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Abstract. Neurotrophins are a family of structurally and
functionally related neurotrophic factors which, in mam-
mals, include: nerve growth factor, brain-derived neu-
rotrophic factor, neurotrophin-3 (NT-3), and NT-4/5. In
addition to their canonical role in promoting neuronal sur-
vival, these molecules appear to regulate multiple aspects
of the development of the nervous system in vertebrates,
including neuronal differentiation, axon elongation and
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target innervation, among others. Actions of neu-
rotrophins and of their receptors in vivo are being ana-
lyzed by loss-of-function or gain-of-function experiments
in mice. Here, we review the phenotypes of the primary
sensory system in these mutant mouse strains and the dif-
ferent strategies specifically involved in the regulation of
neuronal survival by neurotrophins in this portion of the
nervous system.

Introduction

Primary sensory neurons comprise morphologically and
functionally heterogeneous groups of neurons in the pe-
ripheral nervous system (PNS) specialized in the transfer
of different modalities of sensory information such as no-
ciception, mechanoception and proprioception. Sensory
neurons differ, albeit with a considerable overlap, in cer-
tain morphological traits, electrophysiological properties,
and expression of neurotransmitters and neuropeptides
[1]. The cell bodies of these different classes of
pseudounipolar neurons are grouped in distinct cranial
and spinal ganglia, and their unique emerging neurite bi-
furcates to innervate distinct types of specialized receptors
in peripheral tissues and discrete areas of the central ner-
vous system (CNS). Cranial ganglia involved in sensory
perception include: the trigeminal ganglion (TRG),
mainly composed of cutaneous sensory neurons supplying
the skin of the face and oral cavity; the geniculate and pet-

rosal ganglia, involved in gustatory perception; the audi-
tory (otic) ganglia, comprising the vestibular ganglion in-
volved in balance perception and cochlear (spiral) gan-
glion implicated in hearing; and the nodose ganglion,
which conveys sensory visceral innervation from different
organs. As a remarkable exception, proprioception in the
head is mediated by sensory neurons of the trigeminal
mesencephalic nucleus (TMN) located in the mesen-
cephalon. In addition, spinal sensory neurons of different
classes are grouped in a collection of paired ganglia along
the spinal cord, the so-called spinal or dorsal root ganglia
(DRG). They contain sensory neurons of different modal-
ities that supply different types of sensory receptors in
multiple body locations. Because of the precise anatomi-
cal location and limits of developing ganglia, sensory neu-
rons are among the most accessible neuronal populations
for experimental studies during development, both in vitro
and in vivo. The number of neurons in each sensory gan-
glion appears to be rather constant and can be easily de-
termined during development as well as in different ex-
perimental and genetic conditions. Moreover, developing* Corresponding author.
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sensory ganglia are advantageous for the study of neuron
number establishment because peripheral neurons and
their precursors, unlike their CNS counterparts, coexist in
the ganglia all throughout development. Thus, sensory
ganglia represent good models in which to analyze how
cell numbers are controlled by secreted factors as well as
by cell-cell interactions during development.
A remarkable feature of the developing vertebrate nervous
system is that, for most populations, an excess of neurons
is initially produced that is subsequently pruned down by
apoptosis, at times mostly coincident with target innerva-
tion. Several decades ago, classical experiments of target
ablation and addition in developing vertebrate embryos
provided many examples where the process of naturally
occurring cell death undergone by many neurons at spe-
cific developmental times appeared to be regulated by the
target territories (reviewed in [2, 3]). Target areas are
thought to produce restricted amounts of survival, or neu-
rotrophic, factors, thus engendering a competition among
innervating neurons that lead to survival of only a fraction
of the initially generated neurons [2, 3]. The best known
neurotrophic factors are those of the neurotrophin family
which in mammals comprises several highly related
polypeptides, both functionally and structurally: nerve
growth factor (NGF), brain derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3) and NT-4/5. These factors
appear to function as noncovalently associated homod-
imers that activate protein tyrosine kinases of the trk fam-
ily of tyrosine kinase receptors, which includes three
members: trkA, trkB and trkC. TrkA is the receptor for
NGF, both BDNF and NT-4/5 activate trkB and NT-3 is
the ligand for trkC and is also able to activate trkA and
trkB although less efficiently [4–7] (fig. 1). These inter-
actions, and the signal transduction pathways activated by
them, appear to mediate the major cellular actions of the
neurotrophins. Ligand binding to these receptors has been
shown to activate several intracellular signaling pathways,
some of which promote cell survival and others of which
promote differentiation [5, 8]. In addition, all neuro-
trophins bind with comparable affinity to p75NTR, a trans-
membrane glycoprotein distantly related to the tumor
necrosis factor receptor family, whose function is still con-
troversial and that will not be considered in the present re-
view [4, 7].
In the sensory portion of the PNS neurotrophins play an
essential role in the maintenance of a normal complement
of neurons because it appears that virtually all sensory
neurons require the presence of at least one neurotrophin
during development. Following purification and cloning
of the different neurotrophins, studies in vitro using ex-
plants or dissociated neuron-enriched cultures of periph-
eral sensory ganglia had suggested that each neurotrophin
supports the survival of different, although overlapping,
neuronal populations [9]. Expression studies using in situ
hibridization to determine patterns of trk expression (see,
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for example [10, 11]) had also indicated some of the types
of sensory neurons that were likely to be responsive to a
particular neurotrophin in vivo. More recently, the effects
of neurotrophins on sensory neuron survival in vivo have
been analyzed in mouse strains in which neurotrophin and
trk genes have been selectively inactivated and in mouse
strains engineered to overexpress a particular neu-
rotrophin under the control of a tissue specific promoter
[12, 13] (fig. 1, 2; tables 1, 2). Because some neuronal
populations lack distinguishing features in vitro, the
analysis of these mutants has allowed the identification of
neurons that are dependent on a particular neurotrophin
based on their attributes such as innervation patterns, ter-

Figure 1.  Ligand-receptor specificities and comparisons of pheno-
types in mouse strains with targeted deletions in genes of the neu-
rotrophin and trk families. (Up) Schematic drawing showing ligand-
receptor specificities in the neurotrophin family. In mammals, NGF
is the ligand for trkA, both BDNF and NT-4/5 can activate trkB, and
NT-3 is the only ligand for trkC but it can also activate trkA and trkB
in vitro and in vivo, at least in some cellular contexts. (Bottom) Phe-
notypes of mouse strains with genetic deficiencies in neurotrophin
and trk receptor genes. Animal viability and relevant neuronal losses
are indicated for comparisons between neurotrophin mutants and
their corresponding trk mutants.
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Figure 2.  Neurotrophin dependencies of DRG neurons. (A) Schematic drawing that illustrates different DRG neuron subtypes, based on
soma size, fiber diameter, electrophysiological properties and sensory receptors in skin and muscle. Trophic requirements, evidenced by
loss of specific types of neurons in the different neurotrophin and neurotrophin receptor mutants, are indicated in red. (B) Example of sil-
ver-stained sensory axons in the dermis (open arrow) and of an innervated Meissner corpuscle (solid arrow) as seen in normal animals.
BDNF and trkB mutants lack these structures in the digital non-hairy skin. (C) Example of a muscle spindle as seen in a cross section through
the soleus muscle of a normal animal stained with toluidine blue. NT-3 and trkC mutants do not have muscle spindles at birth, an indica-
tion that proprioceptive neurons do not survive in the absence of trkC-mediated NT-3 signalling.

Table 1.  Neuronal losses in the sensory system of neurotrophin- and neurotrophin receptor-deficient mice.

trkA NGF trkB BDNF NT-4/5 BDNF/NT-4 trkC NT-3 trkB/trkC BDNF/NT3

Spinal
Neuron loss 70–80% 70–80% 30% 35% 5% 20% 60% 40%
Modality nociceptive, therm- Meissner Meissner D-hair propri- propriocep- 
lost oceptive, and AM afferents oceptive tive, D-hair 

mechanoreceptors afferents and 
SA mechano-
receptors

Timing
E13 70–80% 70–80% 0% 0–30% 0% 0% 20% 60% –
P0 70–80% 70–80% 0% 0–30% 0% 0% 20% 60% 40%
P15 nonviable nonviable 30% 35% – – 20% nonviable nonviable
adult nonviable nonviable nonviable nonviable 5% – 20% nonviable nonviable

Cranial
TRG 70% – 30% 30–45% 0% 20% 60%
TMN – – – 30–40% 10% 50% 60%
Geniculate – – 95% 50% 50% 15–20% 30% 98% 65%
Vestibular – – 60–85% 85% 10% 100% 15–30% 20–30% 100% 100%
Cochlear – – 20% 10% – – 55–70% 85% 100% 100%
Nodose – – 95% 45–60% 55–60% 85–95% 15–20% 30–40% 95% 60–70%

Neuronal losses in the sensory system of mice carrying targeted mutations in genes coding for the different neurotrophins and their recep-
tors. Available information on neuronal losses in double homozygous mutant mice is also included. Neuronal losses are expressed as the
percentage of neurons lost in the mutant compared with wild-type controls. In the case of DRG, the modalities lost and the approximate
timing for the deficit are indicated. TRG, trigeminal ganglion; TMN, trigeminal mesencephalic nucleus. See text for original references.



minal endings, cytochemical markers and so on. Previous
data on the role of neurotrophins in vivo had been ob-
tained by injection of NGF-blocking antibodies (see [3]
for a review). In this particular case, where the generation
of specific antibodies had been possible, the deficits seen
in the PNS of the immunologically deprived animals were
coincident with the phenotypic consequences of the ge-
netic deletion of NGF or trkA [14–17]. In the case of
other neurotrophins, the study of null mice has rapidly
provided a core of data comparable to that obtained pre-
viously for NGF. Analyses in the mutant strains have em-
phasized the apparent specificity of some neuronal types
for a particular neurotrophin signaling pathway, although
phenotypic comparisons among mice with different mu-
tations and analysis of double mutations have revealed a
considerable overlap in terms of requirements (table 1).
Because most mutants die shortly after birth (fig. 1), the
use of heterozygous animals, which show reduced levels
of a particular neurotrophin or receptor, but normal de-
velopment and viability, has proven extremelly useful in
the analysis of some systems past birth [18, 19]. 
The neurotrophic hypothesis postulates that neurons be-
come dependent on a particular neurotrophin when their
axons come into contact with their final targets. Never-
theless, neurotrophins are expressed during development
earlier than would be expected for factors implicated
solely in the regulation of target-dependent neuronal sur-
vival [20, 22–24]. In the trigeminal system, BDNF and
NT-3 are expressed in tissues through which trigeminal
axons grow to the periphery [20, 25, 26], and analyses of
the trophic requirements of cultured immature trigeminal
neurons have indicated that these neurons may be depen-
dent on these other neurotrophins before their axons have

established contact with their final targets and become re-
sponsive to NGF [20, 21]. Accordingly, neuronal deficits
are found in embryos lacking NT-3 or trkB at very early
stages of development [25, 27, 28]. Moreover, deficits in
DRG neurons seen in NT-3 and NGF mutants appear be-
fore neurons contact their final targets [23, 39]. In addi-
tion, some observations in vitro have suggested that neu-
rotrophic factors can regulate the proliferation, survival
and differentiation of certain neural and glial precursors,
including sensory, sympathetic, motor, renal and enteric
neural progenitor populations [29–38]. Therefore, neu-
rotrophins could potentially influence the neuronal com-
plement of a ganglion by regulating neuronal survival or
by affecting precursor cell proliferation, differentiation
and/or survival, or by multiple actions. In order to differ-
entiate among these possibilities, it is necessary to obtain
precise in vivo data on the timing of neurotrophin/trk sig-
naling requirements and on the cell types affected by the
neurotrophin deficiencies. However, some of the experi-
ments addressed to answer this question have yielded con-
troversial results [23, 25, 27, 28, 39–41]. During the de-
velopment of the murine nervous system, many processes
such as cell death, proliferation, neurogenesis and differ-
entiation occur simultaneously, thereby complicating the
interpretation of some of the experiments. Moreover, in
the complex context of organismic development, the com-
plete elimination of the product of one gene can result in
indirect or compensatory changes that occur as a conse-
quence of the primary effects of the mutation.
Next, we will review effects of neurotrophins on the reg-
ulation of neuron numbers in the sensory system. How-
ever, neurotrophins are known to regulate aspects of the
development and maintenance of the nervous system
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Table 2.  Percentage of neurons in postnatal DRGs of neurotrophin transgenic mice relative to wild-type mice.

K14-NGF K14-BDNF K14-NT-3 K14-NT-3¥NT-3+/– Myo-NT-3 Myo-NT-3¥NT-3–/–

Neurons 200% 100% 140% 85%a 110% 45%b

trkA+ neurons 200% n.s. ND ND ND ND

trkB+ neurons 160% ND ND ND ND

TrkC+ or Parv+ neurons n.s. increased ND 150% 100%

Myelinated fibers increased 100% 160% increased

Unmyelinated fibers increased 75% 160% ND

Innervation enhanced epidermal dermal and dermal and muscle muscle
epidermal epidermal

Sensory receptors Merkel cells, hair Merkel cells Merkel cells muscle muscle 
affected follicles Meissner hair follicles hair follicles spindles spindles

corpuscles

Transgenes: K14, keratin 14 promoter; Myo, myogenin promoter.
a NT-3+/–: 70%.
b NT-3–/–: 40%. See text for original references.



other than neuronal survival, including neuronal differen-
tiation, axon elongation, synaptic function and plasticity
among others [12]. Particularly, changes in the phenotypes
of DRG sensory neurons are produced as a result of al-
terations in neurotrophin levels after the period of natu-
rally occurring cell death as shown by studies using block-
ing antibodies or neurotrophin administration (see [41b]
for a review). In the neurotrophin mutants, early death of
some neurons precludes analyses of actions of these neu-
rotrophins on subsequent aspects of their development.
Some of these actions have been recently studied in the
sensory system using an elegant strategy consistent in the
analysis of neurotrophin actions on sensory neurons iso-
lated from Bax mutants, in which cell death is prevented
by the targeted inactivation of the proapoptotic gene [42],
or in the analysis of sensory ganglia in Bax/NGF or
Bax/trkA double homozygous mutants where normal
numbers of neurons are present at birth but NGF-depen-
dent neurons fail to differentiate properly [43]. This neu-
rotrophin-regulated physiological plasticity can result in
variations in the relative proportions of specific sensory
neurons within a ganglion and may contribute to the final
organization of a sensory ganglion. 

Spinal sensory neurons: defining neurotrophin 
requirement specificity and timing at the cellular level

Spinal sensory neurons are highly heterogeneous. Each
DRG innervates a full array of targets in the periphery, in-
cluding skin, muscle and viscera. Individual DRG neurons
supply specific types of sensory receptors in these tissues
and organs, conveying information about position in space
(proprioception), pain (nociception), distension or touch
(mechanoception) and so on. DRG neurons vary widely in
cell soma size and axon diameter, and some of these vari-
ations can be correlated with their specific functions, but
nevertheless, there is considerable overlap [1]. In general,
the largest neurons with thickly myelinated large-caliber
axons and high-conduction velocities (A-a fibers) are
proprioceptive and innervate sensory organs in muscle
(muscle spindles) and joints (Golgi tendon organs, Pacin-
ian corpuscles). On the other side of the spectrum, small
DRG neurons have nonmyelinated, slowly-conducting,
small-caliber axons (C-fibers) but can also have thinly
myelinated axons (A-d fibers) like some medium-sized
neurons. Some of the neurons with C-fibers are nocicep-
tors of different types (sensitive to noxious heat stimuli
only, noxious mechanical stimuli only or polymodal) or
can be activated by gentle mechanical stimuli. In the mid-
dle-range distribution, neurons with slowly conducting A-
d fibers generally innervate skin and can vary in physio-
logical properties. Some medium-sized afferents have
very low mechanical thresholds, that are activated by gen-
tle stimuli, and adapt very rapidly to sustained stimuli 

(D-hair afferents). Others, however, innervate high-
threshold mechanical receptors and adapt relatively
slowly to maintained stimuli (HTMR afferents or A-
mechanoreceptors, AMs). Also with medium-sized cell
bodies, some DRG neurons have thickly-myelinated high-
conducting fibers (A-b fibers) that innervate different skin
receptors. Some of these afferents are slowly adapting
(SA) and generally supply Merkel cells in touch domes.
Some others are rapidly adapting (RA) afferents that in-
nervate hair follicles and Meissner and Pacinian corpus-
cles (fig. 2). 
DRG neurons express all trk receptors throughout devel-
opment and during postnatal life [10, 24, 41]. In addition,
cultures of embryonic DRG neurons show some survival
in response to each of the four neurotrophins [9], and most
mouse neurotrophin mutant strains show losses of DRG
neurons to a variable extent (table 1). The different muta-
tions result in relatively selective neuronal losses, as
shown i) by a combination of morphological techniques,
mostly the estimation of neuron numbers by cell counting
and the analysis of peripheral and/or central projections as
well as of specific cell markers, and ii) electrophysiolog-
ically, using in vitro skin-nerve preparations. The latter al-
low single-unit extracellular recordings from teased
myelinated axons encoding different cutaneous modalities
(for example touch, vibration), after mechanical stimula-
tion of the hairy skin, and their classification into four
separate categories: D-hair receptors, AMs, RA and SA
mechanoreceptors [44]. This sophisticated analysis has
been combined with the use of adult heterozygous ani-
mals, which do not show decreased viability but have re-
duced levels of a neurotrophin, and it has been especially
useful in cases where neuronal populations could not be
morphologically characterized because of the lack of ad-
equate cytochemical markers [18, 19].
All DRG neurons derive from neural crest cells that de-
laminate from the neural tube and migrate away at em-
bryonic day (E)9 and coalesce to form the first discernible
ganglia at E10 in the mouse (fig. 3). After coalescence,
neural crest-derived sensory-committed precursor cells
have the potential to proliferate to increase their number
and the potential to differentiate into neurons. Precursor
proliferation and neurogenesis take place over the same
developmental period, as cells that incorporate the thymi-
dine analogue bromodeoxyuridine (BrdU) and cells that
express markers of postmitotic neurons appear to coexist
in the ganglia at stages immediately after ganglion coa-
lescence. Birth-dating studies in the mouse have indicated
that virtually all neurons are generated between E10 and
E13 [45]. Accordingly, DRG neuron numbers increase
progressively until E13, when the final number of neurons
present at birth is reached and, therefore, developmental
processes taking place prior to this stage are the primary
determinants of the final size of the spinal ganglia [23].
DRG sensory neurons appear to initiate axon elongation
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immediately after they are generated. In the mouse, sen-
sory projections exit the ganglia at E10 (fig. 3), but many
DRG neurons do not reach their final targets until late in
embryogenesis. In the trunk, target tissues are innervated
as early as E13, but target tissues in distal portions of the
limbs are not innervated before E18 [23, 24]. Interestingly,
cell death in DRGs of normal embryos peaks at E11 and
E12 [23, 39] and, therefore, long before many sensory ax-
ons have reached their final destinations. Thus, primary
modulation of the final number of neurons by cell loss ap-
pears to occur before neurons are actually exposed to tar-
get-derived neurotrophic factors. Patterns of neurotrophin
expression during embryonic development and the
deficits seen in certain mutants are in agreement with this
early dependence from tissues other than final targets.
In early DRGs, cells immunolabeled with antibodies that
specifically recognize trkA, trkB and trkC have a clear

neuronal morphology, express neurofilament and do not
incorporate the proliferation marker BrdU [41, 48]. There-
fore, in spite of the high levels of messenger RNA
(mRNA) for trkB and trkC previously observed in migrat-
ing neural crest cells, trk protein expression does not ap-
pear to precede neurogenesis. In chick embryos there is
also strong evidence for the presence of trkC mRNA in mi-
grating neural crest cells with neurogenic potential [35],
but trkC protein has been observed only in few neural crest
cells [46], suggesting that the same translational repression
may be involved. Interestingly, in zebrafish trkC mRNA
expression does not precede neurogenesis [47]. An inter-
esting possibility is that there are high levels of trkB and
trkC receptor mRNA expression (see, for instance [12])
whose translation might be repressed in precursor cells and
initiated concomitantly with neuronal differentiation or un-
der certain culturing conditions. 
The expression patterns of the different trk proteins are
highly dynamic at times of sensory neurogenesis. At E11,
trkC appears to be expressed in a majority of neurons, but
comparatively few neurons continue to express this re-
ceptor at E13. Conversely, while trkA-expressing cells are
present in moderate numbers at E11, the vast majority 
of neurons at E13 express this receptor [41]. Classical
birth-dating studies had shown that large neurons (pre-
sumably including the trkC-positive proprioceptive po-
pulations) are born earlier than small neurons (most of
which express trkA) in the DRG, suggesting different
waves of neurogenesis for DRG neurons [45]. The ob-
servation that the number of neurons expressing different
trk receptors peak at different embryonic stages could 
be also interpreted as an indication that the generation of
the trk-expressing populations follows an orderly neuro-
genic schedule as it has been recently shown for the TRG,
using a combination of birth-dating BrdU labeling and
neurofilament immunocytochemistry [48]. This type of
study has indicated that while most trkB- and trkC-ex-
pressing neurons are generated between E10 and E11, the
vast majority of trkA-expressing neurons are generated
between E11 and E13. Similarly, analysis of trk expres-
sion in DRGs of mice carrying targeted mutations in
genes coding for Drosophila atonal-related bHLH tran-
scription factors neurogenin-1 and -2 has revealed that
ngn2 is transiently required only for the differentiation of
trkB- and trkC-positive neurons, whereas ngn1 is required
later for most or all trkA-positive neurons and a fraction
of the trkB- and trkC-positive ones [49]. All these data to-
gether suggest that changes in receptor expression and
neurotrophin dependence could be explained by different
waves of neurogenesis and that many neurons, at least in
DRG and TRG, express only one receptor from the time
they become postmitotic [48]. However, a certain fraction
of neurons appear to switch neurotrophin dependence over
time. Early-born trigeminal neurons, identified by BrdU
incorporation at the earliest times of ganglion formation,
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Figure 3.  NT-3 signalling through trkB in DRG neurons. NT-3 is
very highly expressed during early development, starting at E10,
specially around the tips of the growing sensory axons as soon as
these exit the DRGs, as can be seen in whole embryos carrying a
copy of the lacZ gene into the NT-3 locus (NT-3lacZ) doubly stained
with X-gal (blue) and with antibodies to neurofilament (brown) (A).
At E11, trkB and trkC proteins are expressed by DRG cells with
clear neuronal morphology (B and C). (D) Schematic drawing that
illustrates in a simplified manner the expression of trkB (yellow) and
trkC (blue) receptors by DRG neurons and which neurons appear to
be lost in different mutants (trkB, trkC and NT-3 knockouts) with re-
spect to wild types.Most trkB-expressing neurons also express trkC.
Both trkB and trkC appear to be functional, as neurons that express
both receptors survive in mice in which either receptor is eliminated.
However, trkC and trkC/trkB neurons are lost in the absence of NT-
3, indicating that NT-3 signals through trkB and through trkC.



appear to go through a transient period of responsiveness
to BDNF [21]. 
The different neurotrophins are also expressed in embry-
onic tissues in a dynamic fashion. NT-3 is the most abun-
dantly expressed neurotrophin during embryogenesis.
Analysis of mice carrying an insertion of a lacZ gene into
the NT-3 locus has indicated that endogenous NT-3 ex-
pression is very high in the mesenchyme around the de-
veloping ganglia at E11 and surrounding the tips of the
growing sensory axons all throughout development [23]
(fig. 3). Thus, NT-3 expression domains change rapidly as
axons grow distally. In the developing skin, for instance,
NT-3 is high in the mesenchyme underlying the ectoderm
at E11, but the expression switches at E13, concomitant
with innervation of the presumptive epidermis, and NT-3
is found at high levels in the ectoderm, but not in the mes-
enchyme. Finally, NT-3 is found in the final target areas at
the time of innervation [23] (fig. 4). In the skin, NT-3 is
found in the basal layer of the developing epidermis and
in hair follicles starting at E15, when these structures be-
come innervated. In the muscle, NT-3 expression becomes
restricted to myoblasts and developing muscle spindles
[23, 76]. NGF is also present as early as E11, but its ex-
pression is restricted to the limb epidermis. It is, therefore,
likely to be accessible to neurons that have already pro-
jected into the limb but not to other cells in the ganglion
[24]. Less information is available in the case of BDNF

and NT-4/5 although it appears that it is not expressed at
detectable levels at times of gangliogenesis (see [70]).
Analyses of embryos carrying mutations in different neu-
rotrophin genes have indicated that NGF and NT-3 play an
early role in determining the final neuronal complement
in DRGs, whereas BDNF does not appear to regulate neu-
ronal survival until later (but see [50]). Numbers of DRG
cells and neurons in all three mutants are indistinguishable
from wild-type values at time of ganglion coalescence
[23, 24, 39, 50; unpublished results], consistent with an
apparent normal migration of trunk neural crest cells [23;
unpublished observations]. At E13, when the full com-
plement of neurons is basically produced in normal ani-
mals, mutants for NGF and NT-3, but not BDNF, show
losses in the number of neurons that are basically those
found in the corresponding mutants at birth, that is
70–80% reduction in the number of neurons in the ab-
sence of NGF and 60–70% loss in the absence of 
NT-3. This indicates that these neurotrophins play a 
crucial role in determining the final number of neurons
during the most active period of neurogenesis, before fi-
nal target encounter, when the full complement of DRG
neurons is being generated in normal animals. In the 
next sections we will discuss the types of neurons that are
lost in each mutant and how and when the deficits are 
being produced. 

Different populations of small-diameter neurons are
NGF sensitive during development
Both, in vivo injection of NGF-blocking antibodies and
targeted deletion of the NGF or trkA genes, have helped
to determine which types of sensory neurons are depen-
dent on NGF in vivo (fig. 1, 2; table 1, 2). Although ap-
proximately 50% of DRG neurons express trkA in normal
mice postnatally [51], more than 80% of all DRG neurons
express this receptor during embryonic development 
[10, 24, 41]. Accordingly, around 70–80% of the DRG
neurons are missing at birth in animals lacking this re-
ceptor or its ligand [14–17]. The neurons lost include 
all nociceptive neurons that mediate pain perception and
neurons implicated in innocuous thermal and low-thresh-
old mechanoreceptive stimuli perception [17]. In agree-
ment with the loss of all nociceptors, DRGs are depleted
of small-diameter neurons that express calcitonin gene-
related peptide (CGRP) and substance P (SP), and pro-
jections to the most superficial layers of the spinal cord
are lost [14–17]. Physiologically, animals deprived of
NGF/trkA signaling during embryonic life have reduced
sensitivity to painful stimuli at birth [14, 15, 17]. Noci-
ceptive neurons have been shown to continually ex-
press trkA throughout embryonic development and during
postnatal life [51]. The loss of the non-nociceptive popu-
lation of trkA-dependent neurons is reflected in the elim-
ination of the population of small neurons that specifically
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Figure 4.  Prenatal cutaneous phenotype of NT-3 mutant mice. (Up-
per panels) Whole-mounted skin of E15 wild-type and NT-3lacZ ho-
mozygous mutant mice reacted for beta-galactosidase and neurofil-
ament (NF 150) immunostaining. Hair follicles express NT-3 at this
developmental stage, coincident with their innervation by cutaneous
sensory fibers. Innervation appears to be reduced in the mutants at
this early time point. (Lower panels) Staining of sensory afferents to
the dorsal horn of the spinal cord with antibodies to p75 in E15 wild-
type and NT-3lacZ homozygous mutant mice, as seen in cross-sections
through the spinal cord counterstained with cresyl violet. Afferences
to layer I and to layers III–IV are reduced in NT-3 mutants.



bind the IB4 lectin in postnatal DRGs and of axonal 
projections to the inner portion of layer II in the spinal
cord [17]. These neurons express trkA during prenatal 
development and are, therefore, lost following trkA sig-
naling elimination, but stop expressing the receptor 
after birth. Postnatal neurotrophic requirements of these
neurons are unknown, but IB4-positive/trkA-negative 
neurons in postnatal DRGs express c-ret, and some 
neonatal DRG neurons respond to GDNF in culture [52].
It is yet unknown whether these neurons depend ex-
clusively on this neurotrophic factor in vivo or whether
they depend on other members of the neurotrophin fam-
ily as well. 
Virtually, all DRG neurons lost in the NGF and trkA null
mice appear to die before E14 [24; unpublished results].
Expression of NGF is seen in the skin of developing
limbs, at a distance from the developing DRG, as early as
E11, and therefore it is likely to be accessible to neurons
that have already projected into the limb bud epidermis.
But many NGF-dependent neurons are born before E14
and do not reach their final target territories until 5 days
later [24]. In transgenic mice that selectively express 
NGF under the control of the keratinocyte-specific 
keratin 14 promoter (K-14-NGF), a construct that drives
overexpression of NGF in skin starting at E11, a doubling
in the total number of sensory neurons and in the number
of trkA-positive neurons, along with significant in-
creases in myelinated and nonmyelinated fibers in the
skin, are found [53–55] (table 2). These results suggest
that most NGF-dependent neurons require neurotrophic
support before target encounter and that NGF availability
is limited.

TrkB signaling by BDNF- and NT-4/5 regulate 
postnatal maintenance of distinct cutaneous sensory
neurons
Initial reports on the characterization of mice deficient in
trkB or BDNF indicated that approximately 30–35% of
the DRG neurons were lost in these animals 2 weeks af-
ter birth [56–58] and that NT-4/5 deficient mice did not
show any neuron deficits in the DRGs at birth [59, 60].
More recent work in the same strains indicates that neu-
ronal deficits in trkB- and BDNF-deficient animals occur
postnatally because there appears to be no deficit at birth
[16, 61; unpublished observations]. Nevertheless, prena-
tal deficits in a different BDNF mutant strain of mice have
been reported [50]. Yet normal numbers of DRG neurons
have been reported in another strain, in which electro-
physiological analysis of myelinated axons in nerve-skin
preparations has indicated that BDNF specifically regu-
lates the sensitivity, but not the number, of SA mechanore-
ceptors in hairy skin [19]. The differences may reflect
variations in material preparation, in techniques employed
for the analysis and/or in genetic background, but

nonetheless the apparent discrepancies are, at the very
least, puzzling. It is important to note that a phenotype
characterized by a significant loss of neurons during the
first 2 postnatal weeks has been found coincidentally in
mice deficient in BDNF and in its receptor trkB in differ-
ent laboratories. Comparative studies using different mu-
tant strains will be necessary to rule out the possibility of
genetic modifiers.
In our hands, 2-week-old mice with targeted deletions of
either trkB or BDNF genes appear to lack Meissner cor-
puscles in the digital glabrous skin (fig. 2; table 1) along
with a small fraction of myelinated axons in the digital
nerves supplying the footpads [unpublished results]. The
development of these sensory corpuscles requires sensory
afferent innervation, and therefore their absence is a clear
indication of a loss of a type of RA cutaneous afferents in
the DRG of the mutant animals. A similar result has been
reported for the palate of the same strain of trkB null mice
[62]. As the small number of Meissner-innervating neu-
rons cannot account for the entire neuronal deficit seen in
the deficient DRG, other sensory modalities are likely to
disappear in the absence of BDNF-dependent trkB sig-
naling. Furthermore, BDNF-deficient animals have a sig-
nificantly reduced number of myelinated axons in dorsal
roots (ca. 35%) when compared with wild types [57]. Be-
cause approximately half of the sensory afferents are non-
myelinated and, therefore, not considered in dorsal root
counts at the light microscope level, the fact that equal
percentages of myelinated axons and of cell bodies are
lost in BDNF null mice strongly suggests that nonmyeli-
nated C-fibers are also lost. Accordingly, we found a de-
crease in the number of unmyelinated axons in dorsal
roots of BDNF-deficient animals at 2 weeks after birth
[unpublished results]. Transgenic lines that overexpress
BDNF in the epidermis during embryogenesis show in-
creased innervation to the skin, specifically to hair folli-
cles, Meissner corpuscles and Merkel cells. Interestingly,
however, this cutaneous overexpression of BDNF, unlike
that of NGF or NT-3, does not increase the number of sen-
sory neurons in the DRG [63] (table 2). This is likely to
suggest that BDNF is acting after the period of naturally
occurring cell death to maintain a normal complement of
DRG neurons and that whereas a deficiency in BDNF
production causes elimination of certain types of neurons,
an excess of this neurotrophin in target areas, such as the
skin, results in changes in innervation patterns but not in
neuron numbers.
The lack of NT-4/5 also results in postnatal deficits in the
number of DRG neurons. Small-diameter myelinated (Ad)
D-hair afferents are reduced in number in the absence of
NT-4, starting 3 weeks after birth [64]. This is a very small
number of neurons because D-hair receptors account for
less than 5% of the total number of axons in nerves in-
nervating the glabrous skin. Nevertheless, the results are
in accordance with the idea that neurotrophins act on sub-
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classes of neurons in a modality-specific way and that
trkB signaling appears necessary for postnatal mainte-
nance. 

Proprioceptive neurons are dependent on 
NT-3-mediated trkC signaling before target 
encounter, and other neuronal types depend 
on trkC-independent NT-3 signalling
NT-3 activation of trkC has been shown to be essential for
the survival of the relatively small (< 20%) population of
large-diameter parvalbumin-positive DRG proprioceptive
neurons, which supply stretch and tension receptors in
muscle and joints and convey information about the posi-
tion of limbs in space. Therefore, NT-3 and trkC-deficient
mice show abnormal postures and movements, an absence
of the Ia afferent projection of spinal proprioceptive neu-
rons to motor neurons, and a failure of muscle spindles
(fig. 2) and Golgi tendon organs to form [65–72]. Large-
diameter DRG neurons, a neuronal population likely to in-
clude the proprioceptive neurons, are the first ones to be
generated during development [45], and DRG neurons ex-
pressing trkC are depleted in NT-3-deficient embryos by
E12 [66, 68, 70]. Because afferent innervation of the mus-
cle is required for the induction of muscle spindles, the
fact that the muscle is never innervated by presumptive
proprioceptive afferents accounts for their absence in 
NT-3-deficient animals [73]. High-level expression of 
NT-3 in the mesenchyme surrounding the ganglion and
around the tips of the early projecting sensory axons at
these stages is seemingly responsible for maintaining pro-
prioceptive neurons alive as soon as they are generated
[23, 24]. The early neuronal deficiencies in proprioceptive
neurons in NT-3 and trkC null mice and the availability of
NT-3 in areas crossed by growing sensory axons indicate
that NT-3 is needed before target innervation. NT-3 seems
to be the only factor needed by spinal proprioceptive neu-
rons, as large proprioceptive trkC-positive neurons can be
selectively rescued in mice deficient in NT-3 by transgenic
expression of NT-3 under a myogenin promoter, resulting
in muscle-specific expression as early as E11 [74], but not
by BDNF insertion into the NT-3 locus [70]. Studies us-
ing chick embryos injected with blocking antibodies to
trkC suggest that spinal proprioceptive neurons require
NT-3 after target innervation as well [75]. Consistent with
the possibility of a dual NT-3 dependence period for pro-
prioceptive neurons also in mice is the fact that NT-3 ex-
pression around growing axons at early developmental
times is followed by NT-3 expression restricted to muscle
spindles [23, 24, 76]. Not all proprioceptive neurons in the
mouse, however, appear to depend on NT-3 for their sur-
vival, because some trigeminal mesencephalic proprio-
ceptive neurons and some muscle spindles in jaw muscles
are still present in NT-3 and trkC, but absent in BDNF or
NT-4/5 null mice [77–79] (table 1). 

Comparison between the phenotypes of the NT-3- and
trkC-deficient animals (table 1; fig. 1) has revealed that
many more DRG sensory neurons are lost in NT-3-defi-
cient (~ 60–70%) [66–72] than in trkC-deficient mice
(~ 20–30%) [65, 69, 70]. NT-3 appears to play an addi-
tional role in the survival of DRG neurons that do not pro-
ject to muscle and the NT-3 deficiency results in deficits
in nearly all DRG neuronal classes [72]. For instance, in
addition to the lack of all trkC neurons, deletion of NT-3,
but not trkC, results in deficits in specific cutaneous af-
ferents, as seen in skin-nerve preparations and morpho-
logical analyses in the whisker pad: D-hair afferents and
SA mechanoreceptors that innervate specialized Merkel
cells in the touch domes of the hairy skin [18, 80]. Trans-
genic mice overexpressing NT-3 under the control of a
keratin promoter show increased numbers of DRG neu-
rons, enlargement of skin touch domes and increased
numbers of associated Merkel cells [54]. Moreover, D-
hair afferents are thought to terminate on hair follicles,
and in keratin-14-driven NT-3 overexpressors the number
of circular endings associated with piloneural complexes
is enhaced [54]. It has been suggested that the NT-3 defi-
ciency results in the loss of SA afferents to Merkel cells
postnatally, as the number of Merkel cells per touch dome
increases in wild types, but not in heterozygous and ho-
mozygous mutant mice, after birth [20]. However, it needs
to be shown that the numbers of DRG neurons are reduced
further than 60% after birth and, more importantly, that
the number of touch dome units is normal in NT-3-defi-
cient animals at the beginning of the postnatal period. In-
nervation of Merkel cells in hairy skin begins at E15, a
time when NT-3 expression in the skin is restricted to hair
follicles and basal keratinocytes [23] (fig. 4) and when
some neurons in the DRG of NT-3 null mice begin to re-
express trkC [50, 68; unpublished results]. In NT-3 mutant
mice, skin innervation and projections to layers III and IV
of the dorsal horn of the spinal cord are already reduced
at E15 (fig. 4), suggesting that at least a fraction of the cu-
taneous afferents lost in the absence of NT-3 are lost be-
fore birth. 
The striking discrepancy between the phenotypes of trkC-
and NT-3-deficient mice strongly suggests that NT-3 acts
on neurons through receptors other than trkC. Experi-
ments have shown that neurons isolated from cranial gan-
glia of trkC-deficient embryos indeed respond to high
doses of NT-3 in vitro [81]. However, it has been difficult
to know whether such concentrations of neurotrophins are
attained in vivo. We have shown that in addition to trkC-
expressing neurons, trkB-expressing neurons are also lost
in the DRGs of NT-3 mutants [41]. In early DRGs, neu-
rons likely to be the proprioceptive ones only express trkC
and account for those neurons lost in the absence of either
NT-3 or trkC. Other early neurons express both trkC and
trkB and are not lost in either trkC or trkB null mice but
do not survive in the absence of NT-3, suggesting that NT-
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3 is the endogenous survival factor for these neurons and
that it can activate either receptor effectively [41]. There-
fore, these trkB/trkC neurons are not lost in trkC mutants,
providing an explanation for the discrepancy between the
phenotype of the trkC and the NT-3 mutant mice and sug-
gesting that NT-3-mediated activation of trkB is essential
for the survival of these cells during normal development
(see fig. 3). Accordingly, the loss of neurons in DRGs of
double trkB/trkC mutant homozygotes appears to be
larger than the sum of the deficits in the two single trk mu-
tants [61]. In this context, a very elegant approach, con-
sistent in the generation of mice in which BDNF replaces
NT-3 (B/N mice) and, therefore, only trkB signaling is
preserved, has given further support to the relevance of
NT-3 signaling through the trkB receptor in the control of
DRG neuron survival. In the absence of NT-3, BDNF can
rescue a substantial number of DRG neurons during gan-
gliogenesis [70]. Interestingly, the proprioceptive deficit
caused by the NT-3 deletion is not rescued by BDNF in
these mice [70]. Moreover, starting at E13, when most
neurons express trkA and in spite of the presence of nor-
mal levels of NGF, a significant decline in the number of
neurons is observed in the B/N mice, suggesting that NT-
3 supports neuronal survival through trkA [70]. This is in
agreement with the observation of apoptotic trkA-positive
cells in the TRG of NT-3-deficient mice [48]. These re-
sults indicate that interactions of NT-3 with receptors
other than trkC occur in vivo and that this may reflect pro-
duction of relatively high levels of NT-3 during develop-
ment.
Analyses of the dorsal root ganglia of NT-3-deficient
mouse embryos [23, 24, 39, 50] have indicated that the
deficits initially described in neonate animals develop
very early during embryogenesis. A loss of DRG neurons
is observed soon after ganglion coalescence (at around
E11), at times when many sensory precursor cells are pro-
liferating and neurons are being generated, and the deficit
is complete by E13, before any of the sensory neurons
have reached their final peripheral targets. Neuronal death
is significantly elevated in the ganglia of NT-3 null em-
bryos when compared with wild-type littermates [23, 39].
Neuronal death is also significantly enhanced in the
DRGs of embryos that lack a functional trkC receptor at
E11 [24]. This suggests that the absence of NT-3-mediated
trkC signaling results in the loss of proprioceptive neu-
rons, which are missing in both the trkC and NT-3 mutant
mice at birth. As mentioned above, the loss of trkB/trkC-
positive neurons [23], and possibly trkA [70], may ac-
count for the rest of the deficit seen in the NT-3, but not
trkC, mutant. Effects of the NT-3 deficiency on either the
survival or proliferation of precursor populations in vivo
have been proposed. In embryos lacking NT-3, precursors
appear to abandon the cell cycle and differentiate into neu-
rons prematurely between E11 and E12, as suggested by
a transiently enhanced neurogenesis along with a reduc-

tion in the numbers of proliferating cells without changes
in their death or proliferation rates [23]. Other reports
have suggested that NT-3 deficiency results in increased
death of precursor cells that fail to differentiate and reen-
ter the cell cycle [39, 40]. More work will be necessary to
clarify these apparent discrepancies, but nonetheless, the
data on trk receptor expression argue that the in vivo re-
ported effects of the lack of NT-3 on sensory neuron pre-
cursors might be indirect, as these cells do not appear to
express detectable levels of trk receptors. Moreover, pu-
tative NT-3 effects on precursor cells would need to be
mediated by receptors other than trkC, as mice deficient
in trkC signaling only lack proprioceptive neurons.
Nonetheless, trkC is the neurotrophin receptor expressed
by neural crest cells at the mRNA level [11].
NT-3 expression is notably high along the projection path-
way of sensory axons in the way to their final targets
(fig. 3) [23]. Later, the expression becomes restricted to
areas known to be innervated by neurons that are depen-
dent on NT-3 (fig. 4). Overexpression of NT-3 in the epi-
dermis or in the muscle beginning at E11 produces sig-
nificant enhancements of the sensory system with
increases in the number of DRG neurons and in the num-
ber of trkC (or parvalbumin)-positive neurons along with
specific increases in cutaneous or muscle innervation, re-
spectively. The effect on the number of neurons is a likely
result of a net increase in the amount of NT-3 in target ar-
eas. These results indicate that DRG neurons are depen-
dent on their final targets for maintenance and that NT-3
levels in vivo are limiting. Overexpression experiments 
in mice have indicated that tissue-specific expression of 
NT-3 in NT-3 homozygous or heterozygous mutant mice
rescues NT-3-dependent neurons that innervate areas of
transgene expression but cannot rescue all neurons lost
(table 2). The effect of the transgenic expression on the
specific innervation is quite dramatic, but the number of
DRG neurons is reduced with respect to NT-3 wild-type
animals that express either transgene.

Gustatory neurons:
same modality in different ganglia share a taste

Taste is mediated by sensory neurons located in the genic-
ulate and petrosal ganglia. They innervate gustatory
papilla in the dorsal surface of the tongue, complex struc-
tures composed of a core of connective tissue covered by
an epithelial sheet in which discrete groups of around 50
spindle-shaped modified epithelial cells constitute the
taste buds, chemosensory organs involved in perceiving
chemical stimuli and in taste transduction. Three types of
gustatory papilla (fungiform, circumvallate and foliate)
are distinguished based on their form, number and spatial
distribution and on their taste buds [82]. Fungiform papil-
lae are located in the anterior tongue, while the circum-
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vallate and follate papillae are located in the posterior
tongue. Gustatory neurons in the geniculate ganglion in-
nervate taste buds in fungiform papillae present in the an-
terior tongue, whereas neurons in the petrosal ganglion in-
nervate taste buds in circumvallate and folliate papillae
located in the posterior tongue [82]. In addition, the re-
maining lingual epithelium is innervated by somatosen-
sory fibers originating in the trigeminal and petrosal gan-
glia. 
Adult taste buds as well as developing gustatory epithe-
lium express BDNF mRNA, whereas the nongustatory
surrounding epithelium expresses NT-3 mRNA [83–85].
In agreement with their expression patterns, these neu-
rotrophins appear to have distinct but complementary
roles in supporting development of gustatory and so-
matosensory innervation of the tongue [84], and cranial
ganglia supplying innervation to the tongue show neu-
ronal losses in BDNF- and NT-3-deficient mice
[57–59,66, 67]. Double BDNF/NT-4/5 homozygous mu-
tants or trkB null mice lose ~ 90–95% of all geniculate
ganglion neurons found in a wild-type animal [59–61,
86], indicating that virtually all geniculate neurons depend
on trkB signaling for their survival during development. In
BDNF- and in NT-4/5-deficient mice only ~ 50% of
geniculate ganglion neurons are lost during development,
suggesting that each neurotrophin acts on a separate pop-
ulation of gustatory neurons [57–60, 87]. The opposite ef-
fect is found in mice that overexpress BDNF or NT-4/5
under the control of the K14 promoter, in which the genic-
ulate ganglion appears substantially larger than in control
mice [88]. There is no clear available quantitative data on
neuronal losses in the petrosal ganglion in neurotrophin
mutants, because the petrosal and adjacent nodose ganglia
are not well segregated in mice. Nevertheless, the nodose-
petrosal complex is reduced in BDNF and NT-4/5 mutant
mice by ~ 50% and virtually disappears in trkB signaling-
deficient mice [57–61]. Small, but significant, neuronal
losses are also found in the geniculate ganglion of mice
lacking NT-3 or its receptor trkC [66, 67]. In NT-3 defi-
cient mice gustatory papillae appear to be present in nor-
mal numbers, and their appearance is relatively normal
[84]. Interestingly, some geniculate neurons are known 
to innervate taste buds in the soft palate, and although
their neurotrophin requirement has not been thoroughly
analyzed in the mutant strains, some evidence indi-
cates that they are not innervated by BDNF-dependent
neurons [88].
We have observed trkB immunoreactive neurons in the
mouse geniculate ganglion as early as E11 [unpublished
observations], and degeneration of ganglion cells is al-
most complete in trkB mutant mice before taste afferents
reach the developing fungiform papillae in control ani-
mals [86]. In spite of the lack of innervation, taste buds in
the mutants form initially. Eventually, however, the size of
the fungiform papillae and their taste bud organization are

altered in the mutant animals [86]. Accordingly, in post-
natal mice lacking BDNF or NT-4/5, numbers of fungi-
form and circumvallate papillae, as well as of taste buds,
are reduced, and the remaining ones have an altered mor-
phology, reduced size and diminished numbers of taste
buds [84,87, 89–91], presumably from prolonged dener-
vation during morphogenesis in the absence of a normal
complement of gustatory neurons. These results suggest
that induction of gustatory papillae and taste bud forma-
tion during normal development in vivo occurs au-
tonomously, but that sensory innervation is required for
sustained growth and full differentiation of gustatory
papillae and acquisition of a complete numerical comple-
ment of taste buds [82, 86]. Interestingly, the numbers of
fungiform papillae and taste buds are also reduced in K14-
BDNF and K-14-NT-4/5 overexpressing mice, because
despite an increased number of sensory axons, these fail
to innervate gustatory papillae [88].

Visceral sensory neurons:
response diversity through one receptor

The nodose-petrosal sensory ganglion complex (NPG) is
the major source of visceral afferent innervation to tho-
racic and abdominal viscera, and multiple neurotrophins
are required to support a full complement of NPG visceral
neurons (table 1). Null mutations in genes encoding
BDNF, NT-3 or NT-4/5 result in a loss of 40–60% of neu-
rons in the NPG [58–61, 66, 67, 92, 93]. In addition, vir-
tually all visceral neurons in this sensory complex disap-
pear in the absence of a catalytic trkB receptor [61] or in
double BDNF/NT-4/5 homozygous mutant mice [60, 61,
92], indicating that nodose neurons are heterogeneous
with respect to their response to trkB ligands and that
BDNF and NT-4/5 act in a complementary nonredundant
fashion on discrete populations of NPG neurons.
Many NPG neurons supply arterial vasculature and are
implicated in the control of respiration but convey differ-
ent modalities of sensory information. Dopaminergic
chemoafferent neurons innervate glomus cells in the
carotid body and respond to changes in arterial oxygen
tension, whereas baroreceptor afferents innervate special-
ized regions of the cardiac outflow tract as free endings
and respond to mechanical deformations caused by rapid
changes in arterial blood pressure. In spite of subserving
different sensory modalities, arterial chemoafferent and
baroreceptor neurons share a common requirement for
BDNF, but not NT-4/5 [92, 94]. BDNF is transiently ex-
pressed in baroreceptor targets and in the carotid body at
the onset of sensory innervation [94]. At this time, most
NPG neurons express high levels of trkB protein (see
[48]) and are dependent on BDNF when cultured in vitro
[94]. NT-4/5-sensitive nodose neurons belong to a differ-
ent, tyrosine hydroxylase-negative, population of NPG
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neurons. The selective deficits in the respiratory afferent
system can explain the lethality of the BDNF and trkB
mutations, and conversely, the lack of effect of the NT-4/5
deficiency on respiratory afferents can explain the viabil-
ity of these mutation [92]. Several possibilities exist that
can explain these differential responses to ligands that act
on the same receptor. These neurotrophins could be ex-
pressed in different targets to which distinct populations of
nodose neurons project. They could also be expressed in
the same targets but at different times during development
in coincidence with the expression of trkB selectively in
certain neurons. Alternatively, the distinctive responses
could be the result of a differential activation of trkB by
the two ligands. In trkBShc/Shc mice, which carry a point
mutation into the juxtamembrane exon of the mouse trkB
that disrupts binding of adaptor proteins to the Shc site,
BDNF-, but not NT-4/5-, dependent neurons are preserved
[95]. Activation studies in neurons isolated from these
knockin mice indicate that BDNF can activate down-
stream survival signals more efficiently than NT-4/5 via a
Shc site-independent pathway and suggests important dif-
ferences in the way that these two ligands activate the
same receptor [95].

Inner ear vestibular neurons: one neurotrophin 
balances the system

The inner ear develops from the otic placode that invagi-
nates to form the otocyst by E9.5 [96]. Between E9.5 and
E15.5, cochlear (spiral) and vestibular sensory neurons of
the statoacustic ganglion originate from the antero-ventral
aspect of the developing ear, migrate rapidly away and
subsequently extend processes that will innervate the
hearing and the balance regions of the inner ear as well as
certain nuclei in the brainstem [96]. These otic (cochleo-
vestibular) sensory neurons require BDNF and NT-3 for
their survival [97]. Progressive differentiation of the inner
ear neurons and innervated epithelia results in two segre-
gated and specialized ganglia, the spiral or cochlear gan-
glion innervating the auditory epithelium of the cochlea
and the vestibular ganglion, which supplies balance struc-
tures such as the saccule, utricle and semicircular canals.
Expression studies have shown that all inner ear sensory
epithelia express both neurotrophins, while otic sensory
neurons express their receptors, trkB and trkC (see [98]).
BDNF and trkB, but not NT-4/5, mutant mice have a
deficit in balance due to a dramatic reduction in the num-
ber of vestibular neurons and the loss of all innervation to
the semicircular canals [16, 57, 58, 61, 99–102]. This is
probably the most remarkable case in the sensory system
of a one-to-one relationship between a neurotrophin re-
ceptor signaling pathway and a particular ganglion. The
complete loss of all sensory neurons innervating the semi-
circular canals in BDNF and trkB null mutants is consis-

tent with the exclusive expression of BDNF in the sensory
epithelia of these structures [98] and the expression of
trkB by vestibular neurons [E. Huang, personal commu-
nication] during embryogenesis. The loss of balance af-
ferents to the canals is very rapid, and within 2 days of the
onset of fiber outgrowth (E12), projections and neurons
are completely eliminated in the mutants. In other struc-
tures of the vestibular system, such as the saccule and the
utricle, there is prominent NT-3 expression along with
rather weak BDNF expression, as seen in mice with lacZ
genes within the corresponding loci [98]. However, a
prominent loss of utricular and saccular sensory afferents
only results from the lack of BDNF. Even a single func-
tional trkB allele in a trkC null background can rescue
most innervation to these sensory epithelia, whereas loss
of a functional trkC allele on a trkB null background only
marginally adds to the already severe loss of vestibular
sensory neurons (table 1) [103]. These results strongly
emphasize the need for at least minimal levels of BDNF
to support vestibular afferent neurons.

Inner ear auditory neurons: fine tuning of 
neurotrophin expression for neurons that hear all

Cochlear neurons represent the most remarkable example
of how temporal and spatial patterns of neurotrophin ex-
pression finely regulate neuronal survival in vivo. The
cochlea is a convoluted duct lined by an auditory epithe-
lium which is innervated by neurons of the cochlear or
spiral ganglion sitting in the center of the turning struc-
ture. The ganglion itself adopts a spiraled shape, and neu-
rons in each turn project radially towards the epithelium in
a highly organized and topographic fashion. Interestingly,
despite the fact that neurons and hair cells originate from
the initial placode, they show opposed temporal gradients
of differentiation along the length of the cochlea during
embryogenesis, and these countercurrents of maturation
appear to have an important impact on how neurotrophins
regulate the survival of neurons in a spatially organized
structure.
Cochlear neurons appear to depend exclusively on two
neurotrophins, BDNF and NT-3, for their survival during
development. NT-3-deficient mice lose as much as 85%
of the cochlear neurons, whereas absence of BDNF results
in a very modest reduction of cochlear neurons [66, 67,
97–100]. Moreover, BDNF/NT-3 or trkB/trkC double ho-
mozygous mutants lose all cochlear neurons around birth
[100, 101, 103]. It had been suggested that these deficits
could be reconciled with a differential effect of BDNF and
NT-3 on the two existing populations of cochlear neurons:
the most abundant spiral type I, which innervate inner hair
cells of the auditory epithelium, and the rare spiral type II,
which innervate outer hair cells [100]. However, exami-
nation of whole projection patterns in BDNF and trkB ho-
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mozygous mutants revealed the presence of innervated
outer hair cells in the basal turn of the cochlea and a vir-
tually complete loss of afferents to the apical turn both to
outer and inner hair cells, more suggestive of a longitudi-
nal, not a radial, effect of BDNF in spiral neuron survival
[101]. Moreover, despite the initial observations in NT-3
and trkC mutants suggesting a complete loss of afferent
innervation to inner hair cells [99, 100], visualization of
all cochlear projections in whole-mounted cochleae indi-
cated that NT-3 and trkC mutants lose all spiral neurons,
including both types, in the basal turn [103, 104]. Thus,
the lack of NT-3 or BDNF results invariably in losses of
cochlear neurons with a clear spatial bias in the longitu-
dinal direction. Despite the elegance and simplicity of the
one-type of neuron/one-type of neurotrophin model, dif-
ferences along the length of the cochlear epithelium most
precisely characterize the cochlear phenotypes of the neu-
rotrophin mutants. 
During embryonic development all cochlear neurons ap-
pear to express both trkB and trkC and, therefore, can re-
spond to either neurotrophin. However, the distributions of
BDNF and NT-3 in the cochlear epithelium show very dif-
ferent longitudinal and radial developmental dynamics
[98]. NT-3 in the cochlear epithelium is expressed by sup-
porting, but not hair, cells, and therefore NT-3 expression
is seen in the cochlear epithelium at any time during the
longitudinal extension of the cochlea, which proceeds in
a basal-to-apical direction [98]. In contrast, BDNF ex-
pression appears to be largely restricted to differentiated
hair cells [98]. Because hair cell differentiation follows an
apex-to-base direction [96], that is, opposite to cochlear
growth, it follows that the earliest differentiated cochlear
neurons project to a sensory epithelium that lacks mature
BDNF-producing hair cells and, consequently, must be
initially supported by NT-3 released from other epithelial
cell types. Therefore, in NT-3 mutants basal turn neurons
project to an area completely devoid of any neurotrophins
and do not survive. This is not the case for other cochlear
regions, where different levels of both BDNF and NT-3
are found at the time of innervation. As predicted by this
interpretation, transgenic expression of BDNF under con-
trol of the NT-3 promoter rescues the initial innervation
deficit, and therefore the basal turn of the cochlea in these
animals is innervated [70]. Thus, the opposed temporal
gradients of cochlear neuron and hair-cell differentiation
[96] transform a temporal gradient of neurotrophin ex-
pression into a spatial gradient of innervation loss in the
corresponding mutants. 
In summary, analyses of mutant strains of mice with al-
tered neurotrophin signaling indicate that limited avail-
ability of neurotrophins largely determines the final num-
bers of neurons in peripheral sensory neuron populations
by regulating their survival during embryogenesis, starting
at times prior to final target innervation. Direct effects of
the lack of a given neurotrophin on neuronal survival can

be followed by indirect compensatory changes that con-
tribute to the final deficit, and therefore detailed analyses
are needed to precisely determine the physiological es-
sential role of any given factor. Analysis of aspects other
than early dependence for survival are hampered in the
mutants by loss of the responsive neurons. Finally, studies
in systems such as the auditory suggest that study of the
mechanisms involved in regulation of the dynamic ex-
pression of the various neurotrophins [105] will be es-
sential to understand how neuronal survival is controlled,
and how population sizes are determined during develop-
ment.
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