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Abstract

Neurotrophins, neurotrophin receptors and sensory neurons are required for the development of lingual sense organs. For
example, neurotrophin 3 sustains lingual somatosensory neurons. In the traditional view, sensory axons will terminate where
neurotrophin expression is most pronounced. Yet, lingual somatosensory axons characteristically terminate in each filiform
papilla and in each somatosensory prominence within a cluster of cells expressing the p75 neurotrophin receptor (p75NTR),
rather than terminating among the adjacent cells that secrete neurotrophin 3. The p75NTR on special specialized clusters of
epithelial cells may promote axonal arborization in vivo since its over-expression by fibroblasts enhances neurite outgrowth from
overlying somatosensory neurons in vitro. Two classical observations have implicated gustatory neurons in the development and
maintenance of mammalian taste buds—the early arrival times of embryonic innervation and the loss of taste buds after their
denervation in adults. In the modern era more than a dozen experimental studies have used early denervation or neurotrophin
gene mutations to evaluate mammalian gustatory organ development. Necessary for taste organ development, brain-derived
neurotrophic factor sustains developing gustatory neurons. The cardinal conclusion is readily summarized: taste buds in the
palate and tongue are induced by innervation. Taste buds are unstable: the death and birth of taste receptor cells relentlessly
remodels synaptic connections. As receptor cells turn over, the sensory code for taste quality is probably stabilized by selective
synapse formation between each type of gustatory axon and its matching taste receptor cell. We anticipate important new
discoveries of molecular interactions among the epithelium, the underlying mesenchyme and gustatory innervation that build
the gustatory papillae, their specialized epithelial cells, and the resulting taste buds.

Introduction

A long line of studies supports the nerve-dependent
development of mammalian secondary sense
organs—those specialized peripheral cells that
are innervated by primary sensory neurons (Zelena,
1994). The classical evidence relied partly upon careful
descriptions of timing—receptor organs develop only
after nerve fibers arrive. Novel experimental methods
have recently substituted genetic surgery for reliance
upon the daunting difficulties of embryonic surgery.
As a result, an abundance of data from induced mutant
mice has now certified the classical view for profound
influences of sensory innervation upon the develop-
ment and differentiation of secondary sensory cells.
Induced mutations of neurotrophin genes have been
particularly instructive. Neurotrophins are structurally
related, secreted proteins that exert critical influences
on nervous system function and development. The
four mammalian neurotrophins, nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT3), and neurotrophin-4 (NT4), are
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traditionally viewed as target-derived survival factors
that sustain developing neurons whose axons navigate
to the target tissue. The terminals of these axons bear
receptor tyrosine kinases (TrkA, TrkB, or TrkC) that
bind cognate neurotrophins secreted in the target
tissue. Of particular relevance, NT3 binds to TrkC,
whereas BDNF, NT4 and, to a lesser extent, NT3 bind
to TrkB. Additionally, all four neurotrophins bind well
to a fourth receptor, the p75 neurotrophin receptor
(p75NTR). Since neurotrophins provide crucial sup-
port for developing sensory neurons, many research
groups have examined the phenotype of mice with a
null mutation for a neurotrophin or a neurotrophin
receptor gene. For example, the absence of NT3 causes
the widespread death of embryonic proprioceptive
neurons whose loss in turn prevents muscle spindle
development (Lee et al., 1992; Enfors et al., 1994). Such
compelling observations have heightened interest in
the development of other secondary sense organs,
including taste buds.
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This review recognizes three important stages in
mammalian taste bud development: an early period
that establishes the location and competence of taste
papillae, sensitive periods when innervation is required
for papilla maturation and the initiation of taste bud for-
mation, and a final period of the proliferation and func-
tional differentiation of taste receptor cells. It is timely
to consider recent applications of molecular genetics
that have identified some of the molecular factors al-
lowing innervation to contribute to the differentiation
of taste receptor cells from local oral epithelium.

Current understanding of gustatory molecular re-
ceptors and channels engaged by tastants has been re-
viewed elsewhere (Montmayeur & Matsunami, 2002;
Bigiani et al., 2003; Gilbertson & Boughter, 2003; Kim
et al., 2004). Farbman (2003) has recently considered
the diverse potential roles of BDNF and related neu-
rotrophins in taste bud function. Here we highlight
recent studies of the neurotrophic support of lingual
somatosensory organs, and then more extensively we
evaluate findings on the development of mammalian
taste organs.

NT3 and p75NTR support lingual
somatosensory function

Although more notable for its prominent gustatory
papillae, the tongue’s surface also contains a remark-
ably dense deployment of somatosensory receptors.
Detailed spatial information in mice is generated by the
displacement of clusters of evenly dispersed filiform
papillae, each innervated by a small bundle of axons. In
humans the great sophistication of the comparable lin-
gual mechanosensory system may enable some aston-
ishing clinical advances. A pixel-like array of 49 stimu-
lating electrodes can generate lingual action potentials
in unique temporal-spatial patterns that can partially
compensate for a patient’s severely diminished input
from vestibular organs or from the retina (Tyler et al.,
2003).

The sites of pronounced touch sensitivity in the
mouse tongue can be visualized with staining that re-
lies on a lacZ reporter gene for NT3 expression (Fariñas
et al., 1994). Our recent studies on lacZ-NT3 mice (Fan
et al., 2004; Fig. 1) marked the blue-colored location
of every filiform and fungiform papilla, while at the
back of the tongue NT3 expression is notable in the
foliate and vallate papillae and in a newly identified
class of touch organs, the somatosensory prominences
(initially described as “circumvallate plates’’ by Nosrat
et al., 1997). Both NT3 and p75NTR are important in the
development and maintenance of lingual somatosen-
sory receptors. For example, NT3 supports the expres-
sion of p75NTR by epithelial cells near the base of each
filiform papilla (Fan et al., 2004). In turn, the develop-
mental survival of the small bundle of somatosensory
axons that innervates a filiform papilla requires both

NT3 and p75NTR (Nosrat et al., 1997; Fan et al., 2004).
Remarkably, it was apparent in all filiform papillae
and somatosensory prominences that the somatosen-
sory axons failed to obey their traditionally assigned
role of terminating at the site of the most intense NT3
expression. Instead, the somatosensory axons invari-
ably terminated less superficially, within the cluster of
p75NTR-positive cells (Fig. 1b, c). We hypothesized that
as NT3 diffuses, it binds to the p75NTR exposed on the
surface of nearby target cells, indirectly prompting the
somatosensory axons to expand their terminal arbors.
Cell culture experiments supported the principle of this
concept by demonstrating that after trigeminal sensory
neurons were seeded onto a lawn of fibroblasts engi-
neered to express p75NTR under doxycycline control,
neurite outgrowth more than doubled compared with
matched control cultures of fibroblasts that expressed
minimal p75NTR (Fan et al., 2004).

Anatomy of rodent peripheral taste organs

Mammalian taste buds are clusters of elongated
neuron-like epithelial cells, many of which have
synapse-like contacts with gustatory axons (Figs. 2, 3
and see Witt et al., 2003). In addition to residing in
lingual papillae, taste buds are also located in the ep-
ithelium of the epiglottis, pharynx, and palate. The
trench walls of the solitary vallate papilla at the back
of the adult mouse tongue contain more than 120 taste
buds, most of which are bilaterally innervated by the
glossopharyngeal nerve (Cooper & Oakley, 1998). The
anterior two thirds of the mouse tongue is covered
by thousands of somatosensory filiform papillae, each
extending a prominent spine (Figs. 1 and 3a; Nosrat
et al., 1996). Interspersed among the filiform papillae are
loose anterior-posterior rows of more than 130 domed
fungiform papillae that contain solitary taste buds. The
fungiform papillae are innervated by both the chorda
tympani nerve and the lingual nerve that merge to
form the chordalingual nerve complex which enters the
tongue (Fig. 2). Within the papilla, the incoming nerve
fibers segregate into chorda tympani neurons, which
innervate taste buds, and trigeminal neurons, which
are predominantly in the surrounding non-gustatory
epithelium (Fig. 3b). As will be discussed, specific neu-
rotrophins in embryonic gustatory papillae support the
gustatory neurons.

The development and maintenance
of gustatory papillae

Research on mammalian gustatory organ development
has progressed from descriptive studies on the devel-
opment of papillae and taste buds to evaluations of the
dependence of these structures upon innervation (tabu-
lated in Ganchrow & Ganchrow, 1989). The emergence
and spatial pattern of the gustatory papillae anlage are
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Fig. 1. P75NTR expression patterns are shown for postnatal mouse tongue. (a) The dorsal surface of the tongue of a P1
NT3(lacZneo)/+ mouse was photographed while attached to the mandible. LacZ staining shows NT3 expression (blue) is
widespread in the tongue and pharynx. The epiglottis (yellow arrowheads), the vallate papilla on the midline (red arrowhead),
the foliate papillae (red arrows) and rows of numerous dispersed fungiform papillae are all NT3-positive. The outline square
enclosing several somatosensory prominences near the vallate papilla is enlarged (heavy black arrow). (b) The section through
a typical adult dome-shaped somatosensory prominence (SP) depicts the immunostaining for p75NTR (red) and TrkC (green).
The TrkC-positive areas included the basal lamina, scattered cells, and axon fascicles restricted to the core of the somatosensory
prominence. P75NTR-positive axons terminated on basal and suprabasal cells that were p75NTR positive and TrkC-negative.
(c) The section through a wild-type P7 filiform papilla (Fi) shows the locations of p75NTR (red) and TrkC immunoreactivities
(green) in relation to schematically superimposed NT3 expression (blue). (d) The cross-section through a P21 taste bud-bearing
fungiform papilla (Fu) reveals the intense NT3 LacZ reactivity associated with the top and sides of the papilla. The scale bar
with the tongue (a) is 1mm and is 60 µm for the insets (b) and (c) and 50 µm for inset (d) (after Fan et al., 2004).

established prior to robust innervation (humans: Witt &
Reutter, 1996, 1998). The early arrival of scattered axons
makes it difficult to exclude completely a formative role
for nerve fibers; some sensory nerve fibers approach the
mesenchyme of mouse tongue anlage as early as E11
(Oakley, 1998). The cessation of papilla development
in tongue organ cultures lacking innervation (Farbman
& Mbiene, 1991; Mbiene et al., 1997), and particularly
tellingly, the stunting and distortions of sparsely in-
nervated developing papillae in bdnf and trkB knock-
out mice (Nosrat et al., 1997; Zhang et al., 1997; Oakley

et al., 1998; Mistretta et al., 1999; Sun & Oakley, 2002)
collectively indicate that innervation is required for the
sustained maturation of fungiform, foliate, and vallate
papillae, but little or not at all for the nasopalatine
papilla (Cooper & Oakley, 1998). In a dramatic testimo-
nial to the continued importance of innervation, postna-
tal interruption of the chordalingual nerve complex can
convert a fungiform papilla into a filiform-like papilla,
the apparent default state in the absence of neonatal
gustatory innervation (Hård af Segerstad et al., 1989;
Oakley et al., 1990; Nagato et al., 1995).
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Fig. 2. Schematic overview of the innervation of the tongue and taste bud-bearing epithelia. Gustatory nerve fibers (shown in
yellow) derive from cranial nerves (CN) VII (facial-intermediate nerve complex), IX (glossopharyngeal nerve), and X (vagal
nerve). Their first perikarya are located in the local ganglia: The geniculate ganglion (gG; afferents from the facial-intermediate
complex with the branches chorda tympnani, CT, and the greater petrosal nerve, which supply taste buds of the anterior third
of the tongue and palate taste buds and uvula, respectively), inferior ganglion (iF) of CN IX (taste buds of the posterior third
of the tongue of vallate and foliate papillae) and iF of CN X (taste buds of the pharynx). Somatosensory nerve fibers (shown in
blue) accompany gustatory fibers and innervate epithelial sections surrounding taste buds. The lingual nerve (LN) travels with
the CT and innervates non-gustatory epithelium of fungiform papillae; somatosensory fibers of CN IX supply non-gustatory
areas of vallate and foliate papillae. A detailed view of the ramification of CT and lingual nerve terminals on fungiform
papillae (rectangle on the anterior part of the tongue) is shown in Fig. 3b. The ophthalmic nerve (V1) and maxillary nerve
(V2, with fibers that innervate the palate) are truncated. sG, submandibular ganglion (green) with postganglionic autonomic
(parasympathetic) nerve fibers of the CT to supply the submandibular and sublingual glands. pG, pterygopalatine ganglion
(green) with postganglionic parasympathetic fibers of the greater palatine nerve to supply the lacrimal gland. Both ganglia have
no synaptic connection with gustatory nerve fibers. Motor nerves (shown in red): XII, hypoglossal nerve to supply intrinsic
tongue muscles; motor branches of CN VII and CN IX are truncated (adapted after Witt et al., 2003 ).

Classical assessments of the development and
maintenance of mammalian taste buds

The study of the nerve-dependency of mammalian
taste buds has a venerable history (Oakley & Benjamin,
1966). It has been known since the late 19th century
that adult taste buds disintegrate after interruption of
their nerve supply (von Vintschgau & Hönigschmied,
1877). By the 1940s it was well established that mam-
malian taste buds degenerated when denervated but
would regenerate if reinnervated. The canonical tempo-
ral sequence of the arrival of innervation prior to taste
bud development is clearly evident in human embryos
where the gustatory axons first arrive at 7 weeks fol-
lowed at 8 weeks by maturing papillae and differenti-
ating taste cells identified by various markers (e.g., Witt
& Reutter, 1996, 1998; Witt & Kasper, 1998, 1999). It was
not until 1987 that experimental studies demonstrated
the necessity of innervation in mammalian taste bud de-

velopment (Hosley et al., 1987a, b). These experiments
exploited the postnatal development of rat vallate taste
buds and their bilateral innervation (Hosley & Oakley,
1987). In the absence of vallate innervation from postna-
tal day 3 (P3), more than 80% of the hundreds of vallate
taste buds simply failed to appear, even in an immature
state. Compelling evidence for an influence of innerva-
tion included the four fold increase in the number of
vallate taste buds following just a two fold experimen-
tal increase in the number of innervating axons. Such
analyses indicated that the abundance of developing
taste buds is a function of innervation density during a
sensitive period (Hosley et al., 1987a, b). These experi-
mental data showing the nerve-dependency during de-
velopment of mammalian taste buds met with ready ac-
ceptance in part because they reaffirmed the prevailing
view. Thus, a century of studying taste buds coalesced
into one simple conclusion: mammalian taste buds
require innervation to develop (Oakley, 1993a, 1998).
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Fig. 3. (a) The scanning electron micrograph of the dorsal tip of a P7 mouse tongue shows more than 20 circular fungiform
papillae scattered among thousands of filiform spines (courtesy of Dr. C.A. Nosrat, Univ. of Michigan, Ann Arbor). (b) In the
schematic representation of a fungiform taste bud (rectangle in Fig. 2), BDNF-expressing taste cells (brown) are innervated
by gustatory chorda tympani axons (yellow). Many of the cells surrounding the taste bud are innervated by somatosensory,
lingual nerve axons (blue) and express NT3 (light blue) and p75NGFR (dots). Types of taste bud cells (I-V) according to Reutter
and Witt (1993).

Recently, new approaches have allowed re-examination
of the importance of innervation for peripheral gusta-
tory development in mammals.

The gustatory capabilities of non-gustatory epithelia
and non-gustatory nerves

It is a simple truism that from fertilization onward a
complex series of molecular steps is required for the

morphogenetic development of lingual tissues, includ-
ing the specialized gustatory epithelia. Every experi-
mental attempt to elicit taste bud formation from non-
gustatory tissues has failed, presumably because these
tissues lack some essential developmental transforma-
tions that normally precede the arrival of nerve fibers
(Oakley, 1993a; Krimm et al., 2001). The competence of
denervated tissue may fail after a brief absence of glos-
sopharyngeal neurons that permanently impairs the
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ability of the neonatal vallate epithelium to respond to
gustatory re-innervation (Oakley, 1993b). The conclu-
sion that taste buds can form de novo in filiform papil-
lae turned out to be a misinterpretation of results of
organ cultures (Zalewski, 1972). The correct interpreta-
tion is that a denervated fungiform papilla, retaining an
atrophic taste bud, sometimes mimics a filiform papilla
after it extends a spine-like outgrowth (Hård et al., 1989;
Oakley et al., 1990, 1993; Nagato et al., 1995). Nerves
with abundant gustatory axons (chorda tympani, glos-
sopharyngeal, vagus, and the greater superficial pet-
rosal nerves) can substitute for one another in mediat-
ing taste bud regeneration. Carotid body chemosensory
(glossopharyngeal) neurons also appear to be able to
elicit taste bud re-formation (Dinger et al., 1985). How-
ever, substituting motor axons, non-lingual somatosen-
sory axons, and other non-chemosensory axons for gus-
tatory axons has proven to be fruitless in eliciting the
re-formation of mammalian taste buds (Oakley et al.,
1990; Montavon et al., 1996). The consensus is that so-
matosensory fibers of the lingual nerve (trigeminal) are
at best marginally effective in supporting taste buds.

TASTE BUDS IN FISH AND AMPHIBIANS

There are only a few recent studies on the development
of fish taste buds. Hansen et al. (2002) described the
appearance of the first oral taste buds in zebrafish 3-4
days after fertilization, but correlations between taste
bud development and invasion of nerve fibers were
not determined. Using calretinin as an early marker,
Northcutt (2005) observed the first external taste bud
primordia in a catfish only shortly after branches of the
recurrent facial nerve were detected.

In the most complex vertebrate taste organ, the frog
taste disk, Toyoshima et al. (1999) assigned the Merkel
cell rather than nerves as the element more responsi-
ble for taste organ morphogenesis. Merkel cells are not
present in mammalian lingual gustatory papillae.

When classical experimental embryology discovered
that various cultured pieces of early Ambystoma em-
bryos gave rise to nerve cells, it indicated that por-
tions of the dorsal ectoderm had already committed
to a neural fate even before the end of gastrulation.
Indeed, in investigating the post-neurula emergence
of taste buds well over a half a century ago, L. S.
Stone was so impressed by the developmental auton-
omy of transplanted tongue fragments that he con-
cluded “. . .[salamander taste bud] development is en-
tirely independent of any reaction on the part of nerve
fibers which might grow in . . . ’’ (Stone, 1933). The
resilience of transplanted urodele taste buds (Wright,
1964) was not unexpected given the ability of urodeles
to re-grow an entire amputated leg (Brockes, 1997). The
mid-1990s witnessed a re-affirmation and elaboration
of this long dormant conclusion that urodele taste buds
were nerve-independent. Using specification assays,

selective staining of taste cells, and confocal microscopy
Barlow et al. (1996) and Barlow and Northcutt (1997)
persuasively demonstrated that Stone was correct—the
ingrowth of nerve fibers is unnecessary for the devel-
opment of Ambystoma taste buds. Similarly, by the early
neurula stage, presumptive oral tissue is already spec-
ified to develop taste receptor cells (Barlow, 1999).

Were it not for inhibition by bone morphogenetic
proteins (BMPs), most ectodermal cells would become
some type of nerve cell by default. Interestingly, Am-
bystoma has a notably low threshold for such neurula-
tion. Thus, even without any invading axons, it may
be that spots of BMP antagonists like noggin permit
taste receptor neurons to form within cultured frag-
ments of ectoderm. It should be possible to determine
the sensitivity of salamander taste bud development to
tissue culture conditions by varying the concentrations
of BMPs and their antagonists. Until modern molecu-
lar analyses chart new paths, it is likely that the nerve-
free development of urodele taste buds will persist as
a classical embryological mystery that only faintly in-
forms research studies on mammalian taste bud devel-
opment.

Based on work with urodeles, Northcutt and Barlow
(1998) proposed the existence of a uniform vertebrate
plan in which taste buds would develop freely with-
out innervation. Their model suggests that the oropha-
ryngeal epithelium undergoes modifications as early as
gastrulation and that taste bud anlagen form by local-
ized cell-cell interactions (Barlow & Northcutt, 1998).
As it turned out, their conjecture arrived on the cusp
of innovative genetic interventions able to decrease, in-
crease, or deflect gustatory innervation in embryonic
mice. These recent experiments have provided fresh
opportunities to evaluate whether mammalian taste
buds require innervation to develop. As discussed ex-
tensively below, a surge of new and diverse correlative
and experimental studies have reaffirmed that virtually
all mammalian taste buds require innervation for their
development.

Recent observations on the temporal correlation
between innervation and the subsequent
development of taste buds in mammals

Five cytokeratins (CK7, 8, 18, 19, and 20) are referred
to as “simple cytokeratins’’ because they are charac-
teristically synthesized by simple epithelial cells (one
cell layer thick); they are not expressed by stratified
epithelial cells (several cell layers thick). During the
perinatal period rat and human cytokeratins 7, 8, 18,
19, and 20 in the tongue are restricted to taste receptor
cells and salivary duct cells which usually can be dis-
tinguished by cell shape and position (Sawaf et al., 1991;
Knapp et al., 1995; Zhang et al., 1995; Zhang & Oakley,
1996; Ganchrow, 2000). That is why antibodies against
these particular cytokeratins have been practical
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markers of gustatory cells. Indeed, lingual CK20 ex-
pression is wholly restricted to taste buds (Zhang &
Oakley, 1996; Witt & Kasper, 1999). CK20 was partic-
ularly effective in demonstrating that innervation pre-
ceded the differentiation of human taste receptor cells
(Witt & Kasper, 1999).

The tight temporal progression from innervation to
the initial development of taste buds is not limited to
lingual taste buds. For example, the first sensory axons
to invade the apex of the rat nasopalatine papilla enter
at E17 and are followed by the appearance of immature
taste buds at that site no later than E19. It is not until
E20 that nerve fibers invade the wall of the nasopalatine
duct where immature taste buds are first observed at P1
(El-Sharaby et al., 2004).

The adult gustatory system also retains a latent ca-
pacity to form additional taste buds in response to ad-
ditional innervation. Collectively the glossopharyngeal
nerve and the posterior branch of the chordalingual
nerve complex support a mean of 133 taste buds in the
foliate papillae of the adult Mongolian gerbil. Surgi-
cally directing the entire chordalingual nerve toward
the foliate papillae boosted the number of foliate taste
buds by 25% to 167 (Riddle et al., 1987).

An overview of multiple experimental evaluations
of the role of innervation in mammalian taste bud
development

The hypothesis that mammalian taste buds will de-
velop without embryonic innervation has failed to
receive support from more than a dozen recent ex-
perimental studies. The experimental strategies used
to disrupt developing lingual innervation and thwart
taste bud development include surgical denervation
(Hosley et al., 1987a,b; Nagato et al., 1995), chemical
denervation (Morris-Wiman et al., 1999), depletion of
BDNF-dependent oral innervation (Nosrat et al., 1997,
2000; Zhang et al., 1997; Oakley et al., 1998, Mistretta
et al., 1999), depletion of TrkB-dependent lingual in-
nervation (Fritzsch et al., 1997; Zhang et al., 1997), de-
pletion of p75NTR-dependent lingual innervation (Fan
et al., 2004), the double knockout of the bdnf and nt3
genes (Nosrat et al., 2005), and the termination of TrkB-
dependent innervation in non-gustatory sites owing to
ectopic expression of BDNF or NT4 (Ringstedt et al,
1999; Krimm et al., 2001). These many studies demon-
strate that rat and mouse taste buds develop only in
the presence of gustatory innervation, with a subset
of fungiform taste buds as a possible exception (see
Fritzsch et al., 1997 below) Correspondingly, hyperin-
nervation increases the number of taste receptor cells
during development (Zeng et al., 2000) and increases
the number of taste buds in adults (Riddle et al., 1987).
We now examine, in the requisite detail, critical studies
of mammalian taste bud development.

Neural control of vallate taste bud development

Observations on the spatial expression of neurotrophin
mRNA suggested that BDNF supports gustatory neu-
rons, whereas NT3 supports somatosensory neurons
(Nosrat & Olson, 1995; Nosrat et al., 1996, 2001). Accord-
ingly, TrkB-immunopositive axons have been linked to
the development and regeneration of vallate taste buds
(Kim et al., 2003), as predicted by the presumption that
gustatory axons must bear TrkB receptors that can bind
BDNF, NT3, and NT4. By the mid 1990s it became evi-
dent to several research groups that the null mutation
of the appropriate neurotrophin gene might act as a
form of genetic surgery to denervate embryonic mouse
tongues and impair taste organ development. Null mu-
tation of either trkB or bdnf resulted in a sparsely inner-
vated vallate papilla that was stunted and had few, if
any, taste buds (Nosrat et al., 1997; Zhang et al., 1997;
Cooper & Oakley, 1998; Oakley et al., 1998; Mistretta
et al., 1999). Quantitatively, the reduced density of gus-
tatory innervation among bdnf −/− mice explains about
90% of both the variance in the number of taste buds
and the variance in the area of the gustatory epithelium
(Oakley et al., 1998). Those vallate gustatory trenches
that developed with no innervation had no taste buds
(Zhang et al., 1997; Oakley et al., 1998). The complete ab-
sence of vallate innervation and taste buds in bdnf/nt3
double null mutant mice is a more severe defect than
the partial losses in bdnf null mutant mice (Nosrat et al.,
2005). It is likely that in the double null mutant mice
the knockout of nt3 not only eliminated many TrkC
somatosensory neurons but also ensured elimination
of any residual gustatory innervation rescued by NT3
in bdnf −/− vallate papillae (Cooper and Oakley, 1998).
Embryonic development must have been defective be-
cause newborn bdnf −/− mice had stunted and sparsely
innervated vallate papillae deficient in taste buds. Fur-
thermore, because bdnf −/− fetal tongues had few taste
buds at all times, there could not have been a fetal up-
surge in taste buds followed by their disappearance by
birth (Cooper & Oakley, 1998; Oakley et al., 1998; Zeng
et al., 2000). Whether one examined the fewer than 20%
of the vallate taste buds that arise prenatally or the more
than 80% that arise postnatally, few to none of either
set of taste buds formed in bdnf −/− mice. Developing
taste buds were nerve-dependent whether they were
derived from endoderm (vallate) or ectoderm (anterior
fungiform and nasopalate) (Zhang et al., 1997; Cooper
& Oakley, 1998; Oakley et al., 1998).

Other methods of disrupting embryonic gustatory
innervation, such as the embryonic injection of the
neurotoxin beta-bungarotoxin have also demonstrated
nerve-dependent taste bud development (Morris-
Wiman et al., 1999). Postnatal surgical denervation im-
mediately halted the addition of vallate taste buds
(Hosley et al., 1987a, b). Further, after a bdnf trans-
gene under control of a nestin promoter caused most
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gustatory neurons to terminate in the BDNF-rich
tongue muscle, few vallate taste buds formed (Ring-
stedt et al., 1999). (Nestin is an intermediate filament
protein associated with many developing cells includ-
ing muscle.) Similarly, Krimm et al., (2001) observed
in transgenic mice, whose basal epithelial cells over-
expressed BDNF under the control of a cytokeratin 14
promoter, that the fungiform papillae were sparsely in-
nervated and lacked 70% of their taste buds.

Complementing these loss-of-function demonstra-
tions of the nerve-dependence of taste bud develop-
ment, a recent gain-of-function study of bax−/− mice
has revealed a marked enhancement of the vallate gus-
tatory organ after the embryonic augmentation of gus-
tatory innervation (Zeng et al., 2000). Bax null muta-
tion spares developing sensory neurons from BAX-
dependent programmed cell death (Deckworth et al.,
1996). Accordingly, when bax null mutation permit-
ted more robust gustatory innervation, the vallate gus-
tatory papilla enlarged, and its taste buds contained
more than twice as many taste receptor cells as wild-
type controls (Zeng et al., 2000). Just as embryonic loss-
of-innervation stymies vallate gustatory development,
embryonic gain-of-innervation enhances vallate devel-
opment. There is also preliminary evidence that embry-
onic hyperinnervation adds more fungiform papillae
and taste buds (Krimm et al., 2001).

Fungiform taste bud development and maintenance

It is well established that some denervated fungiform
taste buds can persist in adults, most notably in ham-
sters, with fewer residual taste buds in rats, and still
fewer in gerbils (Whitehead et al., 1985; Ganchrow &
Ganchrow, 1989; Oakley et al., 1993; Whitehead and
Kachele, 1994; Nagato et al., 1995). Scattered hamster
fungiform taste cells can retain a differentiated pheno-
type as indicated by immunoreactivity for neural cell
adhesion molecule (NCAM), neuron-specific enolase,
and ATPase (Barry & Savoy, 1990; Whitehead et al.,
1998). Perhaps denervated fungiform taste buds are
sustained by the continued presence of lingual BDNF
(Ganchrow et al., 2003; Uchida et al., 2003; cf. Yee et al.,
2003).

Null mutation of trkB, or bdnf, or nt4 each results
in at least a 50% loss of geniculate neurons followed
by compromised development of fungiform papillae
and taste buds (Liu et al., 1995; Fritzsch et al., 1997;
Nosrat et al., 1997; Zhang et al., 1997; Oakley et al.,
1998; Liebl et al., 1997, 1999; Mistretta et al., 1999; Sun &
Oakley, 2002; Agerman et al., 2003). Knockout of both
bdnf and nt4 eliminated more than 90% of geniculate
neurons (Liu et al., 1995), corresponding to the 95% loss
of geniculate neurons with the knockout of trkB, whose
protein product is the receptor that binds BDNF and
NT4 (Fritzsch et al., 1997). In trkB null mutant mice a
subset of fungiform papillae developed with little in-

nervation (Fritzsch et al., 1997). Fritzsch et al. (1997) did
not report on the majority of fungiform taste buds that
were missing in trkB−/− mice—assuredly more than
the average of 55% lost in bdnf −/− mice (Mistretta et al.,
1999; Sun & Oakley, 2002; Agerman et al., 2003).

Improvements in organ cultures have made it possi-
ble to evaluate the development of nerve-free fungi-
form papillae under various conditions (Hall et al.,
2003; Mistretta et al., 2003). However, notwithstand-
ing the developmental capabilities reported by some
and the determined searches put forward by others, no
one has reported the development of mammalian taste
buds in vitro. It is puzzling that in vitro development
has succeeded with fungiform papillae but not with
taste buds (Mbiene et al., 1997), given the claim that
fungiform papillae and their taste buds can develop in
vivo without innervation (Fritzsch et al., 1997). How-
ever, what Fritzsch et al. actually examined were se-
lected fungiform taste buds that developed when TrkB-
dependent innervation was absent but TrkC-expressing
innervation was present. If lingual TrkC-expressing in-
nervation sustained by NT3 contributes to taste bud
formation, it could resolve the discrepancy between
the in vitro and in vivo outcomes. More generally, if
the developing gustatory epithelium is responsive to
NT3-supported innervation, then the combined loss of
BDNF-dependent and NT3-dependent neurons should
more severely impair taste bud development. The com-
bination of bdnf and nt3 knockout resulted in a 65% loss
of geniculate neurons and an 85% loss of the fungiform
taste buds vs. the 55% loss of fungiform taste buds in
bdnf knockout mice (Liebl et al., 1997; Nosrat et al., 2005).
Surprisingly, nt3 knockout not only eliminated 68% of
trigeminal ganglion neurons, it also eliminated 47% of
the geniculate ganglion neurons (Liebl et al., 1997). Col-
lectively, these observations suggest that NT3 makes a
contribution to fungiform taste bud development that
may be mediated by both TrkB-expressing neurons and
TrkC-expressing neurons. NT4 supported a subset of
TrkB-expressing neurons that appear to contribute to
fungiform taste bud development (Liebl et al., 1999).

Do mouse lingual taste buds appear by E13?

In altricial rodents like rats and mice and gerbils most
lingual taste buds develop postnatally. Consequently,
a wide variety of stains and markers for taste cells in-
cluding cytokeratin antibodies has given no hint of the
presence of taste receptor cells or taste buds in E13-
E15 mouse tongue or E14-E16 rat tongue—CK8 and
other simple cytokeratins are not yet expressed in these
tongues, except for the periderm. The periderm is a
simple epithelial monolayer that temporarily covers
the surface of developing mammalian embryos (from
E13 to about E17 in mouse; McGowan & Coulombre,
1998; Takaishi et al., 1998; from week 8–12 in human
fungiform papillae: Witt & Reutter, 1996). Peridermal
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cells express simple cytokeratins including CK8 (Lane
et al., 1985). The lingual periderm sloughs off in late em-
bryogenesis, leaving the mouse tongue nearly free of
CK8-positive cells a few days before birth. CK8 stain-
ing within the mouse tongue is first evident in a few
taste cells and salivary duct cells about E17 (Zeng et al.,
2000; Sun & Oakley, 2002; Fan et al., 2004). Surpris-
ingly, Mbiene and Roberts (2003) reported that the E13
mouse lingual epithelium had widespread CK8 stain-
ing in which “embryonic taste buds’’were resolved. It is
unclear how CK8 staining was achieved with a Troma-I
dilution of 1:2000, since the experience of others using
the same source of the CK8 specific antibody has been
that a dilution of 1:80 fails to stain any lingual epithelial
cells at E13--E15 and a dilution of 1:200 is too weak to
stain taste buds at any age.

Taste buds fail to develop in bdnf−/− mice in the
absence of innervation

The absence of taste buds in bdnf −/− mice may be
explained by three alternative mechanisms: One alter-
native is that the developmental absence of BDNF in
the gustatory epithelium caused the shortfall of taste
buds. A pair of studies have tested this possibility by
increasing the availability of BDNF in non-gustatory
lingual tissue without reducing BDNF levels in gusta-
tory papillae. After ectopic expression of BDNF, gus-
tatory neurons terminated in the deep muscles of the
tongue (Ringstead et al., 1999) or terminated in the
non-gustatory epithelium including the filiform papil-
lae (Krimm et al., 2001). In both experiments the mis-
direction of gustatory axons into non-gustatory tissue
resulted in sparsely innervated gustatory papillae with
few taste buds, even though the BDNF levels were not
reduced in the gustatory epithelium.

The gustatory papillae in bdnf −/− mice have three
major deficiencies, clearly visible in vallate taste or-
gan development. In addition to sparse innervation
and few taste buds the vallate papilla is morphologi-
cally distorted. Perhaps the area of the gustatory ep-
ithelium was so diminished that it was too small to
accommodate more taste buds. This second alternative
has been quantitatively evaluated in bdnf −/− mice. The
shortfall of taste buds was 76% at P7 and 90% at P12
when the area of the vallate gustatory epithelium was
reduced by 34% and 56%, respectively (Oakley et al.,
1998). Thus, even though most taste buds failed to form,
both by visual and quantitative assessment, the val-
late trench walls in bdnf −/− mice had ample room
for additional taste buds. Similarly, in the nasopala-
tine papilla in bdnf −/− mice, where sparse innerva-
tion was associated with 70% fewer taste buds, papilla
morphology was minimally altered (Cooper & Oakley,
1998). Moreover, neonatal denervation of the rat vallate
papilla prevented the formation of hundreds of taste
buds for which there was ample room in vallate trench

walls that were nearly empty (Hosley et al., 1987a, b).
In addition, there is a marked increase in the size or
number of taste buds after experimentally increased
innervation: during mouse embryogenesis (Zeng et al.,
2000), during the P0-P30 day neonatal period in rats
(Hosley et al., 1987b), or during adulthood in gerbils
(Riddle et al., 1987)—increases that in each instance are
associated with negligible changes in papilla morphol-
ogy. We conclude that neither the absence of BDNF nor
the distortion of gustatory papillae can account for the
shortfall of taste buds in bdnf −/− mice. The obvious re-
maining third alternative is that taste bud development
has a primary dependence upon gustatory innervation.
To propose that denervation may impair the cellular
competence of the gustatory epithelium is to embark
on a consideration of how it is that nerves contribute to
taste bud development.

The nerve-dependency of lingual gustatory papillae
and taste buds begins to subside with postnatal aging in
rodents (Hosley et al., 1987a,b; Ganchrow & Ganchrow,
1989; Oakley et al., 1991, 1993b; Nagato et al., 1995).
Mammalian muscle spindles, and Pacinian corpuscles
also seem to follow a similar progression—an initial
requirement for neural induction followed by a post-
natal decline in nerve-dependence (reviewed in Zelena,
1994). Thus, although it was proposed that mammalian
taste buds might be initiated without neural influence
and thereafter become increasingly dependent upon in-
nervation with age (Northcutt and Barlow, 1998), the
data require a different interpretation.

Molecular specification of gustatory epithelia

The multiple demonstrations of the indispensability
of innervation for mammalian taste bud develop-
ment form a natural bridge to investigations about the
state of the gustatory epithelium when taste axons ar-
rive. The vast majority of mammalian taste buds will
arise only if they are induced by chemosensory fibers
from an epithelium competent for gustation. Numer-
ous molecules have a more or less specific expression
in the gustatory portions of the tongue (Ganchrow,
2000). Which of such molecules help to localize lin-
gual papillae and prime the epithelial patch to re-
spond to approaching gustatory innervation? Candi-
date gene products well-positioned to influence the
placement of taste papillae, and perhaps the respon-
siveness of their cells to innervation, include bone mor-
phogenetic proteins 2 and 4, distalless 3, sonic hedge-
hog, patched, Gli1, fibroblast growth factor 8, and the
ErbB receptor family (Bitgood & McMahon, 1995; Mor-
rasso et al., 1995; Hall et al., 1999; Jung et al., 1999;
McLaughlin, 2000; Miura et al., 2001). Sonic hedge-
hog (shh) may negatively regulate the development of
fungiform papilla and their spatial distribution in con-
junction with other factors (Hall et al., 2003; Mistretta
et al., 2003; Fig. 4). Proposed flow charts must accom-
modate regional differences in control mechanisms. For
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Fig. 4. Schematic, paradigmatic outline of the sequence of events involved in the development of mouse taste buds. Fungiform
papillae develop from embryonic day 13 to E19/birth. Bone morphogenetic protein 4 (BMP4) and sonic hedgehog (Shh) appear
to regulate the development of nascent fungiform papillae. Gustatory target cells express BDNF (oblique red lines) that will
sustain gustatory innervation. Neuronal-epithelial interactions prompt taste bud formation and further papilla development.
Activation of tissue ErbB receptors by axonal neuregulins may contribute to taste organ development and maintenance.

example, the anterior taste buds on the roof of the
mouth and on the tongue require EGFR during devel-
opment, in contrast to the posterior taste buds (Sun &
Oakley, 2002).

What are the axonal signals that sustain taste papilla
growth and evoke taste bud development?

The tips of growing axons arrive in the mouse tongue
over a span of several days. It is unknown how far

the axon must penetrate into the mesenchyme to influ-
ence the overlying epithelium—some neurotrophic in-
fluences on gustatory epithelia may occur before more
intimate axonal-epithelial contact. Thus, rather than at-
tempting to identify neurally regulated molecules by
pinpointing the instant of axonal influence, a better
approach may be to screen sparsely innervated in-
duced mutant mouse tongues for the up- or down-
regulation of messages or molecules that are normally
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associated with intact gustatory innervation. Since taste
cells sometimes support action potentials, release neu-
rotransmitter and perhaps receive neurotransmitters,
and express neuronal markers like NCAM, neuron-
specific enolase, Mash1, and NeuroD, one may consider
taste buds to be clusters of axonless neurons (Roper,
1983; Bigiani & Roper, 1991; Montavon & Lindstrand,
1991; Takeda et al., 1992; Seta et al., 1999; Ganchrow,
2000; Miura et al., 200l; Kusakabe et al., 2002). In addi-
tion, surgical disruption of the glossopharyngeal nerve
in mice caused an immediate decrease of shh expres-
sion in vallate basal taste bud cells, which re-appeared
after re-innervation (Miura et al., 2004). It is likely that
axons supply trophic agents to taste receptor cells be-
cause even though the chronic impairment of gustatory
axonal transport spared axonal impulse propagation
mechanisms, it nonetheless caused a loss of taste re-
sponses followed by a loss of taste buds (Sloan et al.,
1983). The release of neuregulins by gustatory axons
may signal gustatory stem cells or their daughters to
express neurogenic genes. Neuregulins and other EGF
family ligands signal through ErbB receptors, known
to be present in mouse embryonic gustatory epithe-
lia (McLaughlin, 2000). Protein tyrosine kinases such
as IGF 1 receptor (Suzuki et al., 2005), EGFR and per-
haps other ErbB receptors may be vital to taste bud
development (Sun & Oakley, 2002). During taste re-
ceptor cell differentiation, differential gene expression
generates useful markers, including Mash 1, NeuroD,
ErbB receptors, CD44, various lectin binding sites, and
simple cytokeratins. Gustatory NeuroD first appears
on postnatal day 3 (Suzuki et al., 2002). The proneu-
ral gene Mash1 is not only expressed during taste
papilla development but is also expressed in a nerve-
dependent manner in adult rat gustatory basal cells
(Seta et al., 1999), consistent with a gustatory axonal
contribution to the development and the renewal of
taste cells. Taste cell-specific markers like CK20 and
CD44 (in mammals) or calretinin (in amphibians and
fish) appear early, but it has been difficult to iden-
tify markers that precede innervation (Witt & Kasper,
1998; Northcutt, 2005). The BDNF expressed before in-
nervation probably reflects its traditional role, shared
by all neurotrophins, of validating appropriate sensory
neurons whose axons navigate into their peripheral
target.

Stable gustatory coded messages in the presence
of taste receptor cell turnover

The fidelity and stability of sensory coding requires the
continued maintenance of peripheral sense organs. Not
only are lingual somatosensory and gustatory organs
destined to confront environmental stresses like ex-
tremes of pH and temperature, they must also cope
with the special challenges posed by the death (Zeng
& Oakley, 1999) and the replacement of receptor cells

(Beidler & Smallman, 1965; Takeda, 1979; Farbman,
1980).

Receptor cell turnover puts taste axons at risk of
frequent changes in the intensity and quality of their
coded gustatory messages. Axonal connections with re-
ceptor cells must be regulated since two branches of
a chorda tympani single fiber innervate taste recep-
tor cells with similar taste response profiles (Oakley,
1975). The first recordings from cross-regenerated
chorda tympani nerves and glossopharyngeal nerves
revealed tissue-specific rather than nerve-specific taste
responses (Oakley, 1967). These results and later stud-
ies of regenerating single chorda tympani taste axons
(Cheal et al., 1977) suggest that each type of taste axon
matches with one or more receptor cells having a corre-
sponding taste sensitivity. Recent electrophysiological
and behavior studies of reinnervation by two classes
of salt fibers provide further support for axon-receptor
cell matching (Ninomiya, 1998; Yasumatsu et al., 2003).
Regenerating amiloride-insensitive salt fibers regained
responsiveness before amiloride-sensitive fibers; salt
fibers did not spend transitional periods with mixed or
attenuated sensitivity. System-wide fluctuations in sig-
nal intensity owing to the normal remodeling of neural
connections may be minimized by out-of-phase varia-
tions in signal intensity across taste buds.

What the assembled facts imply

Single and double null mutations of NT3, BDNF, and
NT4 cause partial losses of geniculate ganglion cells
(Table 1). A simple model of neurotrophin spatial dis-
tribution in the fungiform papillae helps to explain the
differences in neurotrophin support of geniculate neu-
rons (Fig. 5). Consider each fungiform papilla as a large
cylinder composed of five concentric cylinders. As sug-
gested by developmental observations (Nosrat et al.,
1996), the perimeter of the fungiform papilla expresses
NT3 that supports trigeminal somatosensory neurons.
This region surrounds a cylinder of NT3-expressing tis-
sue that supports 10% of the geniculate neurons. NT3
and BDNF in the next cylinder are both required for the
support of 40% of the neurons, BDNF and NT4 in the

Table 1. Compilation of geniculate ganglion cell losses in var-
ious neurotrophin mutant models.

Neurotrophin KO Neurons lost (%) Reference

NT3 47 Liebl et al., 1997
BDNF 50 several papers
NT4 50 Liu et al., 1995
NT3/-BDNF 65 Liebl et al., 1997
NT4/-BDNF 90 Liu et al., 1995
TrKB 95 Fritzsch et al., 1997
NT4/-NT3 100 Predicted loss

(no data on this)



642 OAKLEY and WITT

Fig. 5. A schematic model of the mouse fungiform papilla
shows a hypothetical distribution of neurotrophins that ac-
counts within±5% for the loss of geniculate ganglion cells re-
ported in single and double knockout studies of neurotrophin
genes (see Table 1). In this model BDNF expression partially
overlaps the spatial expression patterns of NT3 and NT4, as
indicated by concentric cylinders in a top view of a fungiform
papilla. In the outermost ring NT3 expression supports nu-
merous trigeminal somatosensory neurons, but no geniculate
neurons. The fraction of geniculate neurons that is supported
by the neurotrophin(s) within each cylindrical ring is given
as a percentage of all geniculate neurons.

next cylinder together support 10% of the neurons, and
NT4 in the core cylinder supports 40% of the geniculate
neurons. The model accounts for the knockout results
in Table 1 within±5%, assuming all fungiform papillae
have similar patterns of innervation and neurotrophin
expression. Further, the model makes two explicit pre-
dictions: future studies will show NT4 is localized to
the core of fungiform papillae, and few if any genicu-
late neurons will survive NT3/NT4 double knockout.

The decade old conjecture that mammalian taste
buds could develop without innervation (Barlow &
Northcutt, 1996) was in conflict with the relevant em-
pirical data from the outset and has not been supported
by the results of eleven recent additional experimental
investigations in mammals. Even though it has been
substantiated, the neural induction of taste buds is but
one link in a chain of developmental events. Rather
than the axoplasm of gustatory neurons supplying a
rich flow of diverse regulatory molecules, it is more
likely that gustatory axons have a limited trophic en-
gagement with epithelial cells already primed to un-
leash an intracellular regulatory cascade. We are still
remarkably ignorant about the molecular environment,
such as the signals that direct nerves to specific ectoder-

mal regions in early development, the state of molecular
differentiation, and the kinds of gustatory cells present
before and during innervation. Perhaps relatively mi-
nor differences in the tissue milieu or cellular respon-
siveness account for the greater autonomy of urodele
taste buds. Even after the differentiation of mammalian
taste receptor cells, continuous innervation is required
to insure the transmission of sensory signals, to prompt
or permit new cells to replace the old, and perhaps to
sustain differentiated taste cells for their normal life
span. We look forward to data—fresh, hard-won exper-
imental data—that disentangles the molecular mecha-
nisms controlling gustatory developmental events be-
fore, during, and after innervation.
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