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SUMMARY

The development of the peripheral nervous system is during target tissue innervation. In the inner ear, the
governed in part by a family of neurotrophic factors that  ectopic BDNF rescued the severe neuronal deficits caused
signal through Trk tyrosine kinase receptors. Neurotrophin by NT3 absence, indicating that TrkB and TrkC activate

3 (NT3) ablation in mice causes a more severe neuronal equivalent pathways to promote survival of cochlear
phenotype than deletion of its receptor TrkC, suggesting neurons. However, specific increased innervation densities
that NT3 acts also through other non-preferred Trk  suggest unique functions for BDNF and NT3 beyond
receptors. To study the role of low-affinity ligand receptor  promoting neuronal survival. This mouse model has
interactions in vivo, we have replaced th&lt3 gene with the  allowed the dissection of specific spatiotemporal Trk
gene for brain-derived neurotrophic factor (BDNF), a TrkB  receptor activation by NT3. Our analysis provides
ligand. As in NT3 and TrkC null mice, the proprioception  examples of how development can be orchestrated by
system of these mutants failed to assemble. However, complex high- and low-affinity interactions between ligand
sensory fiber projections in the embryonic spinal cord and receptor families.

suggest chemotropic effects of BDNF in vivo. In the dorsal

root ganglia, the developmental dynamic of neuron

numbers demonstrates that NT3 is required for activation  Key words: NT3, BDNF, TrkA, TrkB, TrkC, DRG, Cochlea, Sensory
of TrkB during neurogenesis and that TrkA is required  neurons, Mouse

INTRODUCTION receptors has led to important information about the
neurotrophin requirement of specific cell populations of the

The neurotrophin family of secreted growth factors playsPNS and the specificity of ligand/receptors interactions in vivo
pivotal roles in the development of the peripheral nervougSnider, 1994; Tessarollo, 1998). For example, bigh/~ and
system (PNS) (Snider, 1994; Tessarollo, 1998). In mammal3rkA’~ (Ntrk17~ — Mouse Genome Informatics) mice have
this family comprises four known members: nerve growthsimilar phenotypes. Ablation of either gene results in the
factor (NGF), brain-derived neurotrophic factor (BDNF), virtual absence of the superior cervical ganglia (SCG) neurons
neurotrophin 3 (NT3) and neurotrophin 4/5 (NT4/5) (Bothwell,and insensitivity to pain, owing to the loss of small-diameter
1995). Two types of receptors mediate their actions. The Trkociceptive sensory neurons. By contrast, the phenotype of
family of tyrosine kinase receptors, to which neurotrophin8DNF and TrkB knockout mice is not identical because of the
bind with high affinity, and the so-called p75 low-affinity NGF presence of another physiologically relevant ligand, NT4/5.
receptor (LANR), a member of the tumor necrosis factointerestingly, BDNF and NT4/5 double mutations cause PNS
receptor family (Bothwell, 1995; Kaplan and Miller 1997). losses comparable with the ones caused byTth& null
Binding experiments with cell lines have been used tanutation, confirming the relevance of the same receptor to both
determine the ligand-receptor relationship  betweemeurotrophins in vivo. For example, the geniculate ganglion is
neurotrophins and their receptors (Bothwell, 1995; Tessarolldpst completely in TrkB null mutants or in BDNF-NT4/5
1998). NGF binds only to TrkA, whereas BDNF and NT4/5,double mutants but shows only 50% reduction in either BDNF-
growth factors with dissimilar patterns of expression, bind t@r NT4/5-deficient mice (Tessarollo, 1998). However, the
TrkB. NT3 signals mainly through TrkC but can also bind withabnormal rescue of the BDNF null mice phenotype by NT4/5
lower affinity to TrkA and TrkB, and can signal, in some knock-in in the BDNF locus suggests that these neurotrophins
cellular environments, through these receptors (Snider, 199#ay differentially activate TrkB and its downstream signals in
Bothwell, 1995). vivo (Fan et al., 2000).

The availability of genetically engineered mouse models NT3 and TrkC knockout mice display remarkable
obtained by targeted deletion of neurotrophins or theidifferences. Even though both exhibit the same deficiencies in
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movement and posture due to proprioception defects, spin@tkA and TrkC, while preserving only TrkB-specific signaling
and cephalic sensory ganglia display greater loss of neuronsby ‘NT3’. For the DRG, we found that BDNF in place of
Nt37~ than inTrkC™/~ (Ntrk37~ — Mouse Genome Informatics) NT3 can rescue a substantial number of neurons during
mice (Tessarollo, 1998). Moreover, while the TrkC null mutaniheurogenesis suggesting a major role for TrkB activation at this
mice have no deficiencies in the SCI37~ mice exhibit stage. However, during the period of target tissue innervation
severe neuronal losses, indicating that also in the sympathetitien the majority of DRG sensory neurons express TrkA, we
system NT3 activates other receptors (Tessarollo et al., 1999bserved a substantial loss of neurons in the B/N DRG,
Thus, these mouse models have provided essentialdicating that at this stage TrkA activation by NT3 becomes
information on the neurotrophin requirements of peripheratrucial for promoting sensory neuron survival. In the inner ear,
neurons in vivo. One major obstacle in understandingve found that the B/N allele could rescue almost completely
neurotrophin actions other than survival has been the eartiie sensory losses caused by NT3 deficiency in agreement with
demise of PNS neurons before target interactions (EIShantiie reported expression of both TrkB and TrkC by spiral
and Ernfors, 1996; Farifias et al., 1996; Liebl et al., 199heurons (Farifias et al., 2001; Pirvola et al., 1994). This result
Tessarollo et al., 1994). An interesting approach has recentigdicates that either NT3 or BDNF can support spiral neurons
been used to circumvent this problem. Snider and colleaguesd that gradients of neurotrophin expression control inner ear
(Patel et al., 2000) have generated mice that lack not only NGRnervation (Farifias et al., 2001). In the spinal cord of the B/N
or TrkA but also the proapoptotic BAX protein. This strategymice, we have detected central sensory fibers, which suggests
blocks cell death in the PNS and suggested that TrkA/NGR chemoattractant function of BDNF on subpopulations of
signaling is not required for innervation of central targets, a3rkB-expressing neurons (Song and Poo, 1999; Wang and
dorsal root ganglia (DRG) axons extended centrally into th@&essier-Lavigne, 1999). By contrast, thermo- and nociceptive
dorsal roots and established collaterals in the superficimeurons do not require NGF for sending collaterals into the
laminae of the spinal cord. This study also showed that NG#orsal laminae (Patel et al., 2000). Thus, our data indicate that
is still necessary for biochemical differentiation of DRGnot all spinal sensory neurons behave in a similar fashion
neurons (Patel et al., 2000). and some subpopulations that express TrkB may require
Analysis of NT3 signaling is complicated by its potentialneurotrophin for central projections of collaterals to
interactions with TrkA and TrkB, and suggests that a similaappropriate regions of the spinal cord (Song and Poo, 1999;
rescue strategy would not differentiate between the role dang and Tessier-Lavigne, 1999).
different receptors. For example, NT3 mutant mice lose about
70% of DRG sensory neurons, whereas only 20% (Klein et al.,
1994) to 35% are lost in the TrkC-deficient mice (Tessarollo eATERIALS AND METHODS
al., 1997). Two hypotheses have been put forward to explain ] .
the severe sensory losses of NT3 null mice. Initial studie§eneration of B/N mice
suggested that TrkC-expressing proliferating precursors in thivo and 5 kb respectively of the &nd 3 genomic DNA that flanks

DRG undergo apoptOS|S When NT3 |S absent, resultlng |n tge Nt3’C0d|ng sequence were fused to Bﬂh‘lf—codlng I’egion with
himeric NT3/BDNF oligonucleotides by fusion PCR. The entire

depletion of neuron precursors (EIShamy and Ernfors, 1996%:5gi0n was sequenced to verify that no errors were introduced during
However, a subsequent study of TrkC- and NT3-deficient DR e cloning process. The selectable p@BEPA marker, flanked by

SUQ.geSte.d that failure of NT3 to_aqnvate TrkB during thqoxPsites, was placed downstream of the NT3 polyadenylation signal
proliferation stage of neurogenesis is responsible for thesgi; 1a). Electroporation and selection were performed using the CJ7
neuron losses (Farifias et al., 1998; Farifias et al., 199@s cell line as described elsewhere (Tessarollo et al., 1994). DNA
Equally conflicting results have been obtained from thejerived from G418/FIAU resistant ES clones was screened using a
analysis of the inner ear of NT3 and TrkC null mice. NT3diagnosticScd restriction enzyme digestion and tHegpBobe external
mutant mice lose 85% of the cochlear sensory neurons (Farifi@sthe targeting vector sequence indicated in Fig. 1A. Recombinant
et al., 1994; Tessarollo et al., 1997), whereas 55% (Schimmast§nes containing the predicted rearranged bands were obtained at a
et al., 1995) to 70% losses (Tessarollo et al., 1997) have bebifduency of 1/18. Targeted clones were then transfected with a Cre-
reported for TrkC-deficient mice. In addition, initial studies€XPressing vector (Life Technologies, Gaithersburg, MD) for neo

. . . removal. Two independent targeted ES cell recombinant clones
have proposed differential functions for BDNF and NT3injected into C57BI/6 blastocysts generated chimeras that transmitted

suggesting that BDNF .Supports_ outer hair cgll innervauorghe mutated B/N (BDNF over NT3) allele to the progeny. Mating of
whereas NT3 supports inner hair cell innervation (Emfors &leterozygous B/N mice gave rise to homozygous mutant mice at the
al., 1995). By contrast, subsequent analysis has shown tha{ected frequency of about 25%.

NT3 null mutants lose spiral neurons in a topologically

restricted fashion and that the outer hair cell innervation idlorthern blot analysis

more reduced than the inner hair cell innervation in eithefotal RNA was isolated using Trizol (Life Technologies,
BDNF or NT3 null mutants, suggesting that spatial-temporafaithersburg, MD). RNAs (1Qg/lane) were separated on agarose-
gradients of neurotrophin expression control inner eaformaldehyde gels, transferred toznylon membranes, and hybridized
innervation (Fritzsch et al., 1997). Such gradients were recentfi} 65C (at 68C for BDNF) O/N to*2P-CTP-labeled cDNA antisense

: . . - robes in 1% BSA, 1mM EDTA, 7% SDS, 0.5M phosphate buffer pH
visualized using NT3 and BDNIBCZ fusion reporter systems 7.2. Following hybridization, blots were washed for 30 minutes at

(Farifias et al., 2001). - 65°C twice with 1 mM EDTA, 0.5 M phosphate buffer, 5% SDS and
_To study the temporal activation of Trk receptors and tQyjice with 1 mM EDTA, 0.5 M phosphate buffer, 1% SDS and then
dissect the dynamics of NT3 requirement by sensory neuroR§posed to X-ray film. Equal loading of the lanes was assessed by

in development, we have replaced Wt8 gene withBdnf(B/N  hybridizing the membranes with a cDNA cyclophillin probe (not
allele). This strategy was aimed at eliminating activation ofhown). Full-length BDNF and NT3 rat coding sequences were used
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Fig. 1. Replacement of the endogenous NT3-coding region with A

BDNF. (A) Diagram of the replacement vector and strategy used to Vector )I;%F_.E,s Eﬁm pBS
‘knock-in’ BDNF into the NT3 locus. Probes external to the . ~_ loxP loxP ! ]
targeting vector were the same as previously described (Tessarollo et N A ; v

al., 1994). Successful targeting of the locus with the replacement SE X “sms ' ‘s BX
vector is revealed by a change of the wild-type-specific 6Sckb wt el ' L1
DNA restriction fragment (wt) to an 8.5 I8zd fragment (mt). 5 probe NT3 3"probe
Removal of the neo selectable marker cassette by CRE-mediated t 6.5 Kb

recombination of the targeted allele is indicated by the switch of the SE X BDNF s B BX
8.5 kbScd fragment (mt) to a 7.0 kb fragment (mt (cre)).Xhd; S, Mt el | —Are5} L 11
Scd; B, BanHl; E, EcaRl; Sm,Sma. (B) Southern blot analysis of loxP loxP

DNA from wild-type embryonic stem (ES) cells (+/+), a : 85Kb !
heterozygous B/N ES cell clone (+/mt), and a heterozygous B/N ES ‘cns Recombination
cell clone following Cre-mediated recombination (+/mt (cre)). The

Scd restriction enzyme digestion and the (NT3pfobe indicated in SE X
A were used to detect the rearrangements in the murine NT3 locus. mt (cre) L

The BDNF-coding region (BDNF) and the neo (neo) probes were
hybridized to parallel blots. Bacteriophage lambda DNA cut with

Hindlll was used as the size markers. (C) To ensure that the B
recombinant vector could produce biologically active BDNF, we &
introduced the NT3/BDNF chimeric genomic sequence into the f

7.0Kb i 1Kb

pMEX vector which drives expression from an MSV-LTR promoter
(Martin-Zanca et al., 1989). The supernatant of NIH 3T3 cells
transfected with the pMEXneo-BDNF expression vector was
harvested and tested @rkB-expressing PC12 cells for the presence
of BDNF activity. The presence of BDNF in the media was revealed
by neurite outgrowth (bottom right). Unconditioned media (top left) - = o
and conditioned media by NIH 3T3 cells transfected with the

pPMEXneo (top right) did not induce neurite extension. Treatment of -
the PC12 cells with 1ng/ml recombinant BDNF was used as positive

control (bottom left).

= mt
- mt (cre)

—
-
- < wiNT3
-

as template in an asymmetric PCR reaction to synthé4z€TP :' ' - - : <= WtBONF

labeled cDNA antisense probes. (NT3) 5" BDNF neo Probe

Animals, histological techniques and in situ hybridization

Timed embryos were obtained by overnight mating of heterozy pMEXneo
The morning when the vaginal plug was observed was cons o o : : [ W eal
embryonic (E) day 0.5. Gravid uteri were removed from t . S :
pregnant females at different stages of gestation (E11.5, 12.£
14.5, 15.5), and embryos dissected and fixed overnight in eitr
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.2) 1
situ hybridization or Carnoy'’s fixative (60% ethanol, 30% chlorof
10% acetic acid) for immunostaining and cell counts. Anesthi
neonate animals were perfused with 4% PFA for retrograde la
experiments or decapitated and fixed in Bouin’s fixative for net
counts, as described elsewhere (Tessarollo et al., 1997). Tissu
one mutant and one wild-type littermate were embedded in the
block, sectioned at fm thickness and mounted on sialinated sl
In situ hybridization protocols employing the full-length antis
coding sequence of the NT3 and BDNF genes, and the pre\
described TrkB- and TrkC-specific probes (Tessarollo et al.,
were performed as previously reported (Tessarollo and Parada,
All analyses were carried out on age-matched mice proces
parallel. All animals employed in this study were genotyped by DNAcorrected. For neonatal neuronal counts, the heads (for C1 and T1
blot analysis as described (Tessarollo et al., 1997; Tessarollo et atqunts) or spinal cords (for L1 counts) of one mutant and one wild-

1994). type littermate were embedded in the same block, sectionefrat 5
] ) sagittally, for C1 and T1 analysis, or tranversally, for L1 analysis, and
Neuronal cell counts and immunocytochemistry Nissl-stained with 0.1% Cresyl Violet. Neurons with a clear nucleus

One mutant and one wild-type embryo fixed in Carnoy’s solution werand nucleolus were counted in every sixth section, and the sum of
embedded in the same paraffin block and serially sectionegirat 5 counts multiplied by 6. To assure unbiased analysis, blind neuronal
For neuronal counts, the sections were immunostained with antibodiesunts were made.

to the 150 kDa neurofilament subunit as described (Farifias et al.,Primary antibodies included rabbit polyclonal antibodies to the
1998). Individual ganglia were identified using the ribs as landmarkseurofilament subunit of relative molecular mass 150,000 (Chemicon,
Cells were counted in every fourth section to calculate the totalemecula, CA; dilution 1:2,000) and the monoclonal antibody against
number in the ganglion, and numbers were multiplied by four and nqgarvalbumin (Swant Swiss antibodies; Bellinzona, Switzerland;
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Fig. 2. BDNF expression in B/N mutant mice.

(A-C) Northern blot analysis of BDNF .he «NT3
transcripts in tissues dissected from newborn .

wild-type (WT) and B/N mice. For each

sample, 1Qug of total RNA were analyzed. wWT
The NT3-coding sequence used to probe the B

wild-type samples identified a unique ~1.4 Kb . -—BDNF
band (A). Hybridization of the B/N tissues
with the NT3 probe resulted in the total
absence of signal, as expected (not shown).
Hybridization of the WT samples with the - BDNF
BDNF cDNA probe identified the expected 1.6
and 4.0 kb bands corresponding to the
endogenous products of tBeinfgene (B; C

Maisonpierre et al., 1990). Hybridization of <= BDNF
the B/N tissues with the BDNF probe

revealed, in addition to the endogenous B/N

BDNF-specific pattern of expression, an -« BDNF
additional band (B/N) of approximately 1.4 kb - <B/N

(C). Note that the pattern of expression of the
recombinant BDNF (B/N) parallels that of
NT3. Blots were hybridized with a
cyclophilin-specific probe to assure equal
RNA loading (not shown). B.A.T., brown
adipose tissue. (D-K) BDNF replaces NT3
expression in the mutant B/N mouse at the
cellular level. In situ hybridization analysis of
NT3 and BDNF expression in wild-type and
B/N animals during embryonic development.
Transverse dark-field views of wild-type (D-
G) and B/N (H-K) embryos at embryonic
stage E11.5 (D,F,H,J) and E13.5 (E,G,I,K)
hybridized with an NT3- (D,E,H,l) or BDNF-
specific (F,G,J,K) probe. Note the precise
replacement of NT3 specific signal in the
lateral motor column (arrows) of the wild-type
spinal cord (D,E) by BDNF hybridization in
the B/N mutant. (J,K).

dilution 1:5000). For bright field immunocytochemistry, sections wereagar/sucrose and sectioned transversely atubh®@®n a vibratome.
incubated with the appropriate biotinylated secondary antibodyections were viewed on a Zeiss Axiophot microscope using the
followed by avidin-biotin-peroxidase complex (Vector Labs, rhodamine filter set to visualize Dil-labeled afferents. For muscle
Burlingame, CA), according to the instructions of the manufacturerspindle counts, tissues from newborn mutant and wild-type littermates
Sections were developed in 0.05% '3HA@mminobenzidine were prepared as previously described (Kucera et al., 1995). Muscle
tetrahydrochloride and 0.003% hydrogen peroxide in 0.1 M Tris-HCépindles were identified and counted in the soleus (SOL), medial
(pH 7.5), dehydrated and mounted with DPX. gastrocnemius (MG) and plantaris (PL). Myelinated axons of the
Using one-way analysis of variance (ANOVA), mean neuronaherve to the SOL muscles were also counted in neonate, as described
counts from each ganglion (C1, T1, L1) fokC7/~, B/N"~ andNt3/~ (Kucera et al.,, 1995). The total number of nerve fibers (both
mice were compared at E12.5, E13.5, E14.5 and at PO. Thayelinated and unmyelinated) of mutant and wild-type newborns was
significance of any differences between strains at each timepoint wdstermined from electron micrographs taken at ¥d@@gnification.
determined by Tukey post-hoc testing. Differences between mutant and wild-type values were analyzed using
Student’st-test.
Dil tracing, spindle and nerve fiber counts o _ _
E15.5 and newborn mutant and normal littermates were decapitatéialysis of inner ear innervation
and perfused with phosphate-buffered saline and 4% PFANe have analyzed a total of 15 mutant ears (three ears from P6, four
eviscerated, and incubated overnight at 4°C in 4% PFA. The skigars each from P3, P1 and E 14.5 null mutants) and compared them
was removed and crystals of Dil (Molecular Probes) were insertedith P1 NT3 null mutants and P6 and P1 wild-type control animals.
into axial muscles or DRG. After 5-11 days of incubation in 10%Analysis consisted of labeling the afferent and efferent fibers to the
formalin (37°C), the spinal cords were removed, embedded in 3.5%ar from the brainstem using Dil. After insertion of the Dil-soaked
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WT NT3/~ B/N antibody, frozen and sectioned at 2@ thickness, and viewed in a
- confocal microscope using the residual autofluorescence to visualize
cellular details.

E 15.5 RESULTS
Replacement of the murine NT3 coding sequence
with BDNF

Using fusion-PCR, we have generated a replacement-type
targeting vector with the BDNF-coding region substituting
the NT3 coding sequence (Fig. 1). To ensure that the vector
could produce biologically active BDNF, we introduced the
NT3/BDNF chimeric genomic sequence into the pMEX
expression vector (Martin-Zanca et al., 1989). The supernatant
from NIH 3T3 cells transfected with this vector was tested for
the presence of BDNF activity dimkB-expressing PC12 cells
(Fig. 1C). The induction of neuron-like differentiation of PC12
cells by the supernatant indicated that this vector could produce
biologically active BDNF (Fig. 1C). The targeting vector was
then introduced into ES cells. Subsequent to selection of
correctly targeted clones we transiently expressedcthe
recombinase gene in the targeted ES cells to remove the neo
gene (Fig. 1B). Mice bearing the new allele with BDNF under

. the control of the NT3 locus were generated as previously
described and the new allele was terntl (BDNF over
NT3) (Tessarollo et al., 1994).

PO

: _ Expression of the B/N allele parallels that of the
] = ' wild-type Nt3 gene

\ A !{u{‘_,ﬂ R o }} The objective of our approach depended on the ability to

WT NT3-- B/N reproduce the precise developmental expression pattern of NT3
with the exogenou8dnfgene under the control of the NT3

Fig. 3. Development of central fibers in B/N mutant mice. Retrogradepromoter_ Therefore, we analyzed the expression of the B/N

labeling of sensory neurons and motoneurons was performed using gjjele in comparison with NT3 and BDNF. The B/N allele

the lipid-soluble fluorescent tracer Dil in axial muscles (A-C,G) or produced an mRNA that was similar in size to the endogenous

dorsal root ganglia (D-F,H) at the lumbar level (see Materials and : . . )
Methods). Micrographs of sections, through the lumbar spinal cord OPIJS_tradns]E:rlpts gj;\? 2C). Northern blc:jt an%IySIS of tlssuels
E 15.5 embryos after Dil tracing show a normal complement of la  OPtained  from mutant mice and wild-type contro
fibers in control mice (arrowheads, A,D), which is abset8r~ littermates revealed that indeed the exogeriurs gene was

mutant mice (B,E). Sections through the spinal cord of a B/N mouse €xpressed in a pattern overlapping that of the wild-tyf#
reveals the presence of a some fibers projecting ventrally in the spingene (Fig. 2). For example, in the B/N mutant mouse a BDNF-
cord (arrowheads, C,F). Labeling performed in the axial muscles (G)specific band (B/N band) is present in cortex, intestine, heart
or in the DRG (H) of B/N mice at stage PO shows the presence of and kidney at levels that are comparable with NT3 in the
only residual central fibers (arrows). Immunohistochemical analysis control. In the mutant mouse, we did not observe significant
of PO spinal cords from wild-type (INt37~ (J) or B/N (K) animals changes in expression pattern of the endogeBains gene,
using an antibody against parvalbumin (PV), a marker specific for oo hared with the wild type animal, indicating that the
proprioception fibers, shows presence of PV-specific staining in Onlyexogenous BDNE allele did not alter the expression level of
the wild-type spinal cord (arrows, f). the endogenous BDNF locus (Fig. 2). Occasionally, in the B/N
mouse we have observed small differences in the levels of the
filter strips, the fixed heads were incubated for four days at 36°C unindogenous BDNF and the B/N transcripts compared with
the dye had diffused into the fine axonal terminals. The inner eaBDNF and NT3 levels in wild-type controls. However, these
were then dissected and mounted flat in glycerol. Images wemifferences were not consistent between different animals and
captured using a cooled CCD camera and were photographed. The\Ré attributed them to variations in tissue dissections (data not
ears were analyzed by confocal microscopy (BioRad Radiance Zo@hown). One notable exception is the cerebellum, where the

Image stacks of flat mounted cochlea were taken and collapsed in thestive level of the B/N transcripts was consistently
z-axis to reveal the entire pattern of innervation in the control mice... .. : . . -
In the B/N mice, two sets of fibers were collapsed: one set beloxz/'gmﬂcantly higher than that of NT3 in the wild-type animal

and another one on top of the basilar membrane. Cochlea we ace D'SCUS_S_'O_n)' .

subsequently osmicated, embedded in epoxy resin and thick and ultra- 1 N€ Specificity of the spatial-temporal replacement of NT3
thin sections were cut to reveal the pattern of innervation and synaps@¥pression with the B/N allele was also confirmed at the
on various cells. One mutant and one wild-type cochlea were reacté@llular level by in situ hybridization analysis. Mutant embryos
for acetylated tubulin using an Alexa 568-conjugated secondargt stage E11.5 and E13.5 of development show BDNF
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Fig. 4. Expression of Trk receptors in DRG neurons
of B/N mutant embryos. In situ hybridization

analysis of TrkA (A-F), TrkB (G-L) and TrkC (M-

R) expression in transverse sections of wild-type
(WT) and mutant (B/N) animals between day 11.5
and day 13.5 of embryonic development. In the
spinal cord, the expression patterns of Trk genes are
similar in both wild-type and B/N embryos TrkA
suggesting that neurotrophins do not influence the
expression of their receptor in these neurons. In the
DRG of B/N mutant mice, there is a reduction in
TrkC expression already at E11.5 (P) and by E 12.5
(Q) there are no TrkC-expressing neurons. TrkB-
positive neurons, however, are present in the B/N
embryos at all stages (J-L) in a similar fashion as
observed in the wild-type DRG (G-I).

expression in the lateral motor column

the spinal cord instead of the normal N
expression (Fig. 2D-K). Collectively, these ¢
demonstrate NT3-specific spatial-tempr TrkB
control of expression of the exogenoBdnf

gene by the regulatory elements of tN&3

locus in both neuronal as well as non neur

tissues.

Chemotropic effects of BDNF on
central afferent projections

The B/N mutant mice display the sa
behavioral phenotype, including abnor
movements and postures attributed to defec
proprioception that are characteristic 1§t3- TrkC
andTrkC-deficient mice (not shown; Ernfors

al., 1994; Farifias et al., 1994; Tessarollo e

1994; Klein et al.,, 1994; Tessarollo et

1997). Proprioception deficit in NT3 null mi

is characterized by loss of la peripheral affe
projections and of muscle spindles in the lir

(Kucera et al., 1995). In addition, spinal c
collateral branches of la proprioceptive neurons are completefyroprioception deficits (Fig. 3G,H). To determine whether
missing at any developmental stage (Ernfors et al.,, 1994hese residual fibers belong to proprioceptive neurons, we
Tessarollo et al., 1994; Fig. 3B). In the B/N mutant mouse, bgnalyzed mutant spinal cord for expression of parvalbumin
contrast, by retrograde labeling of B/N sensory and moto{PV), a proprioceptive neuronal marker (Ernfors et al., 1994).
neurons innervating lumbar and thoracic axial muscles w8imilar to what was observed in the NT3 (Fig. 3J) or TfkC
found central neuronal fibers projecting ventrally in the spina{data not shown) mice, no PV-positive fibers were detected in
cord at day 15.5 of embryonic development (Fig. 3C). Aghe thoracic or lumbar B/N mutant spinal cord, suggesting that
TrkC-expressing neurons are missing in the DRG of B/N micenost projecting fibers observed during embryogenesis fail to
at E12.5 and E13.5, while TrkB expression is not altered (Figlifferentiate and degenerate by birth (Fig. 3K).

4), these data suggest that expression of BDNF instead of NT3As some fibers are present in the B/N spinal cord, we next
in the motoneuron region of the spinal cord has chemotropiexamined whether DRG neurons also project into limbs of B/N
effects on central projections that express TrkB. To assure thaice. The soleus muscle which is innervated by the tibial nerve
the observed fibers were central sensory projections, wehose proprioceptive afferent component resides principally in
selectively retrograde labeled dorsal root at E15.5. As showld and L5 DRGs, had 39+2%3) and 80+3 1{=3) entering

in Fig. 3F, a substantial number of fibers projected ventrally imxons in B/N and wild-type newborn mice, respectively. A
the B/N spinal cord, in contrast to NT3 deficient spinal cordsimilar 50% deficit was observed Wt37~ newborns, and is a
where these fibers are completely absent (Fig. 3E). Howeveagsult of the loss of muscle afferents and gamma motoneuron
these projections appear abnormal when compared with thosfferents (Kucera et al., 1995). In addition, no muscle spindles,
in control mice, indicating that other factors in addition tothe end organs of proprioception, were observed in muscles of
neurotrophins are involved in the precise routing of centrathe axial paraspinal muscles, hindlimb or forelimb in B/N
sensory fibers. Despite this apparent embryonic rescue, Imgonates (data not shown). The absence of spindles is most
PO only few residual projections towards motoneurondikely due to an absence of la afferent projections to the muscle
persisted, consistent with the mouse behavior and indicatinig B/N mice, because spindles can form only at sites where
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1001 c1 support a small number of afferent projections to the ventral

] regions of the spinal cord in the absence of NT3 but can not
substitute for NT3 as a differentiation and/or survival factor for
limb proprioceptive afferents, or mediate the formation of
B/N -/- muscle spindles.

80
1 Trk C -/

60

40

number of neurons
(% of WT)

NT-3 -/- Differential rescue of DRG sensory neurons at
neurogenesis and target tissue innervation by B/N

- Comparison of neonatal mice deficient TrkC or Nt3 has

20

EI25 B35S El143 Po shown that there is a much greater deficiency in the number of
100 - spinal sensory neurons in the ligand mutant. This suggests
] T1 that NT3 acts through other receptors in addition to TrkC
£ 804 presumably supporting the survival of non-proprioceptive
Ec Tk C-/- neurons. If so, replacement of NT3 with BDNF, a preferred
< & °] * TrkB ligand, should rescue at least in part the neuronal losses
52 40 BN caused by NT3 deficiency. During embryogenesis, sensory
’§°V . NT-3 -/- neurons undergo dynamic changes in neurotrophin receptor
g 207 expression, raising the possibility that sequential activation of
0' different Trk receptors by NT3 may be required to support
E125  EI35  El45 PO neuronal survival (Davies 1994; Farifias et al., 1998). As the

effect of NT3 on sensory neurons may vary between ganglia
at different sites of the spinal cord, we investigated the
dynamics of neuronal losses in cervical 1 (C1), thoracic 1 (T1)
and lumbar 1 (L1) DRG during embryonic development in B/N
mice compared with NT3 and TrkC null mutant animals (Table
1, Fig. 5). At E13.5, immediately after most DRG neurons are
B/N -/- born (Lawson and Biscoe, 1979) all three ganglia of B/N mice
contained significantly more neurons than the NT3 nulls. In T1
and L1 DRG, neuronal losses in B/N mice were similar to that
observed inTrkC/~ mice. A similar trend was also observed
PO in C1. Collectively, these results suggest that BDNF expressed
in the NT3 locus can rescue neurons during the major period
Fig. 5.DRG neuron numbers in NT3- or TrkC-deficientand BN of neurogenesis, and support the notion that NT3 can function
mutant mice. Graphic representation of the number of neurons in through TrkB during neurogenesis (Farifias et al., 1998). We
B o et 2. et invesigated he nalure of hs rescu by Stiing the
expressed as a percentage of the neuron numbers of wild-type cfynamlcs of Trk-expressing neurons in wild-type and B/N
littermates. * indicates significant differenc&=0.05) between D,RG bet_V\{een days 11',5 and 13.5 of development (,F'g' 4). In
strains. situ hybridization analysis showed that, as observed in the NT3
knockout mouse (Tessarollo et al., 1994; Farifias et al., 1998),
neurons that express TrkC are already reduced at E11.5 and are
group la proprioceptive neurons contact primary myotubesompletely absent by E12.5 (Fig. 4P-R). In NT3 null mice, the
(Kucera and Walro, 1990; Zelena, 1957). Thus, BDNF caRG TrkB neuronal population is 40-50% reduced at E13.5

100

Trk C -/-

number of neurons
(% of WT)

NT-3 -/-

E12.5 E13.5 E14.5

Table 1. Total numbers of neurons in DRG of normal and mutant mice

E 125 E 135 E 145 PO
Mice Wild type Mutant % Wild type Mutant % Wild type Mutant % Wild type Mutant %

Cl  5734%287 (3) 4370415 (3) —24 7260620 (6) 5432+383 (6) —25 8188+145 (2) 5540403 (2) 32 8070£736 (3) 5332+293 (3) —34
T1  5229+223 (3) 4130410 (3) —21 5811+420 (4) 43024325 (5) —26 6345+424 (2) 4673+329 (2) —26 7389547 (2) 5259471 (2) —28
L1  5016x337 (3) 4635368 (3) -8 5808504 (6) 5141+481 (6) —12 5970375 (2) 4498+378 (2) —25 7535542 (2) 5504491 (2) —27

Cl  5053+361 (5) 3593354 (5) —29 7991646 (12) 4666+394 (10)-42 8116+436 (4) 3841+365 (4) 53 7442314 (8) 3411+336 (8) —54
T1  4260£334 (4) 3184+166 (4) —25 5495+479 (11) 3851358 (11)-30 59404277 (3) 33574300 (3) —44 7333637 (6) 3267+321 (6) —55
L1 4394+233 (4) 3655+129 (4) —17 5932535 (10) 4785+411 (10)-19 6996+314 (4) 4078+352 (4) —42 71824652 (4) 3323+103 (4) —54

Cl 51874425 (4) 3208226 (4) —38 7698+748 (4) 2323196 (3) —70 8888+484 (2) 2310170 (2) —74 72861550 (2) 1857148 (2) —75
T1  4368+315 (4) 28862238 (4) —34 6268+604 (4) 2569+246 (4) -59 7155+290 (2) 2335+141 (2) 67 65554267 (2) 2004+161 (2) —69
L1 4382+340 (4) 3103223 (4) —29 6873+359 (4) 3470239 (4) 50 7790£304 (2) 2395+156 (2) —-69 70714683 (2) 1977+148 (2) —72

Tissue sections of wild-type and mutant littermate embryos at E12.5, E13.5, E14.5 or PO were prepared as described antVitetiaids.
The numbers of ganglia (DRG) analyzed are indicated in parenthesis. Values obtained from the B/N DRG were analyzed in edthghdse from NT3-
and TrkC-deficient mice as described in Materials and Methods.
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Fig. 6. Rescue of cochlear innervation by the B/N
allele at P1. Whole mount of transganglionically
retrograde labeled ears showing the distribution of
afferent fibers to the basal turn ilN&~~ mutant

(A,D), a wild-type control (B,G) and a B/N mutant
mouse at P1 (C,E,F). The B/N mouse shows a dense
complement of spiral ganglion neurons and radial
fibers throughout the basal turn up to the basal end of
the cochlea (Base) similar to the wild-type mouse. In
contrast to an almost complete absence of basal turn
radial fibers and reduced density of the outer hair cell
innervation in theéNt3”~ mice (D), the B/N mutant ear
shows dense radial fibers (E) and innervation of both
outer hair (OHC) and inner hair cells (IHC). Note that
the density of the outer hair cell innervation appears to
be even higher in the B/N mice than in wild-type
control animals when similar areas of the cochlea are
compared (B,C,F,G). Scale bars: 100.

(Farifias et al., 1998). However, quantita
analysis of TrkB expression demonstrates
normal sized population in the B/N DRG at E1
(Fig. 4G,L; Table 2). This result is import:
because it demonstrates that the TrkB neul
populations in the B/N mouse are restored
physiological level and are not abnormi
expanded by the ectopic expression of BL
Thus, expression of BDNF activity from the N
locus rescues TrkB-expressing neurons w
would otherwise be lost in the NT3 deficient mouse. These datiows that the bulk of neuronal losses (~25%) detected at PO
demonstrate that activation of TrkB by NT3 is a crucialin B/N mice compared with TrkC null mutants occurs in the
function during neurogenesis. earliest phase of the target tissue innervation period. As the
At E13.5, most DRG neurons express TrkA, marking théltkB population is normal (see above), this loss must occur
beginning of the target tissue innervation pe-~~
(Fig. 4C; Farifas et al., 1998). By this stage, !
neuron numbers ifirkC’~ and Nt37~ DRG have
reached about the levels found at PO (Farifias
1998; Liebl et al., 1997; Tablel) with the excep
of L1. In this ganglion, the severe losses obse
at birth are reached at E14.5, most probably be«
of the rostrocaudal temporal gradient of D
maturation (Farifias et al., 1998; Lawson
Biscoe, 1979; Ma et al., 1999). However, in |
mice, neuron numbers of all DRG decl
significantly between E13.5 and E14.5. This re

Fig. 7.Basal turn cochlear innervation at P7 in wild-type
and B/N mice. A collapserseries of confocal images
shows the radial fibers (RF) extending to the inner hair
cells (IHC) and outer hair cells (OHC) in the control
animal (A). The innervation of the outer hair cells is less
well organized in the organ of Corti in mutant animals
(C) and additional fibers can be seen running underneath
the organ of Corti in a separate bundle (* in B) and
between the radial fibers (* in B). None of these fibers
exists in control animals. Radial sections reveal the
presence of longitudinally cut radial fibers in the control
animals (D) and additional transversally cut spiraling
fiber bundles (»,*) below the organ of Corti among the
tympanic border cells in the mutant mice (E). These
fibers may be myelinated (* in E).
Immunohistochemistry (red) for acetylated tubulin

(F,G) can visualize these fibers only in the mutant (*,* in
G). Scale bar: 1am.
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within the TrkA neuronal population (Table NT-3 NT-3 NT-3

Fig. 5). Thus, our data demonstrate % ‘ %

physiological role for NT3 as a ligand of Trk ‘ " ‘

the most abundant Trk receptor in DRG du frkee I,LCBO I:kCA.

axon outgrowth. TrkB

The B/N allele supports the development 00

of inner ear spiral neurons %% - 6203 N \

Spiral ganglion sensory neurons innervate ee %5 ©

cochlea from the apex to the basal turn. T

cells give rise to innervation of both the inner

cells and outer hair cells via numerous rg  Progenitors Neurogenesis Early

fibers (Fig. 6B). In NT3 null mutants, both - © #5%*9 (& 1eaz9) e Innervation
basal turn spiral neurons and the radial fi Differentiation

emanating from them are absent (Fig. 6/
Fritzsch et al., 1997). By contrast, at PO the
mouse shows the presence of spiral neuron:
extend as far to the basal turn as in wild-type animals (Figubulin immunocytochemistry revealed again the presence of
6B,C). As in wild type animals, numerous fibers extendhese longitudinal fiber bundles among the tympanic border
radially from these sensory neurons to the basal turn teells below the organ of Corti. No synaptic contacts were
innervate densely the inner and outer hair cells. Contrary to tlietected between the tympanic border cells and the fibers
NT3 null mutants, where the density of outer hair cellramifying between them (data not shown). These data show
innervation in the basal turn is particularly reduced or evethat the apparently increased innervation density observed in
absent, the B/N mice show dense innervation, in particular, &/N mice is in part due to aberrant fiber development. Though
outer hair cells (Fig. 6D,E). This apparently completethe origin of these fibers is unclear, this result indicates that
innervation rescue is paralleled by an almost complete rescBONF and NT3 have unique functions beyond cell survival
of neurons in the spiral ganglion of B/N mice (85% of wild (McAllister et al., 1997).
type; 8646+936 in B/Nn=4) versus 10740894 in wild type
(n=4)) compared with NT3- (15% of wild type) and TrkC-
(30% of wild type) deficient mice (Tessarollo et al., 1997).DISCUSSION
These data are in agreement with the overlapping expression
of TrkB and TrkC in spiral neurons, and suggest that if bottUsing gene targeting technology, we have generated a mouse
receptors are expressed in the same neuron, substituting BDNfodel in which NT3 has been replaced by BDNF to investigate
for NT3 will not affect neuronal survival (Farifias et al., 2001;the significance of NT3 interactions with its non-preferred
Pirvola et al., 1994). receptor TrkB. This strategy was aimed at eliminating TrkC
To further investigate the extent of the innervation supportednd TrkA activation by the product of the NT3 locus, while
by the neurotrophin replacement, we analyzed the cochlea jateserving only spatiotemporal activation of the TrkB receptor.
P6. As seen at PO, B/N mice showed a complete restoration Ahalysis of this mouse model has led to three major
radial fibers to the basal turn, but again the innervation of thebservations about neurotrophin function in vivo. First, the
three rows of outer hair cells was somewhat disorganizeproprioception deficit caused by NT3 absence is not rescued
(compare Fig. 7A with 7C). However, transmission electrorby BDNF, indicating that this system is strictly dependent on
microscopy showed that these fibers formed normal synapsB§ 3. Interestingly, however, expression of BDNF instead of
with the hair cells and an occasional contact with Deiter’s celld\ T3 in the lateral motor column leads to the generation of
as reported for wild-type mice (data not shown) (Slepeckyspinal cord central fibers, indicating chemotropic effects of
1996). Thus, NT3 replacement with BDNF promotes theBDNF on subpopulations of sensory neurons in vivo. Second,
development of inner and outer hair cell innervation. the dynamics of neuronal numbers in the DRG during
In addition to the radial fibers going to the organ of Cortineurogenesis and target tissue innervation demonstrates a
we detected bundles of fibers at irregular intervals (* in Figphysiological role of NT3 interactions with non-preferred Trk
7B) that passed underneath the organ of Corti and spiraled ieceptors. In particular, the quantitative and qualitative rescue
a longitudinal bundle underneath the outer hair cells ) )
Furthermore, fibers spiraling between radial fibers near th Table 2. Number of TrkB-expressing neurons in DRG of

Fig. 8. Schematic of NT3 activation of Trk receptors during DRG development.

inner hair cells (* in Fig. 7B) were also observed. Thick anc B/N and wild-type mice at E13.5
ultra-thin sections showed that the additional fiber bundle Ganglion Wild type BIN
visualized in the whole mounted cochlea did not enter th c1 344151 (4) 336+24 (3)
organ of Corti. Instead, these fibers, many of them myelinate: T1 360+56 (4) 312454 (4)
ran between the tympanic border cells near the inner hair ce L1 346x18 (3) 322444 (3)

and outer hair cells, forming conspicuous bundles that are ¢ One mutant and one control embryo were embedded in the same paraffin
transversa”y in the radial sgcuons (Flg' 7D’E)' These fIbeblock and serially sectioned at 5 pum. In situ hybridization analysis was
bundles were never _found n t.he Cor]tr0| ||tterm§-teS, WhiClperformed every sixth section using a TrkB-specific probe. For each ganglion,
showed only longitudinally sectioned fibers of radial bundlesthe sum of TrkB-positive neurons was multiplied by six and expressed as
heading towards the inner hair cells (Fig. 7D). Acetylatecmean numberzs.e.m. Number of ganglia analyzed are in parenthesis.
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caused by the gene replacement in the number of sensapecific replacement of NT3 with BDNF is not expected to
neurons during neurogenesis demonstrates activation of tlader activation of p75 significantly as NT3 and BDNF have
TrkB receptor by NT3 at this developmental stagesimilar effects on p75.

Furthermore, the extensive decline in neuron numbers, starting o

at E13, when the majority of these neurons switch to TrkABDNF expression in the lateral motor column of the

receptor expression unveils a novel role for NT3 in supportingpPinal cord supports the development of central

spinal sensory neuron survival through TrkA during the earliesifferent projections

phases of target tissue innervation (Fig. 8). Third, in the innéfhe B/N mutant mouse completely lacks proprioceptive
ear, the severe innervation deficits caused by NT3 deletion afenctions, as shown by the behavioral deficit and absence of
almost completely rescued by BDNF. Spiral neurons expresauscle spindles. As only muscle-specific expression of NT3
both TrkB and TrkC (Farifias et al., 2001; Pirvola et al.can rescue these deficits (Wright et al., 1997), our data confirm
1994). Thus, our data shows that inner ear innervation cahat the proprioceptive neurons are entirely dependent on TrkC
be supported by TrkB alone if the proper spatiotemporadctivity. Nevertheless, we have detected the presence of central

expression of ligand is preserved. afferent projections at embryonic day E15.5 in the spinal cord

. . of mice expressing the B/N allele (Fig. 3). By contrast, central
Expression of exogenous and endogenous BDNF in fibers are completely missing in mice that lack NT3 or its
the B/N mouse receptor TrkC (Klein et al., 1994; Tessarollo et al., 1994). The

Expression analysis in the B/N mouse showed that thB/N-BDNF is expressed by the lateral motor column in a
distribution pattern of the exogenous BDNF transcripts isegion that normally expresses NT3 (Fig. 2; Schecterson and
similar to that of the wild-type NT3 mRNA in neuronal asBothwell, 1992). Thus, these fibers may be derived from
well as non neuronal tissues. Thus, our manipulations havaisrouted TrkB-expressing neurons that are sensitive to BDNF
preserved the regulatory function of the NT3 locus. It has beeggradients in the spinal cord. Despite mounting experimental
reported that neurotrophins may regulate their own level or thavidence that neurotrophic factors may serve as axon guidance
of other neurotrophins (Apfel et al., 1996; Leingartner et al.molecules during neuronal development in vitro (Ming et al.,
1994; Lindholm et al., 1994; Michael et al.,, 1997). Wel997; Song and Poo, 1999) such a notion is still controversial
observed an overall conservation of the pattern of expressiam vivo (Chen and Frank, 1999; Oakley et al., 1995; Patel et
of the endogenous BDNF allele, suggesting that, at least at, 2000). The recent finding th&tkA™~ sensory neurons
the tissue level, the exogenous BDNF does not affect itescued by deletion of the pro-apoptddiax gene can extend
transcriptional activity. However, in the B/N mutant collaterals into the superficial lamina of the spinal cord
cerebellum, there is a significantly higher level of BIN mRNAsuggests that NGF/TrkA signaling does not have
compared with NT3 transcript levels in the wild-type mousechemoattractive roles in vivo (Patel et al., 2000). This idea is
This suggests that the exogenous BDNF stimulates NTa&lso supported by the fact that NGF is not present at significant
promoter activity (Fig. 2). It has been reported that the additiotevels in the spinal cord (Shelton and Reichardt, 1986) and that
of BDNF to granule cell or hippocampal neuron culturest has a late onset of expression in the peripheral targets (Davies
increases NT3 mMRNA levels (Leingéartner et al.,, 1994gt al., 1987). However, both BDNF and NT3 are expressed
Lindholm et al., 1994). Our data support this finding andnuch earlier during development (Maisonpierre et al., 1990),
suggest that BDNF may have a role in activating NT3making them potential candidates for a role in axonal growth
expression in specific regions of the brain. By contrast, thand guidance. Furthermore, BDNF and NT3 exert much
level of BDNF mRNA is not affected by loss of NT3 or NGF stronger effects than NGF as in vitro growth cone guidance
(Kolbeck et al., 1999). More detailed analyses at the cellulanolecules and in modulating the response of growth cones to
level, employing this mouse model in conjunction with otheraxon guidance molecules (Paves and Saarma, 1997; Song and
neurotrophin-deficient mice are required to address thBoo, 1999; Tuttle and O’Leary, 1998). However, it is not known
physiological relevance dfit3 gene activation by BDNF. which specific group(s), if any, of sensory neurons are sensitive
In addition to their specific Trk tyrosine kinase receptorsio BDNF and/or NT3 as guidance cues. In chick, injections of
neurotrophins also bind the so-called p75 low-affinitya NT3 neutralizing antibody in the spinal cord does not reduce
neurotrophin receptor (Kaplan and Miller, 1997; Bibel andthe number of la afferent projections or the extent of their
Barde, 2000). As p75 is highly expressed in the sensomyentral extension, suggesting that NT3 does not have
neuronal populations analyzed in this study, it is possible thahemotropic effects on la fibers (Oakley et al., 1995), which
a neurotrophin replacement may impact on neurotrophiare known to belong to TrkC-expressing proprioceptive
effects mediated by this receptor. However, it has been showreurons (Klein et al., 1994). Thus, it appears that only TrkB-
that BDNF and NT3 elicit similar biological responses wherexpressing fibers may be sensitive to BDNF or possibly even
binding to p75. For example, while all neurotrophins stimulateNT3 gradients. Interestingly, in a transgenic mouse expressing
p75-mediated sphingomyelin hydrolysis with similar kineticsNT3 under the control of the nestin promoter a few central
in mouse fibroblasts, BDNF and NT3 show a more poterfibers develop but fail to contact the motoneurons in the lateral
effect than NGF (Dobrowsky et al., 1995). However, only NGFgcolumn. Instead, they project to the midline of the spinal cord,
but not BDNF or NT3, induces p75-mediated activation ofan area coinciding with highest levels of NT3 expression
NF-«kB (Kaplan and Miller, 1997; Bibel and Barde 2000). (Ringstedt et al., 1997). As the identity of those fibers is not
Similarly, only NGF causes association of p75 with theknown, including whether they express TrkB or TrkC, it is
intracellular NADE protein (Mukai et al., 2000) or p75- conceivable that TrkB-expressing central sensory fibers may
mediated regulation of the subcellular localization of thebe the ones that responded to the ectopic NT3. Therefore,
zinc-finger protein SC-1 (Chittka and Chao, 1999). Thus, thevhile TrkA-expressing nociceptive and TrkC-expressing
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proprioceptive axons may not require NGF and NT3stage or NT3 may act on the cell cycle control of sensory
respectively, for reaching their central target, TrkB-expressingrecursors cells (EIShamy et al., 1998).

axons may sense and react to BDNF or even NT3 gradients. While the B/N allele could rescue some neurons during

Different neurotrophins can have opposite effects on growtheurogenesis, a large number is lost soon after most neurons

cone behavior in vitro, depending on the context in which thegwitch to TrkA expression at the start of target tissue
function (Song and Poo, 1999). Thus, the lack of a unified viewnervation (Table 1; Fig. 5). The dynamic of this loss is similar
of their role as chemoattractant molecules on sensory neuromsthe different ganglia, but in agreement with the reported
in vivo may be symptomatic of the heterogeneity amongostrocaudal gradient of maturation of DRG neurons it occurs
sensory neuron populations (Paves and Saarma, 1997; Scatpre rapidly at the C1 level (Lawson and Biscoe, 1979). The

1992; Tuttle and O’Leary, 1998). rapid loss of neurons immediately after neurogenesis was

o unexpected in light of the reports suggesting that only NGF is
Temporal activation of TrkB and TrkA receptors by required at this stage (Davies, 1994; White et al., 1996). During
NT3 during DRG development the earliest stages of target tissue innervation, immediately

Expression of Trk receptors in the DRG is dynamicallyafter sensory neurons switch to TrkA expression they survive
regulated during development (Fig. 8; Farifias et al., 1998; Manly briefly without neurotrophins in culture (Buchman and
et al., 1999; Tessarollo et al., 1993; Tessarollo et al., 1994pavies, 1993). Because of this sensitivity to neurotrophin
The transcription factors neurogenin 1 and 2 are required @eprivation our data is consistent with a role for NT3 in
generate all classes of Trk-expressing DRG neurons. Howevetpporting neurons during this delicate transition to a complete
the mechanisms that determine the expression of specific Tdependence on NGF (Fig. 8; Davies et al., 1987; White et al.,
receptors is still unknown (Anderson, 1999; Ma et al., 1999)1996). Expression data have shown that the peripheral axons
TrkC is the main receptor expressed by progenitor cellsf sensory neurons that undergo a switch in neurotrophin
(Tessarollo et al., 1993). During neurogenesis, cellslependence are exposed to NT3 en route to their peripheral
expressing TrkA, TrkB and TrkC are all well represented irtissues where NGF is produced. Thus, these neurons may see
the DRG (Farifias et al., 1998). However, after all neurons a@nly NT3 during the earliest stage of target tissue innervation
born, at the beginning of the period of target tissudgFarifias et al., 1998). Alternatively, NGF and NT3 may both
innervation, most neurons express TrkA. This dynamic patterbe required for sensory neuron survival at this specific stage as
of neurotrophin receptor expression may reflect the changeemonstrated for neurons of the sympathetic lineage for which
in neurotrophin dependency of DRG neurons duringsimultaneous requirement of both NGF and NT3 has been
development (Davies, 1994). However, it is still not clear whateported (Tafreshi et al., 1998).

roles specific neurotrophins play in DRG neuronal survival ) )

during embryogenesis. For example, NT3 plays a major roléhe B/N allele supports sensory innervation of the

in DRG development, as indicated by the severe losses in tH¥€r ear

sensory ganglia diit3”~ mice (Ernfors et al., 1994; Farifias We found that replacement of NT3 with BDNF rescues almost
et al., 1994; Tessarollo et al., 1997). However, mice that lackompletely the severe inner ear neuronal and innervation losses
all isoforms of the high-affinity receptor TrkC do not lose ascaused by NT3 deletion. The implication of this rescue is
many neurons, suggesting that some TrkA- or TrkBsignificant in light of the current controversy about the role of
expressing neurons also depend on NT3 (Tessarollo et aN;T3 and BDNF in inner ear development. Initial analysis of
1997). Two different mechanisms have been proposed tdT3- and BDNF-deficient mice suggested that these
explain the severe neuronal losses caused by NT3 deficiencyeurotrophins act on separate subsets of spiral ganglion
As these losses appear early in development before the targeturons, with BDNF and NT3 supporting outer and inner hair
tissue innervation period (EIShamy and Ernfors, 1996; Farifia=ell innervation, respectively (Ernfors et al., 1995). This
et al.,, 1996; Liebl et al., 1997; Tessarollo et al., 1994) antlypothesis was supported by the apparently restricted loss of
seem to coincide with an increased level of apoptosis afeurons that innervate outer hair cells of the cochlea in BDNF
precursors, it has been first suggested that proliferatingnd TrkB mutants, and the complete loss of inner hair cell
precursors undergo apoptosis when NT3 is absent, resultimgnervation in the NT3 and TrkC mutant mice (Ernfors et al.,
in a depletion of pro-neuronal progenitors (EIShamy and995; Schimmang et al., 1995). In this case, the B/N allele
Ernfors, 1996). However, analysis of the rate of proliferatiorshould have had almost no effect on restoring the innervation
and differentiation of precursor cells in NT3-deficient micelosses caused by NT3 ablation.

has lead to the proposal that a decrease in neurogenesis antfore recent studies of the expression of neurotrophins and
not apoptosis is responsible for the severe sensory lossé®ir receptors (Farifias et al., 2001) and of inner ear
(Farifias et al., 1996). Furthermore, the pattern of expressiannervation losses in mutant mice (Fritzsch et al., 1999) have
of Trk receptors in proliferating neuroblasts suggests that NTIgad to the hypothesis that region-specific expression of BDNF
is required to maintain neurons that express TrkB but nadnd NT3 may control the spatial shaping of cochlear
neurons expressing TrkA (Farifias et al., 1998). Our datmnervation (Farifias et al., 2001). Analysis of Nt3 mutants
support a role for NT3 on TrkB-expressing neurons atndicates an almost complete loss of innervation in the basal
neurogenesis, as this neuronal population was rescued at thisn and a more severe reduction of the outer hair cell than the
stage. This specific effect was true for all DRG analyzednner hair cell innervation (Fritzsch et al., 1997). Similar spatial
although the rescue was less prominent in the C1 ganglioaffects on cochlear innervation are also present in TrkC
This result may reflect unique characteristics of this particulateceptor mutants (Fritzsch et al., 1998). As in situ hybridization
DRG. For example, the role of NT3 activation of different Trkstudies showed that spiral sensory neurons express both the
receptors may vary among DRG at this early developmentdirkB and TrkC receptors (Farifias et al., 2001; Pirvola et al.,
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1994) it appeared that region-specific expression of th#r critical reading of the manuscript; and Barbara Hempstead and

neurotrophins might account for the differential sparing oMoses Chao for helpful suggestions. Support was provided in part by

sensory neurons along the cochlea. The limited loss of spirBliH (#2 P01 DC00215) and the Taub Foundation to B. F. and by NSF

sensory neurons in the B/N mice indicates that only som@9511297) to J. K.

signal through both TrkC and TrkB receptor is needed for

survival of all neurons.
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