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SUMMARY

Neurotrophins have multiple functions during peripheral  controlled spatial and temporal ligand expression. In the
nervous system development such as controlling vestibular system TrkB or TrkC activation is sufficient to
neuronal survival, target innervation and synaptogenesis. promote vestibular ganglion neuron survival, while TrkB
Neurotrophin specificity has been attributed to the selective activation is required to promote proper innervation and
expression of the Trk tyrosine kinase receptors in different synaptogenesis. In the gustatory system, NT3 is unable
neuronal subpopulations. However, despite overlapping to replace the actions of BDNF possibly because of a
expression of TrkB and TrkC in many sensory temporally selective expression of TrkB in taste neurons.
ganglia, brain-derived neurotrophic factor (BDNF) and  We conclude that there is no general mechanism by which
neurotrophin 3 (NT3) null mutant mice display selective neurotrophin specificity is attained and that specificity is
losses in neuronal subpopulations. In the present study we achieved by (i) a tightly controlled spatial and temporal
have replaced the coding part of theBDNF gene in mice  expression of ligands, (ii) different Trk receptors playing
with that of NT3 (BDNFNT3/NT3) to analyse the specificity  distinct roles within the same neuronal subpopulation, or
and selective roles of BDNF and NT3 during development. (iii) selective receptor expression in sensory nheuron
Analysis of BDNFNT3/NT3 mice showed striking differences  subpopulations.

in the ability of NT3 to promote survival, short-range

innervation and synaptogenesis in different sensory Key words: BDNF, NT3, Sensory neurons, Ccochlea, Neurotrophin,
systems. In the cochlea, specificity is achieved by a tightly Taste, Mouse

INTRODUCTION show losses of different subpopulations of sensory neurons in
the dorsal root ganglidlGF/-andTrkA-—mice show a similar

Neurotrophins are required for the development anghenotype with a loss predominantly in the unmyelinated and
maintenance of the nervous system. The neurotrophin familjpe small myelinated dorsal root ganglia neurons conveying
consists of nerve growth factor (NGF), brain derivednociceptive information, while the NT3 and TrkC deficient
neurotrophic factor (BDNF), neurotrophin 3 (NT3), andmice lose the large myelinated neurons that convey limb
neurotrophin 4 (NT4). The functions of the neurotrophins ar@roprioception. The selective neuronal loss of these specific
mediated by their interactions with the Trk tyrosine kinasedorsal root ganglia subpopulations is correlated with the
receptors. NGF binds and activates the TrkA receptor (alsexpression of one particular Trk receptor in each of these
known as Ntrkl), BDNF and NT4 binds the TrkB receptorsubclasses of neurons. Furthermore, NT3 is expressed in the
(Ntrk2), and NT3 (Ntf3) predominantly binds the TrkC intrafusal muscle fibres and in golgi tendon organs, the target
receptor (Ntrk3), but can also interact with the TrkA and TrkBtissues of the large myelinated neurons that convey limb
receptors (Barbacid, 1994; Davies et al., 1995; Farinas et aproprioception (Copray and Brouwer, 1997; Oakley et al.,
1998). 1995; Oakley et al., 1997) and NGF in the skin, which is a

The analysis of knockout mice for the neurotrophins andnajor target of the nociceptive neurons (Davies et al., 1987;
their receptors conveyed important information on theSchornig et al., 1993). Thus, specificity of these subclasses of
requirement of neurotrophins for selective neuronaborsal root ganglia neurons is attained by a selective expression
subpopulations in the peripheral nervous system (Bibel anaf Trk receptors and by a spatially regulated expression of their
Barde, 2000; Snider and Wright, 1996). These knockout mickgands in the respective target tissues.
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Unexpectedly, the mechanism for achieving specificity ofis a consequence an additional delayed loss of neurons). Loss
dorsal root ganglia neuron subpopulations to neurotrophins @f geniculate taste neurons and inappropriate target innervation
not generic. In most cranial sensory ganglia, Trk receptors ame the gustatory system &DNFPNT3NT3mice were similar to
more widely expressed than in the dorsal root ganglia. Fahose ofBDNF/-mice, indicating that a specific BDNF-TrkB
instance, in both the vestibular and spiral ganglia, TrkB andctivation is required for proper development of the peripheral
TrkC are ubiquitously expressed and BDNF and NT3 argustatory system.
present in both vestibular and auditory sensory epithelia. Yet,
ligand and receptor null mutant mice display distinct and
specific deficits. BDNF is of major importance for the MATERIALS AND METHODS
development of the vestibular system BBNF~ mice there
is an 80% loss of vestibular ganglion neurons and a complefeeneration of BDNFNT3/NT3 mice
loss of innervation of the target sensory epithelia at birth, whil8DNFNTNT3mice were generated using ES cell technology. A target
in NT37~ mice only 20% of the vestibular neurons are lostreplacement vector was generated in which exon V dBBeF gene
(Bianchi et al., 1996; Ernfors et al., 1995a; Ernfors et al.Was opened and the protein coding part ofNfi& gene was fused
1994a; Ernfors et al., 1995b). In contrast to the vestibuldf-rame with BDNF. The vector included aeomycinexpression

neurons, the majority of spiral ganglion neurons depend o ssette, with the phosphoglycerate kinase promoter, flanked with

. ; Jag - xP sites. The targeting vector was electroporated into the ES cell
NT3 for survival (90% loss iflNT3"~ mice) while BDNF oo £14 pNA from Gals-resistant clones were digested Bah

supports only about 10% at birth (Ernfors et al., 1994a; Emforg,q analysed by Southern blot using an external probe. Two clones
etal., 1995b; Farinas et al., 1994; Fritzsch et al., 1997a). Mosfowing homologous recombination were injected into blastocysts to
spiral ganglion neurons lost MT37~mice are type | neurons generate chimeric mice. Genotyping of mice was performed by
that constitute around 90% of the ganglion and that innervatgouthern blot analyses and later also by PCR. Offsprings from mating
inner hair cells (IHC) while nearly all type Il neurons are lostof heterozygous mice showed a Mendelian distribution of the alleles
in BDNE'- mice. These amount to about 10% of the gang]iorﬁt birth.BDNPNT3/+ mice were mated with deleter-cre mice (Schwenk
and innervate outer hair cells (OHC) (Ernfors et al., 1995b). |8t al., 1995) to generate animals without the neomycin cassette.
addition to this specific action of selective neurotrophins upo
d'St'.nCt splra_\l neuron subclasses, BDNF ?_nd_NT_S might alsBNA was extracted from tails and used for genotyping with the
act in a spatial gradient. Neuronal losifi3”~mice is almost following primers:
complete in the basal part of the cochlea with the remaining g| 1. 5-ATGAAAGAAGTAAACGTCCAC-3',
few percent are localised apically. In contr&®DNF-— mice BL2: 5-CCAGCAGAAAGAGTAGAGGAG-3
an almost complete loss of type Il neurons and OHC PGK: 3-GGGAACTTCCTGACTAGGGG-3
innervation. However, in these mice a minor residual OHC NT3-04: 3-TGGAGGATTATGTGGGCAAC-3
innervation is more pronounced in the base than in the apexNeo-3: 5-GATCCCCTCAGAAGAACTCGT-3
(Farinas et al., 2001; Fritzsch et al., 1997a). A similar degree Neo-3: 5-CTGTGCTCGACGTTGTCACTG-3 _
of specificity has been observedTirkB-- and TrkC-~ mice A Eﬂ%‘;}f@ of BL1, BL2 and PGK was used to determine the
(Fritzsch et al., 1998). These results suggest that BDNF a N3 g ?\l”d ‘é""d'type a"ed'est' NJ?’I'.OA' f?‘“r? ELtz as Wl‘"'" %S
NT3 are not functionally redundant in the inner ear even o 3 and fyo0-> Were usec fo cisinguish between loxed,
X . - BDNPNT3IoX/NT3lox and not loxedBDNAN > animals.

though TrkB and TrkC have overlapping expression in
individual neurons of b_oth the vestibular and spiral ganglian situ hybridisation
(Ernfors et al., 1992; Ylikoski et al., 1993). For in situ hybridisation fresh frozen brains from postnatal day 14

TrkB and TrkC but not TrkA expression has been(p14) mice were usedS-labeled riboprobe in situ hybridisation was
demonstrated in the geniculate ganglion, which largelyerformed as previously described (Trupp et al., 1997). Riboprobes
provides innervation for the tongue (Ernfors et al., 1992). Theomplementary to réBDNF and mouseNT3 coding sequence were
expression of TrkB in the geniculate ganglion agrees wittised. The probes were generated from linearised plasmids using T3
results showing expression of BDNF selectively in taste bud@'d T7 RNA polymerase anéS-labelled a-UTP. Slides were
of gustatory papillae. Consistently, there is also a distingXPosed t@-max X-ray film (Amersham) for 4 days.
difference in the lingual phenotypes in 8BNF7/-andNT3"~  gpNE and NT3 ELISA

mic_e. BDNF™ mice display a specifi.c set of deficits in their Brains from P14 mice were removed and the hippocampus and part
peripheral gustatory system, including general loss of tastg the cortex were dissected out, frozen fresh and kept A€l
buds, innervation deficits in the remaining taste buds, and fewglither processing. The tissue was homogenised using syringes with
and malformed tongue papillae. Instedf;3/~ animals lose  decreasing diameter down to 0.7 mm. BDNF and NT3 ELISA were
their lingual somatosensory innervation (Nosrat et al., 199%hen performed according to the manufacturer's protocol (Promega).
Zhang et al., 1997). _ )

We have generated mice in which the coding exon of th@uditory brainstem response (ABR)
BDNF gene has been replaced wkiT3 Thus, the normal ABR was recorded in anaesth.etlsgd mice (O.Q5 mg ketalay and 0.003
temporal and spatial expression of BDNF during developmerif9 ';0”2‘888 p?rhgra?_w bol_dy we!gthtoll.p.f) faﬁ pre‘l"°”.5|y desc”betd é%u%n
has been replaced by NT3. In the auditory system, we find th%&a . ). The stimuli consisted of full cycle sine waves at 6.3, 8,

. . .5 and 20 kHz synthesised digitally by SigGen software [Tucker
replacement with NT3 largely restores neuronal survival, targey_ . Technologies (TDT), Florida, USA]. The potentials were

innervation, and hearing, indicating that the specificity ofympjified by 100,000, averaged for 1000 sweeps, and then processed
BDNF in the inner ear is attained by the temporal and spatiglith BioSig software (TDT, Florida, USA). Threshold was defined as
ligand availability. In the vestibular system we find a rescughe lowest intensity at which a visible ABR wave was seen in two
from neuronal death but a loss of innervation and function (analveraged runs.



Multiple mechanisms of neurotrophin specificity 1481

Dil tracing fixed after 6 to 9 days of development in vitro and stained using
Wild type (=14), BDNPNT3NT3 (n=11), andBDNF/- (n=7), were ~ immunohistochemistry for neurons and hair cells.

sacrificed by cervical dislocation at P5. The heads were removeég . .

and the brain lifted out. The intact fifth and seventh nerve werec2nNing electron microscopy (SEM)

identified and cut to reveal the eighth cranial nerve. The eightffongues were fixed in 4% PFA, rinsed in PBS and kept at 4°C. Upon
nerve was cut and Dil crystals (1,'-dioctadecyl-3,3,33- use, tongues were dehydrated in a graded serie of ethanol _th_at was
tetramethylindocarbocyanine perchlorate; Molecular Probes) weréxchanged during three subsequent washes in hexamethyldisilazane
applied directly to the end of the eighth nerve. The tissue wagiMDS). The HMDS was allowed to evaporate in a fume hood
incubated in 4% PFA at 3C for 2 days. The cochleae were dissectedovernight. The tongues were then mounted on stubs, lightly sputter-
into 3 pieces each being approximately 2 mm long and analysed usifgated with gold/palladium, and studied in a scanning electron
fluorescence microscopy. Confocal images were acquired and tigICroscope.

number of OHCs in row one was estimated in each dissected part. The

number of nerve fibres projecting to the first, second and third row of

OHCs was then determined and results presented as percentage of feSULTS

number of OHCs per dissected part (apex, middle or base).

- . Gene replacement of the BDNF coding sequence
Semithin sections with NT3

Semithin 1um plastic sections were prepared as previously describ

e . . .
(Ernfors et al., 1995b). A target replacement vector was generated in which the protein

coding part of thié\T3gene was fused in-frame wiBDNF in
Tissue preparation exon V of theBDNF gene followed by @eomycinexpression
Embryos were obtained from overnight mating and the morning otassette flanked witloxP sites (Fig. 1A). Exon V of both the
the appearance of the vaginal plug was considered as embryonic d2DNFandNT3genes contains all the protein coding sequence.
0 (EO). Tissues were immersion fixed in 4% PFA overnightES cells were electroporated, selected, and analysed with
equilibrated in 10% PFA, followed by 20% sucrose, frozen andSouthern blot for homologous recombination. ES clones
sectioned in a cryostat at a thickness ofui carrying theBDNPNT3* alleles were injected into blastocysts.
Offspring were characterised by Southern blotting (Fig. 1B).

Immunohistochemistry was performed ongid sections or on whole Offspring from matings of heterozygous mice showed a

. T - T3/t i
mounts of the inner ear and on primary cell cultures using primar%Iendellan d|str|t_)ut|on of the aIIeI_es at birBDNF mice
antibodies against the p75 receptor (rabbit 9651: 1:200) of/ere crossed with deleter-cre mice (Schwenk et al., 1995) to

monoclonal acetylated tubulin 6-11B1 (1:500; Sigma) together witf€combine out the neomycin casseBBNFNT30X* mice (Fig.
FITC-conjugated phalloidin (1:80; Molecular Probes) or calretinin1C-E).

(1:250; Swant Antibodies) and NF200 N52 (1:400; Sigma) as

previously described (Ernfors et al., 1995b). ImmunohistochemistfnRNA and protein expression inthe ~ BDNFNTI/NT3

on tongue with antiserum against protein gene product 9.5 (PGP 9.8iice

fgg‘)’i‘?gﬂ) Was perforrr?ed as prgtvipus(;y describeg (’\:OSV_at et alwe next investigated the expression pattern of NAG/NT3
/). Fhotomicrograpns were obtained on a confocal MICroSCORfajes to confirm that it fully corresponded to the endogenous
(Zeiss LSM510 or BioRad Radiance 2100). Selected levels or sing :
projections of stacked images were used. pression of th&DNF gene. BDNF and NT3 are expressed
principally in a non-overlapping pattern in the brain. BDNF
Quantification mMRNA is strongly expressed in cerebral cortex, dentate gyrus
14 pm cryostat serial sections were stained with Cresyl Violetand CA1-CA3 of the hippocampus while NT3 is expressed in
Neuronal numbers were established by counting neurons with a cledentate gyrus, medial CA1 and CA2, and with little expression
nucleus and nucleoli in every third section in spiral and vestibulain the cerebral cortex (Ernfors et al., 1990; Phillips et al., 1990).
ganglia (in the DRG and geniculate ganglia all sections were counteBoth BDNF and NT3 expression in P14 wild-type mice was
in the trigeminal ganglion every 12th section and in the nodosegimilar to that previously reported (Fig. 2A,B). NT3 mRNA
ganglion every sixth). The number of neurons counted was multipliegypression was changed from the NT3 pattern to the BDNF

by section separation to give a total estimated number of profiles ( xpression pattern, although the overall level was reduced in
This number was multiplied by section thickness (T), divided by TgDNFNTyJr mice (F'ig 2C) TheBDNENT3NT3 mice displayed

lus the average diameter of the nuclei (D) to give the neuron . .
gumber (N); N=gnxT/(T+D) (Abercrombie, 18425; Cogggeshall, 1992). 2N expression of NT3 mRNA that completely corresponded with

both the pattern and level of the normal expression of BDNF
Cell culture MRNA (Fig. 2A,D). We then examined whether the mRNA for
Isolated vestibular ganglion cells were obtained from 3-day old wildNT3 in these mice was appropriately translated into the protein.
type Balb/C mice via enzymatic (trypsin and collagenase, 1 mg/mThe protein levels were examined using ELISA (Fig. 2E,F).
each, for 5 minutes at 37°C) and mechanical dissociation. The celSerebral cortex (not shown) and hippocampus dissected from

were plated at a density of 500 cells/mam laminin (10ug/ml) P14 mice were analysed. BDNF protein was completely absent
coated coverslips in serum-free MEM Earle’s (GIBCO BRL)in BDNFNT3NT3mice and reduced to half BDNENT3/+ mice,

supplemented with defined additives N2 (2%), glucose (4.5 g/l) A ; : ; ;
glutamine (0.3 g/l), pyruvate (0.1 g/l) and penicillin (100 Urmi). Al comPared to wild-type mice (Fig. 2E). Consistent with a less

additives were purchased from Life Technologies, penicillin anoabundant and more restricted pattern of NT3 mRNA expression

enzymes from Sigma. Vestibular sensory epithelial cells from wildg the hlppoc_am_pus,_ NT3 prote_ln levels v¥§£e ”.‘”Ch lower than
type,BDNF--, or fromBDNFNT¥NT3mice were seeded on wild-type BDNF protein in wild-type miceBDNFNTS"* mice showed
vestibular ganglion cell cultures after dissociation with DNAse (0.58n increased production of NT3, which was doubled in
mg/ml; Roche Diagnostics), protease type X and collagenase (boBDNFNTNT3mice, reaching a level remarkably similar to the
at 1 mg/ml; Sigma) in MEM Earl's (GIBCO). Co-cultures were level of BDNF in wild-type mice (Fig. 2F).

Immunohistochemistry



1482 K. Agerman and others

Fig. 1. Gene replacement of the A B

BDNF coding sequence with ;

NT3 (A) Schematic diagram of Targeting Replacement Vector

the approach to change tB®NF BDNF exon V - 12kB
loci to NT3 TheBDNF exon V B E— B

(shaded box) was opened with ’ ) TV e

Bglll (B) and theNT3coding “ 5.6 kB
region was fused in-frame B

followed by aneomycincassette. |NT3I neo | A

(B) ES cells were analysed for > i <+« E E 2
homologous recombination usil lox P lox P o L

an external probe for Southern Homologous recombination Q LEL

blot analysis (BsBstX| and E; B B 8 a
EcoRV). The wild-type (WT) , I"INTS neo | | P
allele revealed a 12 kb band Bs E >l « _ 2 :
while the mutant band was 5.6 e ox P lox® S B B
kb. (C) Animals were mated - Probe g z% E_I;
with deleter-cre mice to lox out BONF < S.6KD > D £ 3 3
theneomycircassette. (D-E) Tw ~ 12 kB ~ = -
PCRs were performed to WT < -

distinguish between animals c 500 bp

containing or not containing the . . .

neomycircassette. The PCR Crossing with deleter-cre mice ”
primers used for this analysis a PCR primers Neo-3’ Neo-s’ o
depicted in (C). (D) The first B e . B _ 2 3
PCR primers (Neo‘3Neo-5) are ' \J > « I—'_ s E 2
designed to amplify a fragment loxP  loxP ;f LI
‘;"gg‘l:rt‘ é%%”gg”%cgfgisrsggn"f l Crossing with deleter-cre E 2 8 8
fragment is amplified in PCR primers NT3-04 BL2

BDNFNT3/NT3mice while no ? NT3 .‘

fragment is amplified in mice “;m 3

crossed with deleter-cre mice
(BDNFNT3IoXINT3loxmjice). (E) In

the BDNP\NT3Iox/NT3loxpjjce a fragment of about 600 bp is instead amplified using the NT3-04 and BL2 primers, this band is not amplified in
animals still carrying theeomycircassette.

The BDNPNT3NT3 mice showed similar phenotypes to the mice showed almost complete loss of innervation of the three
BDNF=mice, with a few exceptions. It was common for therows of OHCs (Ernfors et al., 1995b) and a reduction in
BDNFPVT3NT3 mice to live for 3-4 weeks, compared to the neuronal numbers (Fig. 3E) similar to previous results (Ernfors
BDNF~ mice that almost invariably died during the third et al., 1995b; Farinas et al., 2001), as well as a subsequent loss
postnatal weekBDNFNT3NT3 mice also appeared to have
increased body weight compared BDNF/~ mice. The ] o
BDNPNT3NT3mice, as th& DNF--mice (Ernfors et al., 1994a; Table 1. Neuronal cell counts in sensory ganglia in wild-

Jones et al., 1994), suffered from defective coordination of type, BDNF~-and BDNFNT3NT3 mice at PO
balance and movement. Measurements of neuronal numbers Mean number of Percentage of
in the trigeminal, nodose, dorsal root, spiral, vestibular and  Ganglion neurong s.e.m. controk s.e.m.
geniculate ganglia oBDNF-, BDNFNT3NT3 and wild-type Trigeminal

mice revealed differences in neuronal survival (Table 1, counts \évgﬂl It:ype g?gfé;g?@h;?) 18]03

of neuronal numbers in trigeminal, nodose, and dorsal root BDNFNTINTS 33 0121007 (125) logeat

ganglia at PO; data on spiral, vestibular and geniculate ganglia
are described below). A partial rescue of neuronal survival is ~ Nodose

seen in nodose and do/rsal_ root ganglia in BBNFY BDNE-- 7 0766252 (=4) PO

mice compared tBDNF~ mice. BDNENT3NT3 9 3156548 (1=4) 8Qr5T *
. . Dorsat root (L4)

Rescue of neuronal numbers, target innervation and Wild type 9 043592 (=4) 1067

function in the cochlea BDNF/- 5 984542 (1=4) 66:6*

BDNF is expressed in the hair cells, while NT3 is expressed BDNFNTS/NT3 7 835:585 (1=5) 8m6'

in supporting cells and hair cells during embryogenesis (Fig. , _ o
3A) (Ernfors et al., 1992: Farinas et al., 2001; Pirvola et al, Cryostat sections from newborn mice of the indicated genotypes were

Ul . repared and stained with Cresyl Violet. Trigeminal ganglion neurons with a
1992; Ylikoski et al., 1993). TrkB and TrkC are expresseQiear nucleus and nucleoli were counted in every 12th section, nodose every

during embryogenesis and this continues into adulthood in thexth and DRG every second section. ANOVA Fisch&?s0.05 between
spiral ganglia where it is evenly distributed over the entirddDNF'T3NT3andBDNF-~mice; ANOVA Fischer's P<0.05, *P<0.005
ganglia (Ernfors et al., 1992; Ylikoski et al., 199BpNF-—  and **P<0.001 between mutant mice and wild-type mice.




A BDNF mBNA B NT3 mRNA c NT3 mRNA D NT3 mRNA
. - «
! { ‘;}J o= { o
-\. \ L %
\‘“ - & |
WT — WT BDNFNT# BDNFNTINTS
E BDNF ELISA F NT3 ELISA
512 12
2 g
810 210
e e
z6 96
= =
m 4 < 4
o 2
c 2 2
0 — ol 1

WT  BDNFNT¥* BDNFNTINTS

A BDNF and NT3 expression in the organ of corti B

Development

Multiple mechanisms of neurotrophin specificity 1483

WT  BDNFNTS*BDNFNTINTS

Fig. 2.mRNA and protein expression in tB®NFNT3/NT3
mice at P14. (A-D) BDNF and NT3 in situ hybridisation of
brain sections. Scale bars:10® in A-D. Note that NT3
mRNA expression changesBDNFNT3*(C) and
BDNPNT3NT3(D) mice towards the same expression
pattern as BDNF in wild-type animals (A). (E-F) Analyses
of protein levels in hippocampus using BDNF and NT3
ELISA. (E) BDNF protein levels decreaseBBNFNT3/+
mice and are completely absenBBNANT3/NT3animals.

(F) NT3 protein levels increase BDNFNT3/+ and
BDNFNT3NT3mjce to reach a similar level as BDNF
protein in wild-type animals.
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Fig. 3. Rescue of neuronal numbers, target innervation and function in the
cochlea iBBDNPNT3NT3mice. (A) BDNF and NT3 expression in the cochlea
during development and in adult animals. BDNF (red) is expressed in the hair
cells during development while NT3 (blue) is expressed in both hair cells and

supporting cells. In adult animals NT3 is only expressed in the IHC.

(B) Auditory brainstem response BDNF-~ (green) BDNFNT3NT3(red) and wild-type (blue) mice. Note that BBNF--mice suffer from a
hearing loss that is completely rescued inRENFNT3/NT3mjce. (C,D) Afferent innervation in sections from the apical to middle part of the
cochlea stained with an antibody directed against f¥fed) counterstained with phalloidin (green) to visualise the hair cells. Scale bars:
20 um. The arrows indicate the OHC. Note innervation of the three rows of OHCsBDMENT3/NT3mice. (E) Spiral ganglion neurons
(SGN) were counted at PO and P17. At PO 2698) and at P17 29%1€4) of the neurons were lost BDNF~mice compared to wild-type
mice. This loss was rescued at PBDNFNT3NT3mice (=3) and at P17 there was still no significant difference between the wildrtysk (
andBDNPNT3NT3mice (1=3). ANOVA Fischer's **P<0.001; +s.e.m.
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of hearing (Fig. 3B, green line). In contrasBDNF’-mice, reduction in radial fibres specifically in the apical part of the
the BDNFNT3/NT3mjce responded to snapping of the fingers bycochlea inBDNF-~ mice, while we have reported that there
showing a Preyer’s reflex. These findings directed us to furthés a specific loss of type Il neurons and OHC innervation in
examine the auditory function @BDNFNT3NT3 mice using these mice (Ernfors et al., 1995a; Ernfors et al., 1995b). We
ABR. The study was conducted on 17-days old wild-typeherefore conducted a Dil tracing study of b&BDNF/-
(n=5), BDNPNT3INT3(n=5) andBDNF~ mice (=5 except at and BDNFVT3NT3 mice, as well as performing
8 kHzn=4). The response of tIRDNFNT3NT3mjce was equal immunohistochemical analyses of radial fibres using an
to that of the wild-type mice throughout all measuredantibody against acetylated tubulin throughout the entire
frequencies (Fig. 3B). The innervation of the OHCs (arrows)ongitudinal axis of the cochlea. A large humber of animals
was rescued at P17 iBDNPNTSNT3 mijce as seen by were traced with Dil to discount technical and biological
immunohistochemistry with an antibody directed against theariation. Radial fibres (rf) were not diminished in either
p75 receptor specifically visualising the afferent nerve fibreBDNF/~ or BDNFNT3/NT3 mice compared with wild-type
(Fig. 3C,D). Thus, these results show that NT3 can suppombice as detected with Dil tracing (Fig. 4A-C) and with
innervation of OHCs and normal auditory function in theimmunohistochemistry for acetylated tubulin (Fig. 4M,N,O).
absence of BDNF. We next analysed OHC innervation iBDNF/- and
Previous results from another group (Bianchi et al., 1996BDNFPNT3/NT3mjce. In wild-type mice, Dil labelled nerve fibres
Farinas et al., 2001) suggested a general loss of both OHC amajecting through the spiral lamina, branched and reached all
IHC innervation inBDNF~ mice as seen by a pronounced three rows of OHCs. The projection was robust and we were

WT BDNEF™ BDNE"TNT?

Fig. 4.Dil tracing of afferent
innervation in wild type
(A,D,G,J)BDNF~(B,E,H,K)
andBDNRNT3INT3(C F1,L),
and whole mount
immunohistochemistry to
detect radial fibres in wild
type (M)BDNF-(N) and
BDN |:NT3/NT3(0).
Micrographs illustrate the
apical (A-F,M-0), middle
(G-1), and base (J-L) of the
cochlea. Scale bars: 40n in
A-C and M-O and 1@m in
D-L. There is no reduction in
the density of radial fibres (rf)
in eitherBDNF-(B) or
BDNFNT3NT3(C) compared to
wild-type (A) mice as seen by
Dil tracing. This is also shown
by the distribution of nerve
fibres stained for acetylated
tubulin (red) and
counterstained with FITC-
conjugated phalloidin (green)
to visualise the hair cells
(M-0). Note the innervation
of the three rows of OHCs in
wild-type mice (D,G,J), loss
of innervation of all three
rows of OHCs irBDNF~
mice (E,H,K) and rescue of
innervation of the OHCs in
the BDNFANT3/NT3mice (F,I,L).
Arrows indicate the three rows
of OHC.

G

Middle
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Table 2. Semi-quantitative analysis of percentage Dil- A o )
labelled nerve fibres reaching hair cells in each of the three BDNF and NT3 expression in the vestibular system
rows of OHCs

Development Adult
Apex Middle Base

Hr- = A T
RowofOHC 1 2 3 1 2 3 1 2 3 ﬁgﬂ; | %

'd P
BDNF/- 01 0 0 29 12 0 18 10 0.1 [elm}eYelefs)] ol @} e[efe
BDNFAVT3NT3 25 02 0 46 35 32 88 84 56 T ey

The 8 cranial nerve was traced using Dil in the indicated genotypes an B PO
the cochleae was dissected into three portions, apex, middle and base. P‘l?
Confocal images were acquired and the OHCs were counted in each diss I
part the cochlea. The number of nerve fibres projecting tostr@dand 34 4000 oo
row of OHCs were then determined and are presented as percentage of tt i I
number of OHCs in row one (wild type=14; BDNFNT3/NT3n=11: BDNF-- 30009 L
n=7). In wild-type mice, traced fibres reaching the three rows of OHCs wa: ]
seen throughout the longitudinal axis (i.e. 100%). 2000 ].
1000 l

unable to identify single nerve fibres, this innervation w 0 [ i | N
considered to be 1009BDNF/~ mice showed loss of OHC WT BDNF'BDNEN™NT \WT BDNEBDNENTENT3

innervation in the apex, middle, and basal turns of the coct
(Fig. 4E,H,K arrows). Semi-quantitative measurements of -
number of nerve fibres projecting to the three rows of OH
confirmed this result (Table 2BDNFNT3NT3mjce showed a
rescue of innervation throughout all turns of the cochlea ¢
most OHCs received innervation, although the fibres appee
not to branch and project spirally to the same degree as in w
type mice (Fig. 4F,l,L arrows). The OHC innervation of bo
BDNPNT3NT3 and BDNF~ mice (the few remaining fibres), :
showed a gradient in the loss. Fewer nerve fibres reachec BDNFNTINT
third row of OHCs (virtually no fibres iBDNF7-mice) than
the second, and fewer reached the second than the first rd¥%ig. 5.Neuronal survival but not innervation is rescued in the
Furthermore, fewer nerve fibres were seen in the apex than vastibular system. (A) BDNF and NT3 expression in the vestibule
the base (Table 2). during development and in adult animals. Both BDNF (red) and NT3
Further investigation of the cochlea revealed a loss of spirdp!ue) are expressed in the sensory epithelia during development,

; 0 0 while only BDNF is expressed in the adult. (B) InBDNFNT3/NT3
?na%g[yﬁg_nex{izgs(gé 25"33'/515;:(312h?st E)qssar\:\?aggrég(::j()adata?go i ice, 60% of the neurons survived compared to only 16% survival in

. . DNF--mice. At P17 half of the neurons seen at PO were lost in
T3/NT3 -
BDNF mice (100%;n=3) and at P17 there was still pp\mTaNT3mice. (C-D) Sections of utricular maculae

no sigpeij'i\lc%nt. difference between wild-typen=¢) and  jnmunohistochemically stained with an antibody directed against
BDNFY mice (=3) (Fig. 3E). Similar results were seen p75\TR (red) that specifically stains the afferents and with phalloidin
at PO inBDNPNT3loXNT3loxmjce (data not shown). Analyses of (green) to visualise the hair cells. Scale bargi®5n C and D.

semi-thin sections (um sections) revealed type Il neurons in Only a sparse innervation that does not form calyces is seen in the
BDNPNT3NT3and wild-type mice (data not shown). Thus, theseBDNFNTNT3mice (D) compared to wild-type animals (C). ANOVA
results show that NT3, if expressed in the temporal and spatigischer’s ***P<0.001; +s.e.m.

pattern of BDNF in the cochlea, preserves neuronal numbers

and target innervation with subsequent normal development of

function. cochlea, the balance defects BONF/~ mice should be

_ _ _ _ rescued iNRBDNFNT3NTS mice. However BDNFNTINTS mice
Neuronal survival but not innervation and function displayed a similar defect in balanceBBNF/- mice.
is rescued in the vestibular system BDNF--mice are severely affected in the vestibular system

Both NT3 and BDNF mRNA are strongly expressed in thewith up to 80% loss of the vestibular ganglion neurons, and
sensory epithelia of the saccular and utricular maculae durirey subsequent loss of innervation of both the utricular and
development (Ernfors et al., 1992; Pirvola et al., 1992). Theaccular maculae, occurring largely between E13 and E16
levels of NT3 decrease with maturation and at P9 th¢Bianchi et al., 1996; Ernfors et al., 1995BDNFNT3/NT3
expression is almost gone (Fig. 5A). BDNF mRNA, but notmice show about 60% neuronal rescue at PO compared to wild-
NT3 mRNA is also seen in the ampullar cristae (Pirvola et altype mice (Fig. 5B, also confirmedBDNFNT3I0X/NT3lomijce).
1992). As in the spiral ganglion, both TrkB and TrkC areThere was a slow gradual loss of the vestibular ganglion
expressed in the embryonic, postnatal as well as adufieurons in th@DNFNT3NT3mjce, since at P17 nearly half of
vestibular ganglion with an evenly distributed patternthe neurons seen at PO were lost (Fig. 5B). We next examined
throughout most or all neurons (Ylikoski et al., 1993). If thethe innervation of the vestibular sensory epithelia.
mechanisms establishing specificity of the neurotrophins andnexpectedly, iBBDNFNT3NT3mice innervation at P17 was
their receptors were the same in the vestibular system as in thieongly reduced (Fig. 5C,D). Only occasional sections were
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found that retained a sparse innervation (Fig. 5D). The afferefiairm calyces and it also revealed that the nerve fibres in the
fibres that reached the sensory epithelia of the utricular arglibepithelial layer were highly disorganised (Fig. 7B). In order
saccular maculae showed no indication of differentiating intdo confirm a direct role for BDNF in sensory hair cell
calyces (nerve endings forming a cup-shaped structure aroumthervation and nerve ending formation we established an in
the base of the hair cell) around the type | hair cells at P1vitro system. In this assay, hair cells dissected from wild-type
(Fig. 5D), but appeared to project through the epithelia. mice were seeded over laminin-coated slides containing
vestibular ganglion neurons. This assay allows a qualitative

BDNF/TrkB but not NT3/TrkC elicit terminal measurement of hair cell innervation and calyx formation. In
innervation and maturation of functional sensory all co-cultures 1t=50) of wild-type vestibular neurons
nerve endings and wild-type hair cells, the vestibular ganglion neurons

The failure to innervate the saccular and utricular maculasuccessfully innervated the hair cells. The nerve endings
despite the survival of many vestibular ganglion neuron®ranched extensively and wrapped around the hair cells
suggested that BDNF and NT3 play different roles in thdorming digitations reminiscent of the process of calyx
vestibular ganglion neurons. We therefore first determinetbrmation in vivo (Fig. 7C,D). Conversely only two out of 200
whether the reduced innervation is caused by a failure tocases showed neuronal contacts between wild-type neurons co-
maintain the nerves or whether the sensory nerve fibres nevaltured withBDNF- hair cells. The diameter of the nerve
innervate the saccular and utricular maculae. Already at E16@bre in these cases is thinner and there is little branching on
at which time the fibres should have reached the epithelium btite surface of the hair cell (Fig. 7E,F). In contrast to the
not yet formed calycesBDNPNT3NT3 mice showed less BDNF7- hair cells, vestibular neurons reached nearly all
innervation (Fig. 6C) compared with wild-type mice (Fig. 6A). BDNFNT3NT3 hair cells (11 out of 12). However, similar to
Similar results were obtained in neonatal mice (Fig. 6D-F). ABDNF- hair cells, the nerve fibres were thin, showed little
all these stages, nerve fibres were seen in the subepithelial lajpeanching, and did not wrap around the hair cells (Fig. 7G,H).
with sparse innervation of the sensory epithelia, suggesting thatCombined, the in vivo and in vitro results provide evidence
BDNF is only required for terminal innervation and formationthat both BDNF/TrkB and NT3/TrkC can sustain vestibular
of functional nerve endings, and not for nerve fibres to projeateuronal survival but BDNF/TrkB are required for proper
to the utricular and saccular compartments. The ampullaerminal innervation and synaptogenesis in the vestibular
cristae completely lacked innervation in b@®NF/~ and  system. We conclude that the differences in the vestibular
BDNFNT3INT3mice as shown by p75 immunohistochemistrycompartment between BDNF/TrkB and NT3/TrkC knockout
(Fig. 6G-I). mice is caused by different intracellular activities of TrkB and

Analysis of whole-mount utricular maculae using confocalTrkC, and TrkB activation is exclusively necessary for short
microscopy confirmed a sparse innervation of the sensomange (terminal) innervation and formation of synaptic
epithelia in theBDNFNT3NT3mjce, a failure of these fibres to contacts.

Fig. 6. Failure of terminal
nerve in-growth irBDNF-~
andBDNPNT3/NT3mjce.

(A-1) Immunohistochemistry
for p75 to detect afferent
innervation (red) and FITC-
conjugated phalloidin (greer
which visualises the hair cel
(A-C) Already at E16 when
the fibres have reached the
epithelium of the utricular ar
saccular maculae in wild-tyg
mice (A), BDNFNT3NT3mjce
showed a comparable failur
of innervation (C) tDNF-
mice (B). (D-F) Similar
results were obtained at PO.
Note that only a few fibres
have reached the hair cells i
the BDNFNT3/NT3mice (F) anc
none has reached the hair
cells inBDNF-mice (E).
Nerve fibres are seen at all
stages in the subepithelial
layer, suggesting that BDNF
is only required for terminal
innervation and formation of
functional nerve endings but
that it is not required for nerve fibres to project to the utricular and saccular compartments. (G-l) The ampullar crigssdycacipl
innervation in botlBDNF- (H) andBDNFNT3NT3mice (1). Scale bars: 50m in A-I.
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The NT3/NT3 alleles supports neither survival of
taste neurons, nor proper innervation of the
peripheral gustatory system

In the rodent tongue, BDNF and NT3 show distinct non-§
overlapping expression patterns. BDNF mRNA is expressed i
the epithelium of the developing gustatory papillae prior to tht
formation of taste buds and continues to be expresse
throughout adulthood (Nosrat et al., 1996; Nosrat and Olsol
1995). NT3 mRNA is located in those areas were BDNF is nc
expressed, such as the superior surface and the late
epithelium of the fungiform papillae (Nosrat et al., 1996) (Fig.
8A).

BDNF/-mice exhibit a loss of gustatory innervation and a
subsequent loss of taste buds and gustatory papillae (Nosrai
al.,, 1997; Zhang et al., 1997). Interestingly, similar deficits
were seen iBDNAVT3NT3mice with a distinct disruption of
gustatory innervation while lingual somatosensory innervatiol
appeared intact (Fig. 8C,D). Intriguingly, BDNPNT3/NT3mice
the NT3-dependent somatosensory innervation did not invac
the taste buds, which in these mice express NT3. We examin
the morphology of the tongue surface using SEM. A marke
loss of fungiform papillae was seen in 2-weeks old
BDNFNT3NT3 mice with only about a third of the papillae
remaining (Fig. 8F), similar to thBDNF/~mice (Fig. 8G).
Furthermore, the remaining fungiform papillae were smaller ir
BDNFNT3NT3mjce compared to wild-type mice, again like that
seen iNBDNF~ mice (8E-G). The number of taste buds in G
the circumvallate papillae were similar iIBDNF'~ and
BDNFVT3NT3mijce (data not shown).

In order to assess whether th&@BNF—like deficits in
BDNFNT3NT3mice were caused by a loss of gustatory neurons
neurons in the geniculate ganglion were counted, which in pa
consists of neurons projecting to fungiform taste buds. Th
geniculate ganglion iBDNFNT¥NT3mice showed the same [ EYSINP=UEINE
extent of neuronal loss asBDNF-mice, compared to wild-
type mice (Fig. 8H). We conclude that NT3 can ne'the'Fig. 7.BDNF/TrkB signalling is required for terminal innervation
preserve the BDNF-dependent gustatory innervation of thgng formation of functional sensory nerve endings.
taste buds, nor rescue the neurons from death in the periphegalH) iImmunohistochemical double staining against NF200 to detect
gustatory system, indicating that NT3 does not play aerve fibres (red) and calretinin to detect calyces (green).
physiological role as a ligand for TrkB in vivo in this system.(A,B) Whole-mount preparations from the utricular maculae in wild-

type (A) andBDNFNT3NT3mjce (B). Scale bars: 30m in A and B.

The analyses using confocal microscopy confirmed a sparse
DISCUSSION innervation of the epithelia and also revealed that the nerve fibres in

the subepithelial layer were highly disorganise8DNFNT3/NT3

Previous results showed that BDNF/TrkB and NT3/TrkC nullm,i‘;]e (!?3' (C'Hl)q (;o-CLljlltu(rgschévli\:('i-t/yﬁe.vestlilbu(lér'%anglion neurons
: : : : with wild-type hair cells (C- ~~hair cells (E-F), or
mutant mice display different phenotypes in the cochleaﬁl\“jmmT3hair cells (G-H). Scale bars: n in C-H. With wild-

B D N F NT3/NT3

vestibular and I'n.gual.SySteme despite a ubiquitous EXPressIQULe hair cells the nerve endings branch extensively and wrap around
of Trk receptors In spiral, vestibular, and at some stages in t hair cells forming digitations similar of the process of calyx
geniculate ganglia. We have taken a genetic strategy B¥rmation in vivo (C, nerve including calretinin-stained hair cells and
generating a mouse in which the coding sequence &N~ D, nerve only). In only two out of 200 cases did wild-type neurons
gene has been replaced Wy 3 to determine the functions of co-cultured witlBDNF-~hair cells contact a hair cell (E-F). Note
BDNF and NT3, and the specificity of BDNF in the peripheratlthat the diameter of the nerve fibre is much thinner and it shows less
nervous system. We obtained different results in the threleranching on the surface of tBONF/~hair cell. (G,H) In contrast
peripheral cranial sensory systems. In the cochlea, NT3 c4@BDNF”~hair cells, nearly aBDNFNT3NT3hair cell fragments

largely replace the actions of BDNF while in the vestibulaVere contacted by vestibular neurons (11 out of 12). However the

system NT3 can promote neuronal survival with only Sparsgontactlng neurites remained undifferentiated on the surface of the

innervation rescued. In the tongue, NT3 is not able to replaceeo'the'Ia and did not develop digitations.

the role of BDNF. We conclude that there is no generic

mechanisms that cause specificity of neurotrophins, but rathactivated by TrkB and TrkC, or (iii) selective expression of the
that the specificity arise from either (i) spatial and temporateceptors in distinct subpopulations of neurons.

expression of the ligands, (i) distinct intracellular pathways A selective expression of receptors in separate
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Fig. 8.NT3 cannot support
neuronal survival or
innervation in the tongue.

(A) Schematic drawing of
BDNF (red) and NT3 (light
blue) mMRNA expression in
fungiform papilla in rodents.
The arrow indicates the taste
bud with innervation. The
yellow lines represent the
BDNF-dependent
intragemmal fibres (gustatory
fibres) and the dark blue
dashed lines represent
perigemmal fibres
(somatosensory innervation).
Gustatory nerve fibres
innervate only the taste buds
where BDNF is present while
somatosensory nerve fibres
predominantly innervate the
surrounding epithelium where
NT3 is present. (B) Typical
innervation of a fungiform
papilla and its taste bud
(arrow) in a wild-type P7
mouse tongue, visualised by
immunohistochemistry against V . e
protein gene product 9.5 BDNF"™™

(PGP). The papilla is well-

innervated, gustatory fibres innervate the taste bud (arrow) and perigemmal somatosensory nerve flb"és
innervate the surrounding epithelium. (C) An example of fungiform papilla innervatRRNENT/NT3 3500
mice. The NT3-dependent somatosensory innervation apparatus of the papilla appears intact, while thezooo
taste bud innervation (arrow) is almost non-existent. (D) Another example of fungiform papilla
innervation iNBDNFNT3NT3mjice. Generally, the papilla is malformed. It has filiform papilla
morphology but could be distinguished from a normal filiform papilla by the amount of nerve fibres in
this papilla. An under-developed taste bud seems to be present in the core part of the papilla (arrow)
(E-G) Scanning electron micrographs of the anterior part of the tongue from P7 mice. (E) Fungiform T
papillae rise above the filiform papillae in a wild-type tongue. (F) Surface morphology of the 1000
BDNR\T3NT3tongue reveals major loss of fungiform papillae and the few remaining papillae are
reduced in size. (G) Anterior tongue morphologBPNF-—mice is similar to that of thBDNFNT3/NT3
mice. (H) Quantitative measurements of P7 geniculate ganglion neuronal numbers. Half of the neurons o
are missing in th8DNF/-andBDNFNT3NT3mice compared with wild-type animals. The neuronal WT  BDNF'BDNF"T"™
numbers show no significant difference betwB&NF/~andBDNFNT3NT3mice. ANOVA Fischer’s

*** P<0.001; £s.e.m. Scale bars: 10® in B-D and 20@um in E-G.
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subpopulations of dorsal root ganglia has been shown to occexpressed in most cells in the geniculate ganglion at E13 to
as a mechanism of creating specificity of neurotrophinsE18 in the rat while TrkC is expressed only at E13, with very
BDNF-, NT37- and TrkB~~ mice (Fritzsch et al., 1997b; few cells showing expression at later stages during embryonic
Nosrat, 1998; Nosrat et al., 1997), as well as transgenic mickevelopment (Ernfors et al., 1992). NT3 mRNA is also
overexpressing truncated TrkC receptors (Palko et al., 199@kpressed in the embryonic geniculate ganglion (Ernfors et al.,
show distinct differences in the role of BDNF and NT3 in thel992). The early expression of TrkC could therefore correlate
complex innervation of the tongue. In mice in which NT3 orwith a local role for NT3 during neurogenesis, as previously
its receptor has been manipulated, gustatory neurons asbown for NT3 in the early forming dorsal root ganglia
innervation are not affected, while manipulating the functionEIShamy and Ernfors, 1996; Farinas et al., 1996).

of BDNF or TrkB leads to defects in gustatory innervation anchgreement with this, the nestin-driven NT3 overexpressing
loss of geniculate ganglion neurons. By placMi@§3 in the  transgenic mice, in which NT3 is expressed in neuronal
BDNF locus we have challenged this sensory system bprecursor cells, appear to have a normal tongue surface
expressing NT3 at the level, time and location where BDNF isnorphology and innervation, while other sensory systems
normally present. Expression of NT3 in the place of BDNF didvhere NT3 is physiologically provided from the target show
not rescue any of the observed phenotyp&DiF/~mice in  severe malformations (Ringstedt et al., 1997). Combined with
the gustatory system. Thus, specificity of BDNF is not alon¢he in situ hybridisation study for TrkB, our results suggest that
elicited by the distinct expression patterns of the ligands. Ithe failure of rescue of the gustatory systenBIDINFNT3/NT3

situ hybridisation studies have shown that TrkB mRNA ismice is, just as in the dorsal root ganglia during target
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innervation, caused by a temporally selective expression oésults reported here are consistent with our earlier results
TrkB in the gustatory neurons that prevent these neurons fro(&rnfors, 1995b), and demonstrate unequivocally that the main
responding to NT3 and as a consequence, the neurons failftoction of BDNF is to specifically support spiral type I
survive and innervate the target tissue. The failure of NT3reurons and OHC innervation.
dependent perigemmal somatosensory nerve fibres to invadeNeuronal survival, innervation of the cochlea and hearing
the intragemmal territory, which in these mice express NT3was rescued iBDNFNT3NT3mice. These results imply that
indicates that in addition to neurotrophins stimulatingNT3/TrkC promotes spiral ganglion type Il neuron survival
innervation of these territories, other mechanisms participatend innervation similarly (but not equally) to BDNF/TrkB,
in preventing innervation of a tissue by a particular class gbrovided that the ligand is expressed in the right place and at
sensory neurons (Rochlin and Farbman, 1998; Rochlin et athe right time. Thus, we conclude that the specificity of BDNF
2000). in the cochlea is dependent on a controlled spatial and temporal
In BDNF7- and NT37~ mice, the loss of spiral ganglion regulation of ligand expression. This finding raises another
neurons at birth coincide with the number of type Il (8-10%)ssue. Why does NT3 expressed by the IHC not attract
and type | neurons (around 90%) in the spiral ganglioninnervation of the type Il spiral ganglion neurons, which we
respectively. In botBDNF--andTrkB~-mice there is a highly show in this study responds to NT3 similarly to BDNF? The
selective loss of OHC innervation and death of type Il spirabarsimonious explanation might be that type | and type Il spiral
ganglion neurons (Ernfors et al.,, 1995b; Minichiello et al.ganglion neuron phenotypes are induced by the target they
1995; Schimmang et al., 1995). Based on the preferential logmervate, as are certain properties of both motor neurons and
of type Il neurons in the BDNF mutant mice, the loss of 90%sensory dorsal root ganglia neurons determined by their targets
of spiral ganglion neurons MT3-~mice and the complete loss (Arber et al., 2000). One major difference between the OHC
of all neurons in double mutant mice (Ernfors et al., 1995b), wand IHC innervation is that while many type | neurons
hypothesised that NT3 must be acting primarily on type tonverge onto each IHC, each type Il neuron innervates at least
neurons innervating IHCs (Ernfors et al., 1995b). Recent0 OHC through spirally running fibres. Consistent with results
expression analysis usingcZ knock-in mice in theNT3and  in the BDNFNT3NT3mjce, showing reduced branching and a
BDNF loci, suggest an apical-basal difference in the levels ofeduction of spiral nerve fibres, mice in which NT3 has been
BDNF and NT3 expression, with NT3 being preferentiallyreplaced by BDNF display a massive hypertrophy of nerve
expressed in the base and BDNF in the apex (Farinas et dibres with spirally running fascicles at the level of the OHCs.
2001). In contrast to the above studies, the most pronouncédthese fibres appear to fail to innervate the hair cells. There also
deficit in theBDNF~-mice reported by Farinas et al. is that of seems to be a recruitment of neurons projecting to the OHC as
a marked selective loss of radial fibres in the apex, indicatingseen by thick fascicles of radial fibres projecting to the OHCs
general loss of both IHC and OHC innervation and type | anCoppola et al., 2001).
type Il neurons in the apex, but not in the middle and basal turnsBecause there are both TrkB and TrkC mRNAs in the
of the cochlea (Bianchi et al., 1996; Farinas et al., 2001). Owestibular ganglion neurons (Pirvola et al., 1994), the simplest
results from a large number of Dil tracings=-82) reveal that explanation for any specificity in the vestibular system would
there is no loss of radial fibres or IHC innervation in eitheibe, just as in the cochlea, a temporal and spatially restricted
BDNF~or BDNFNT3NT3mice. This finding is supported by an expression of the different ligands. BDNF7~ mice 85% of
independent analysis of the presence of radial fibres usirtge neurons are lost at birth and the remaining are atrophic, and
immunohistochemical staining. It has been shown that that 2 weeks after birth all neurons are gone (Bianchi et al., 1996;
number of radial fibres per IHC in the apex is only one third oErnfors et al., 1994a; Ernfors et al., 1995b) while only 20-30%
the number in the middle and base of the cochlea (Liberman @ie in theNT3"~mice (Ernfors et al., 1994b; Ernfors et al.,
al.,, 1990). It is also well known that the apex is not as well995b; Farinas et al., 1996). We found thatNA&/NT3alleles
organised as the middle and basal regions of the cochle@&scued many of the vestibular ganglion neurons from death
stereocilia can often be immature and the hair cell rows in thend some innervation of the utricular and saccular maculae but
apex are sometimes disorganised with extra outer or inner haiot the crista. We have however, with NF staining, observed
cells added (Borg and Viberg, 1995; Bredberg, 1968; Roth ammhe calyx formation in the crista of oBONFNT3NT3Smouse
Bruns, 1992). It is possible that the variation of radial fibres iffdata not shown). It is conceivable that the progressive
the apex reported in some previous studies (Bianchi et al., 1996ostnatal loss of neurons in tBONFNTINT3mice is caused
Farinas et al., 2001) is due to biological variation rather than lay reduced levels of NT3 reaching the vestibular axons as a
direct consequence of the BDNF null allele. consequence of the failure of the neurons to innervate the
Another apical-basal difference reported BENF/- and  sensory epithelium.
TrkB~- mice is that some OHC innervation is retained in the It is intriguing that most or all vestibular afferents reach the
basal portion of the cochlea (Bianchi et al., 1996; Fritzsch etubepithelial layer of the sensory organs but do not properly
al., 1997c). However, none of these studies have beénvade the epithelia in th&DNFNT3NT3 mice. We found
quantitative and the extent of the retained innervation imccasional nerve fibres that did invade the epithelia, but these
BDNF-mice has thus been unknown. Our semi-quantitativéibres shot through the hair cell layer and ended up on the
measurements showed a very limited residual OHC innervaticsurface of the epithelium and failed to form calyces. These
present at all turns of the cochlea, but those that were preseasults suggest that NT3 activation of TrkC is not equivalent to
showed an apical-basal difference in the amount of fibres. IBDNF activation of TrkB and indicates that TrkB is required
addition, we found a gradient along the three rows of OHCfor two developmental processes that cannot be replaced by
where the third row of OHCs did not receive innervation at anyfrkC; (i) invasion of vestibular afferents into the sensory
turn of the cochlea in thBDNF-~mice. Taken together, the epithelium and (i) inducing hair cell contact and formation of
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the highly specialised sensory nerve endings in the vestibulafffo, S., Offenhauser, N., Carter, B. D. and Barde, Y. A(1995). Selective

system (calyces). Since these functions of BDNF have notbinding and internalisation by truncated receptors restrict the availability of

; ; ; BDNF during developmenbDevelopmenii2l, 2461-2470.
prewously been addressed we set up an in vitro model th@:[)rg, E. and Viberg, A.(1995). Extra inner hair cells: prevalence and noise

would allow us to directly dissect the physiological role of g sceptibilityHear. Res83, 175-182.

BDNF produced in the target cells. These experimentsredberg, G.(1968). Cellular pattern and nerve supply of the human organ
confirmed a role for BDNF in terminal arborisation and of Corti. Acta Otolaryngol236, 1-135.

maturation of calyces. There are several previous lines &poggeshall, R. E(1992). A consideration of neural counting methdasnds

: yce: . 1SS 0Ty i.15, 9-13.
evidence that has indicated the importance of BDNF actlvatloeop%léﬁgsf/'. Kucera, J., Palko, M. E., Martinez-De Velasco, J., Lyons, W,

of TrkB in target inn_erva_-tior_‘- TrkB and _TI’_kC _haVe been E., Fritzsch, B. and Tessarollo, L(2001). Dissection of NT3 functions in
proposed to elicit survival in vivo through similar intracellular vivo by gene replacement strate@evelopment.28 4315-4327. o
signalling pathways and this pathway does not involve the SHeopray, J. C. and Brouwer, N.(1997). Neurotrophin-3 mRNA expression in

Py : ; rat intrafusal muscle fibres after denervation and reinnervatienrosci.
adaptor binding sites of the receptors (Postigo et al., 2002). In it 236, 41-44.

contrast, mice carrying a signalling mutation of the Shayies, A. M., Bandtiow, C., Heumann, R., Korsching, S., Rohrer, H. and
adaptor-binding site showed a loss of target innervation in the Thoenen, H.(1987). Timing and site of nerve growth factor synthesis in
case of the TrkB receptor whereas in the TrkC, the Surviving developing skin in relation to innervation and expression of the receptor.
; ; i ; i Nature 326, 353-358.

Begr:oé]gh%alntglr;\le.gst?{get gmervarglon' (;,onS|stentIy, alttk?ou%avies, A. M., Minichiello, L. and Klein, R.(1995). Developmental changes

0 . ’ a,n . ave been s PW” 0 Cause. growtn con€, yr3 signalling via TrkA and TrkB in embryonic neuro&vBO J.14,
turning in an in vitro assay, they do it by different intracellular 4482-4489.
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