocols were performed using TrkA-, TrkB-,
and TrkC-specific **S-UTP-labeled probes as described previously
(Martin-Zanca et al., 1990; Tessarollo and Parada, 1995). Tissue sections
were counted and photographed using an Olympus Optical (Tokyo,
Japan) BX50 microscope.

Immunocytochemistry and cell counting. Wild-type and NT-3 mutant
mice between embryonic days 13 and 13.25 were fixed with Bouin’s
solution, embedded in paraffin, and serially section at 5 um. The L4
DRG was stained every 20 wm with hematoxylin and eosin for quantifi-
cation of total cell numbers, whereas actually neurons were quantified
using adjacent sections (20 wm) with an antibody against peripherin
(Biogenesis, Sandown, NH). Tissues processed for immunocytochemis-
try were quenched with 10% methanol and 0.5% hydrogen peroxidase in
10 mm Tris-buffered saline (TBS, pH 7.4). Tissues were permealized with
0.1% Triton X-100 and blocked with 3% normal calf serum and 1%
normal goat serum. Rabbit polyclonal antibody to peripherin (1:300) was
incubated overnight at 4°C, followed by a biotinylated secondary antibody
and an avidin-biotin—peroxidase complex (Vector Laboratories, Burlin-
game, CA). Tissues were developed with 0.05% 3,3'-diaminobenzidine
tetrahydrochloride, 0.25% nickel chloride, and 0.0045% hydrogen perox-
idase in TBS, dehydrated, cleared, and mounted with a mixture of
distyrene, a plasticizer, and xylene. Mean and SE were evaluated be-
tween wild-type and mutant groups, and the significance was determined
by Student’s ¢ test.

Retrograde labeling. For Dil tracing, postnatal day 0.5 (P0.5) mutant
and wild-type mice were perfused with PBS and 4% paraformaldehyde
through the left ventricle. The skin was removed, and Dil crystals
(Molecular Probes, Eugene, OR) were inserted into the hindlimb and
axial muscles, followed by a 25-30 d incubation at 37°C. The spinal
columns were removed, embedded in 3.5% agar and 8% sucrose, and
sectioned transversely at 200 wm using a vibratome. Sections were visu-
alized for fluorescence with the rhodamine filter and viewed on an
Olympus BX50 microscope.

RESULTS

The phenotypes of newborn homozygous mutant mice in our
colony are in agreement with the reported defects for the BDNF
and NT-3 knock-outs (Ernfors et al., 1994a; Jones et al., 1994;
Tessarollo et al., 1994; Conover et al., 1995; ElShamy et al., 1996;
Farifas et al., 1996). Both the NT-3 and BDNF null mutations
confer severe neurological dysfunction on newborn pups, result-
ing in death within the first 2 weeks postpartum. We have ana-
lyzed neuron loss and Trk family receptor expression in sensory
ganglia and motor nuclei from these single and double mutant
mice. Table 1 outlines our data from neuronal counts of sensory
neurons in neural crest-derived (trigeminal and DRG) and
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Table 1. Sensory and motor neuron counts in wild-type and mutant mice

Neuron counts Wild-type BDNF —/—

Reduction (%)

BDNF/NT-3

NT-3 —/— Reduction (%) DKO Reduction (%)

Sensory neurons

Trigeminal 27,005 = 1109* 21,418 = 1112>  21*
Nodose/petrosal 6412 + 423¢ 3928 + 283> 39%*
Geniculate 1025 + 140° 512 = 23° 50%*
L4 dorsal root ganglion 4470 = 125¢ 2880 = 4107 36%%*

3470 = 206“ ND
4421 = 1325  ND

Vestibular ganglia
Spiral ganglia

Motor neurons
L1-L2 Spinal motor neu-
rons 968 = 68
Facial motor neurons 2628 = 220°
Trigeminal motor neurons 897 = 94¢

910 =+ 60° NS
2516 =277 NS
816 = 134° NS

8520 + 2042°  68**
3615 + 1260* 44

6932 + 573¢ 747"
2414 *+ 428° 627"

544 + 170° 47* 356 = 57¢ 65%**

957 = 161° 79%* 747 = 105¢ 83+
ND 0=*0° 100%*
ND 0=*0° 100%*

830 =+ 40° NS
2930 = 60° NS
879 = 80° NS

952 +151* NS
2742 + 3700 NS
862 = 1340 NS

Neuron numbers (mean * SEM) of sensory ganglia and motor nuclei were counted in P0.5 mouse heads and spinal cords of wild-type, BDNF—/—, NT-3—/—, and
BDNEF/NT-3 double knockout (DKO) mice. Reductions were present in all mutant sensory ganglia, whereas motor nuclei showed no significant (NS) difference.

Mann-Whitney rank sum test determined the significance levels. ND, Not determined.

“n =3

bp =2
‘n=4.

4y =5,

*p < 0.05.
**p < 0.01.
**p < 0.001.

placode-derived (nodose/petrosal and geniculate) ganglia com-
paring wild-type newborn pups with single or double mutant pups
for the BDNF and NT-3 genes (see Materials and Methods;
Fig. 1).

Sensory neuron losses in NT-3 and BDNF mutants

Sensory neurons arise from two precursor populations, neural crest
and epidermal placodes. Examination of neonate pups revealed
substantial sensory neuron losses in both BDNF and NT-3 mutants
(Ernfors et al., 1994a,b; Farifas et al., 1994, 1996; Jones et al., 1994;
Tessarollo et al., 1994; Pindn et al., 1996). In all cases, the mutant
mice show a requirement for either of the two neurotrophins
among a subpopulation of the ganglionic neurons, although the
relative composition differed for each ganglion. For example, in the
BDNF and NT-3 mutants, the trigeminal ganglion shows losses of
21 and 68% of its neurons, respectively, whereas in L4 DRG, losses
of 36 and 79% were observed (Table 1).

Neural crest-derived neurons

Our previous in situ analyses of NT-3 and BDNF receptors (TrkC
and TrkB, respectively) in DRG and trigeminal ganglia of wild-
type embryos indicated that a minority of neurons in these
ganglia could express these receptors during and after the period
of naturally occurring death in lumbar DRG (after E13.5; Tes-
sarollo et al., 1993; Valenzuela et al., 1993; Lamballe et al., 1994).
In addition, the majority of neurons in mature primary cultures
from trigeminal and DRG require exogenous NGF for survival.
In culture, only a small percentage of the plated neurons survive
in the presence of BDNF or NT-3. Neuronal counts from mutant
BDNF and NT-3 lumbar dorsal root and trigeminal ganglia
reveal substantially greater losses than would be predicted from
these in vitro neuron survival assays (Table 1) (Ernfors et al.,
1994a,b; Jones et al., 1994; Tessarollo et al., 1994; Minichiello et
al.,, 1995; ElShamy et al., 1996; White et al., 1996) (Tessarollo,
Tsoulfas, Donovan, Palko, Blair-Flynn, Hempstead, and Parada,
unpublished data).

NT-3/BDNF double mutant neonates were similar in size to
wild-type or single mutant littermates but died in the first post-
natal day. We examined P0.5 double mutant pups by neuronal
counts in several sensory ganglia (Table 1). The double mutants
exhibited losses in the TG (74%) and DRG (84%) that were only
slightly increased in comparison with the NT-3 deficient mice,
indicating that the majority of BDN F-dependent neurons (21 and
36% loss in the knock-outs) must be inclusive in the subpopula-
tion of the NT-3-dependent cells (Table 1). Thus, the in vivo
requirement of embryonic sensory neurons for BDNF and NT-3
exceeds the requirement documented by primary culture studies
in late-stage embryos and at birth.

To determine whether changes in receptor expression might
account for the unexpectedly high neuronal losses in the mutant
mice, we reexamined the proportion of ganglionic neurons that
express each of the Trk family receptor mRNAs in wild-type and
mutant littermates by in situ hybridization. Comparison of the
data summarized in Table 1 and in Figure 2 illustrates the
apparent paradox between the relatively low percentage of in vivo
neurons expressing TrkB or TrkC and in vivo neurotrophin de-
pendence on the cognate ligands BDNF and NT-3 (as deter-
mined by neuronal counts in the mutant mice). Compared with
wild-type mice, the trigeminal ganglia of BDNF mutant mice
have an ~20% neuron reduction, which represents about half of
the TrkB-expressing neurons. In the absence of BDNF and NT-3
[double knock-out (DKO)], most TrkB-expressing neurons are
lost, indicating an additional requirement by these TrkB-
expressing cells for NT-3. Indeed, a significant reduction in the
number of TrkB-expressing neurons was observed in NT-3 mu-
tant ganglia (Figs. 2, 3B,D). A small proportion of TrkB-
expressing neurons persists in the DKO (BDNF/NT-3—/-), sug-
gesting that these cells may express additional Trk family
receptors (Fig. 3). The nodose ganglion contains neurons that
require NT-4/5 specifically rather than BDNF (Conover et al.,
1995; Liu et al., 1995). However, double mutant mice lacking both
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Figure 2. TrkB (A4) and TrkC (B) expression in trigeminal C
gangila (TG) and dorsal root ganglia (DRG) of wild-type and
BDNF and/or NT-3 mutant neonates. g and r show repre-
sentative examples of positive and negative Trk-expressing
trigeminal and DRG neurons, respectively. In a—p arrows
indicate small groups of TrkB- or TrkC-expressing neurons

still present in mutant mice. In ¢ and r black arrowheads
indicate “positive” Trk-expressing neurons; white arrowheads
indicate negative Trk-expressing neurons.

BDNF and NT-4/5 retained a small but reproducible number of
TrkB-positive neurons (~3%; data not shown), suggesting that
this small neuronal population can rely on another neurotrophin
for survival (D. J. Liebl, L. Tessarollo, and L. F. Parada, unpub-
lished data).

We next examined the expression of TrkC mRNA in the
mutants. Substantial loss of TrkC-expressing neurons was ob-
served in NT-3 mutants and in double mutant mice (Fig. 2). In
DRG, we again noted a small subpopulation of TrkC-expressing
neurons in the mutant ganglia, whereas the trigeminal ganglia of
NT-3 and BDNF/NT-3—/— mutant mice have few if any TrkC-
expressing neurons (Fig. 2).

Figure 3 indicates the proportion of newborn trigeminal and
DRG neurons that express each of the Trk receptor mRNAs as a
percentage of wild-type neurons (Fig. 34,C) and as a percentage
of total neurons within the mutant ganglia (Fig. 3B,D). Approx-
imately 90% of wild-type trigeminal and DRG neurons express
TrkA. This pattern is consistent with the losses seen in TrkA and
NGF mutant mice (Crowley et al., 1994; Smeyne et al., 1994) as
well as with the NGF requirements of primary cultured neurons
(Hamburger and Yip, 1984; Barde, 1994; Vogel et al., 1995). In
wild-type trigeminal ganglion, ~28% of the neurons express
TrkB, and 6-8% express TrkC, whereas in DRG, 8% express
TrkB, and 28% express TrkC. Again, these data are consistent
with primary culture neurotrophin requirements (Vogel et al.,
1995). However, comparison of these expression data with the
proportion of neurons lost in the mutant mice, 21% (BDNF) and
68% (NT-3) in trigeminal and 36 and 79%), respectively, in DRG,
highlights the discrepancy between receptor expression in mature
neurons and neurotrophin requirements during normal develop-
ment. Examination of TrkA receptor expression in the mutant
mice provided further insights (Fig. 3). Although the overall
neuronal numbers are reduced in the mutant ganglia (Fig. 3B,D),
the proportion of surviving neurons that express TrkA (~90%)
remains essentially unchanged instead of increasing, as would be

B e

N y
L Y » &,

anticipated if these neurons were solely NGF-dependent. Thus
20-30% of TrkA-expressing neurons are lost in BDNF mutants,
and 70—-80% are lost in the N'T-3 mutants (Fig. 3). These data are
best reconciled by a model in which the majority (70-90%) of
neurons destined to become NGF-dependent (TrkA-expressing)
undergo a phase of NT-3 and/or BDNF requirement preceding
the period of programmed cell death.

To explore the developmental progression of neurotrophin
requirement further, we next examined embryonic wild-type and
mutant DRG from E11.5 through E15.5 (Table 2). Before E13.5,
lumbar DRG primarily comprise either neurons or their precur-
sors (Lawson and Biscoe, 1979). Therefore total cell counts
reflect the status of the neuronal population in premature and
mature stages and not glia. Thereafter, Schwann cells and their
precursors become increasingly prominent and easily distinguish-
able. Thus morphological criteria (Fig. 2C) can be used to identify
neurons after E13.5. Although at E11.5 we were unable to detect
significant differences in total cell counts between wild-type DRG
and those of single and double mutants, decreased numbers
ranging from 11 to 33% became evident in each of the mutants by
E12.5 (Table 2). BDNF mutants exhibited losses reaching PO
levels (33%) by E13.5, whereas in NT-3 mutants, approximately
half of the final neuronal losses seen in newborn pups occurred
before E13.5.

To ascertain further that our morphological criteria for neu-
rons and their precursors were sound, we stained serial sections of
E13-13.25 L4 DRG with hematoxylin and eosin or with periph-
erin antisera (see Materials and Methods), a well characterized
marker for neurons (Troy et al., 1990). As can be appreciated in
Figure 4 by comparing sections through the largest diameter of L4
DRG, the size of the mutant ganglia (Fig. 4B,D) is reduced
compared with wild-type ganglia (Fig. 44,C), but the relative
number of peripherin-positive neurons remains unchanged. Table
3 shows quantitation of these data. The results, consistent with
those of Table 2, indicate a proportional reduction of total cells
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Table 2. DRG whole-cell counts in wild-type and mutant embryos

DRG counts Ell5 E12.5 El13.5 El15.5 P0.5
Wild-type 5283 + 181¢ 9979 + 1285“ 16,296 + 1345” 12,784 + 818¢ 4470 + 125¢
BDNF mutant 4668 + 486° 8888 + 291°¢ 11,275 + 268" 8635 + 67° 2880 + 410¢
Reduction (%) NS 11 31 32%* 367"

NT-3 mutant 5084 * 486¢ 7362 = 823 10,459 *+ 459° 3267 = 856¢ 957 = 161¢
Reduction (%) NS 26%* 36%* 74 79%*
BDNF/NT-3 mutant 4886 + 515¢ 6733 + 69° 8789 + 884¢ 2879 + 82¢ 747 + 105¢
Reduction (%) NS 33% 46** 78%* 83

TrkC mutant 5037 + 338“ 7312 + 523¢ 11,081 + 1305” 7964 + 139

Reduction (%) NS 27* 32 38%* ¢

Embryonic dorsal root ganglia (L4) cells were counted. Significant losses were detected in embryonic stages E12.5 and later, whereas no significant (NS) difference was seen
in E11.5 wild-type and mutant mice. Mann—-Whitney rank sum test determined the significance levels.

“n =3

bn=4.
‘n=2.
dn =5
¢Klein et al. (1994) reported a 19% loss at P0.5 in the tyrosine kinase TrkC knock-out mutant.
*p < 0.05.

**p < 0.01.

55 p < 0,001,

and neurons (29-34%) in NT-3 mutant ganglia. These data We have previously noted that our TrkC mutants (Tessarollo,
support the contention that a first wave of sensory ganglion cell Tsoulfas, Donovan, Palko, Blair-Flynn, Hempstead, and Parada,
number reduction observed in mutant ganglia is composed at unpublished data) have a noticeably less severe phenotype than
least partially of neurons and their precursors. do our NT-3 mutants (Tessarollo et al., 1994). Although virtually
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Figure 4. Analysis of peripherin-positive L4 DRG neurons
of wild-type (4, C) and NT-3 mutant (B, D) E13-E13.25
embryos. Hematoxylin and eosin (H&E)-stained sections (4,
B) were used for quantification of total cell numbers,
whereas antibodies to peripherin (B, D) identified neurons.
The ganglia are outlined by a dotted line. “

Table 3. Peripherin-positive neuron counts in DRG (L4) from wild-type
and NT-3 mutant embryos

DRG counts Peripherin (+) Total cells
Wild-type 2729 * 292 13,455 + 296
NT-3 mutant 1806 =+ 108 9505 = 779
Reduction (%) 34% 29%

Embryonic dorsal root ganglia (L4) cells were counted in E13-E13.25 wild-type and
mutant embryos. Peripherin-positive neurons represents 20 and 19% of wild-type
and NT-3—/— DRG cells, respectively. Student’s ¢ test determined a significance of
p <0.005;n = 3.

all NT-3 mutants die within the first 24 hr after birth, the TrkC
mutants often survive for several days. Table 2 indicates that the
majority of sensory neurons lost in TrkC mutants, as determined
at P0.5, is reflected in the cell losses already present at E13.5
(Table 2). The comparison between wild type and TrkC and
NT-3 mutants indicates a coincident cell loss in both mutants
before E13.5, supporting the interpretation that the same sub-
population is affected. However, in contrast to the TrkC mutants,
NT-3 mutants exhibit additional losses compared with wild type
and TrkC mutants in morphologically distinct neurons during the
ensuing 2 d to a final reduction in number of ~74% (Table 2; also
see Table 1). Given the relatively high expression of TrkC before
E13.5 in sensory ganglia (Tessarollo et al., 1994), these data
suggest that a subset of TrkC-expressing neurons and/or precur-
sors coexpresses additional neurotrophin receptors that mediate
rescue. In addition, these data indicate that a subpopulation of
NT-3-requiring neurons that do not use TrkC as a receptor is
present between E13.5 and E15.5. Thus TrkA becomes a likely
candidate to mediate N'T-3 signaling in this period (Barker et al.,
1993; Clary and Reichardt, 1994).

Proprioceptive reflex (la) afferents
An additional point of interest arises from comparison of the
NT-3 and TrkC mutants early in development (Table 2). Genetic
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ablation of neurotrophin or receptor function has been correlated
with loss of specific subsets of sensory modalities (Snider, 1994;
Airaksinen et al., 1996; Snider and Wright, 1996). As described
previously (Farifas et al., 1994; Klein et al., 1994; Snider, 1994;
Tessarollo et al., 1994), ablation of the NT-3 or TrkC genes
results in loss of Ia afferents. As illustrated in Figure 5, Ia
afferents are not lost in BDNF mutants or in TrkA mutants. This
observation, taken together with the data in Table 2, indicates
that the Ia afferent population is generated from the pool of
neurons that is coincidentally lost in both N'T-3 and TrkC mutants
in the first wave of cell loss before E13.5 and thus before target
innervation (Farifas et al., 1996).

Placode-derived neuron loss

We also examined sensory neurons that are placode- rather than
neural crest-derived for neurotrophin requirements (Table 1).
When placed in dissociated culture, nodose/petrosal ganglion
neurons are primarily BDNF-dependent (70-80%) and can be
entirely supported by a combination of BDNF and NGF (K.
Vogel and L. F. Parada, unpublished data). We have not detected
nodose neuron responsiveness to NT-3 in primary culture, nor
have we seen TrkC expression in this ganglion during mid to late
development. The 44% reduction of nodose neurons seen in the
NT-3—/— mutants suggests a role for NT-3 at some early period
of development. Analysis of nodose/petrosal and geniculate gan-
glia in BDNF/NT-3 double mutants showed neuronal losses of 62
and 65%, respectively. In contrast, we observed 100% loss of
vestibular and spiral ganglion neurons in the BDNF/NT-3 mu-
tants. These data are in agreement with those of Ernfors (1995)
and suggest that the auditory and vestibular ganglia may be
unique, having an equally divided population of neurons that
depend on BDNF or NT-3.

DISCUSSION

In contrast to the TrkA and NGF mutants (Crowley et al., 1994;
Smeyne et al., 1994), the proportion of sensory neurons that is
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Figure 5. la afferents are absent in TrkC and NT-3 mutants but not in
BDNF or TrkA mutants. Hemisection view of Dil (see Materials and
Methods) retrogradely labeled sensory afferents and motor neurons in the
PO0.5 spinal cord. A, Schematic diagram of the spinal cord indicating the
dorsal horn (DH) and associated afferent laminae. The ventral horn (VH )
indicates where motoneuron nuclei are retrogradely labeled. B—F, Sam-
ples of cords from mutant pups as indicated. The arrowheads point to the
location of Ia afferents.

lost in BDNF and NT-3 mutant mice exceeds the number pre-
dicted by primary culture dependence assays of embryonic neu-
rons and by the cognate receptor expression profiles (Farifas et
al., 1994; Jones et al., 1994; Tessarollo et al., 1994; White et al.,
1996). We therefore undertook this study to investigate further
the steps involved in the generation of excess losses. Previous
discussions of receptor and ligand phenotypes have been limited
to comparisons of independently derived and analyzed mutants.
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We have directly compared mutant mice derived from the same
ES cell line and maintained in the same genetic backgrounds
within the same vivarium. This approach permitted us to make
the first developmental comparative analysis of a neurotrophin
(NT-3) and its cognate receptor (TrkC), which sheds new light on
the in vivo interaction of these molecules. Our studies, which use
a TrkC mutation that ablates kinase and truncated isoforms
(Tessarollo, Tsoulfas, Donovan, Palko, Blair-Flynn, Hempstead,
and Parada, unpublished data), verifies the more severe pheno-
type in NT-3—/— sensory ganglia than that of its cognate recep-
tor. In addition, we observe a twofold greater loss of sensory
ganglia (38%) in the null TrkC embryos than has been described
for the kinase mutant of the receptor (19%) (Klein et al., 1994).
This marked difference is difficult to attribute to experimental
variation and implicates truncated TrkC receptors as important
molecules for the development and survival of sensory neuron
subpopulations.

Our results are in general agreement with recent reports indi-
cating earlier than anticipated embryonic loss of sensory trigem-
inal and DRG precursor and neuron losses in NT-3 mutants
(Tessarollo et al., 1994; ElShamy et al., 1996; Farinas et al., 1996).
In addition, we observed substantial losses in the BDNF mutant
embryos. Although direct comparison of neuronal losses between
the present study and previous reports may show minor variations
in absolute counts, in most cases (see below) we interpret this
variance to reflect differences in tissue preparation and analysis
between investigators and perhaps in genetic background differ-
ences. BDNF and NT-3 mutants each exhibit predicted sensory
neuronal losses—loss of TrkB and TrkC expressing cells, respec-
tively—as well as unexpected additional neurons, which would
normally emerge as NGF-dependent. The sensory ganglia of
NT-3 mutants retain only NGF and TrkA neurons but at a greatly
diminished number (20-25% of wild type). We were unable to
detect significant additional losses in the TrkA and NGF popula-
tion when the BDNF mutation (36% loss) was crossed into the
NT-3 mutation (79%). This result suggests most of the mature
NGF-requiring neurons lost in the BDNF mutants are included
as a subset of those lost in the NT-3 mutants.

We next examined the kinetics of cell and neuron loss in
mutant ganglia by performing comparative cell counts from E11.5
through P0.5. In N'T-3 mutant embryos, we observed two distinct
waves of cell loss with respect to wild-type ganglia. The first wave
was completed between E12.5 and E13.5 and was also observed in
the TrkC mutant embryos. This period of gangliogenesis is char-
acterized by the presence of neuronal precursors, differentiating
neurons, and fully differentiated neurons (Lawson et al., 1974;
Lawson and Biscoe, 1979; Sims and Vaughn, 1979). Our results
are at variance with ElShamy and colleagues (1996), who report
a loss of neuronal precursors but not neurons in NT-3 mutants.
These workers have used a double-labeling technique for BrdU
and terminal deoxytransferase in evaluating the status of their
cells. Variations in observed losses may reflect subtleties in ge-
netic background or vivarium conditions. Farifias and colleagues
(1996) have presented an elegant study of N'T-3 mutants in which
they propose enhanced differentiation coupled with loss of the
sensory neuronal precursor pool. This mechanism, which includes
loss of precursors and postmitotic neurons, would be consistent
with our present results indicating two temporally separable
waves of cell loss. Before E15.5, our total cell counts are consis-
tent with these observations (I. Farifias and L. Reichardt, per-
sonal communication). We observe a second wave of cell loss in
NT-3 mutants between E13.5 and E15.5. These additional losses
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were made more evident when, in direct comparison, we were
unable to detect such a significant loss in the TrkC-deficient mice.
In our study, we have used peripherin as a marker for neurons
(Troy et al., 1990), whereas Farifias and colleagues (1996) used
neurofilament M (NF-M) as a marker. Troy and colleagues
(1990) have reported a comparison of peripherin and NF-M in
embryonic mouse DRG. They report that NF-M stains only a
subset of peripherin-positive neurons. It is therefore likely that
the markers used in the two studies may account for some
observed differences.

Most neuronal losses in the TrkC mutant could be ascribed to
the first wave of cell loss. Thus, NT-3-dependent neurons lost
after E13.5 do not use TrkC receptors and likely use an alterna-
tive receptor such as TrkA (Barker et al., 1993; Clary and
Reichardt, 1994). We have verified the comparative loss between
TrkC and NT-3 mutants by crossing our TrkC mutation into the
NT-3 background. The dynamics of sensory neuron loss in the
double mutants is indistinguishable from that of the NT-3 muta-
tion alone, exhibiting two waves of cell loss (D. J. Liebl and L. F.
Parada, unpublished data). White and colleagues (1996) have
proposed aberrant induction of TrkA followed by NGF-mediated
rescue as the mechanism to account for the decreased sensory
neuron losses in TrkC mutants when compared with NT-3 mu-
tants. Our data indicating two distinct waves of neuronal loss, one
being coincident in single mutants or in TrkC/NT-3 double
mutants, is not consistent with this model. According to White et
al. (1996), the double mutants would be predicted to resemble the
TrkC mutant rather than the NT-3 mutant.

As previously observed by several groups, Ia afferents are lost
in TrkC (Klein et al., 1994) and NT-3 (Ernfors et al., 1994b;
Tessarollo et al., 1994; Farinas et al., 1996; Snider and Wright,
1996) mutants. The present direct comparison of Ia afferents in
TrkA, TrkC, BDNF, and N'T-3 mutants indicates that Ia afferents
are defined by the subpopulation of cells lost before E13.5 in both
the TrkC and NT-3 mutants (Fig. 5) (Tessarollo et al., 1994;
Snider and Wright, 1996) and is in agreement with the results of
Farinas and coworkers (1996).

Figure 6 summarizes the outcome of our studies in DRG in
which the neuronal content of a P0.5 ganglion is depicted for
receptor expression (shape) and neurotrophin requirement (col-
or). The red stippled circles are inferred to represent TrkA-
expressing, NGF-dependent neuronal populations that undergo a
transitory requirement for NT-3 (Tessarollo et al., 1994; Airaksi-
nen et al., 1996; Snider and Wright, 1996; White et al., 1996)
(Liebl and Parada, unpublished data). The combinatorial losses
present in the BDNF and NT-3 mutants reflect the loss of
additional cells that would eventually express TrkA (circles) and
exhibit NGF dependence.

The classical view of naturally occurring death, once target
connections in the periphery are established, imposes a dual
challenge on the transitory excess population of embryonic neu-
rons: survival of a fixed final number of neurons and selective cell
reduction that preserves the appropriate numbers for each mo-
dality. In mouse sensory ganglia, the bulk of naturally occurring
cell death, attributed to competition for neurotrophins during
target innervation, takes place in a cranio-caudal gradient be-
tween E12 and E16 (Davies and Lumsden, 1990). The present
work and other recent reports suggest a progressive developmen-
tal switching for neurotrophin requirements (Davies, 1994; Fa-
rifas et al., 1996; Pifién et al., 1996; White et al., 1996). This
interpretation is in agreement with primary culture survival stud-
ies, in which neurotrophin-switching experiments have indicated
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Figure 6. Schematic diagram of dorsal root ganglion neuronal subpopu-
lations present in newborn animals as a consequence of neurotrophin
knock-outs. In wild-type ganglia (WT), the red stippled circles are pre-
sumed to be TrkA- and NGF-dependent neurons based on other studies
(Crowley et al., 1994; Smeyne et al., 1994) and as undergoing transitory
NT-3 requirements based on the present study and others (Tessarollo et
al., 1994; Airaksinen et al., 1996; Farinas et al., 1996; White et al., 1996).
Shape indicates receptor type (circle, TrkA; triangle, TrkB; square, TrkC).
Color indicates neurotrophin requirements (blue, NGF; green, BDNF; red,
NT-3), and the relative numbers indicate approximate percentages.

a sequential requirement for NT-3 and BDNF in trigeminal
neurons (Paul and Davies, 1995).

Analysis of placode-derived sensory neuron requirements for
neurotrophins indicates a different process of acquisition of neu-
rotrophin dependence from that of neural crest derived sensory
neurons. For example, geniculate sensory neuron requirements
for BDNF and NT-3 appear to be exclusive. This can be dis-
cerned in the double knock-outs, in which losses are essentially
additive compared with the single mutants (Table 1). In contrast,
the nodose ganglion appears to comprise several subpopulations
of neurons, as deduced from the outcome in each of the mutants.
Neuronal losses of ~40% are observed when either BDNF, NT-3,
or NT-4/5 is eliminated. BDNF/NT-4/5 mutants lose 80%, and
BDNF/NT-3 mutants lose 65%. Taken together, these data indi-
cate the existence of a small population of neurons that respond
exclusively to NT-3 and a considerable population of nodose
neurons that can be supported equivalently by NT-3 or BDNF.
Such a neuronal population is more difficult to infer in the other
ganglia we have examined.
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