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Overexpressing Neurotrophin in the Tongue Epithelium

Faisal N. Zaidi,1,2,3 Robin F. Krimm,5 and Mark C. Whitehead4

1Howard Hughes Medical Institute and Departments of 2Neurobiology, 3Neurosciences, and 4Surgery, University of California, San Diego, La Jolla,
California 92093, and 5Department of Anatomical Sciences and Neurobiology, University of Louisville School of Medicine, Louisville, Kentucky 49292

A mouse fungiform taste bud is innervated by only four to five geniculate ganglion neurons; their peripheral fibers do not branch to other
buds. We examined whether the degree or specificity of this exclusive innervation pattern is influenced by brain-derived neurotrophic
factor (BDNF), a prominent lingual neurotrophin implicated in taste receptoneural development. Labeled ganglion cells were counted
after injecting single buds with different color markers in BDNF-lingual-overexpressing (OE) mice. To evaluate the end-organs, taste
buds and a class of putative taste receptor cells were counted from progeny of BDNF-OE mice crossbred with green fluorescent protein
(GFP) (gustducin) transgenic mice. Fungiform bud numbers in BDNF-OE mice are 35%, yet geniculate neuron numbers are 195%, of
wild-type mice. Neurons labeled by single-bud injections in BDNF-OE animals were increased fourfold versus controls. Injecting three
buds, each with different color markers, resulted in predominantly single-labeled ganglion cells, a discrete innervation pattern similar to
controls. Thus, hyper-innervation of BDNF-OE buds involves many neurons innervating single buds, not increased fiber branching.
Therefore, both wild-type and BDNF-OE mice exhibit, in fungiform buds, the same, “discrete” receptoneural pattern, this despite
dramatic neurotrophin overexpression-related decreases in bud numbers and increases in innervation density. Hyperinnervation did
not affect GFP positive cell numbers; proportions of GFP cells in BDNF-OE buds were the same as in wild-type mice. Total numbers of
ganglion cells innervating buds in transgenic mice are similar to controls; the density of taste input to the brain appears maintained
despite dramatically reduced receptor organs and increased ganglion cells.
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Introduction
A mouse fungiform taste bud receives innervation from only four
to five geniculate ganglion neurons. Moreover, these neurons,
although scattered in the ganglion, send unbranched fibers that
converge selectively on a single bud (Zaidi and Whitehead, 2006).
This exclusive receptoneural relationship is functionally signifi-
cant. Whatever information a ganglion cell signals (e.g., a specific
taste quality), it reflects the activation of a single bud. The molec-
ular factors that direct the formation of these “bud units,” as we
have termed the mouse’s discrete receptoneural arrangement, are
unknown.

Growth factors and their molecular receptors appear critical
for the establishment of the peripheral taste system. Brain-
derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-
3), and their receptors, are expressed in taste bud-bearing lingual
papillae and their innervating ganglion cells (Nosrat and Olson,

1995, 1998; Nosrat et al., 1996, 2000, 2001; Farbman et al., 2004).
Gemmal and ganglion cell numbers are disrupted in the absence
or overexpression of BDNF, or its receptor, tyrosine kinase B
(TrkB) (Fritzsch et al., 1997; Nosrat et al., 1997; Cooper and
Oakley, 1998; Oakley et al., 1998; Mistretta et al., 1999; Ringstedt
et al., 1999; Krimm et al., 2001; Sun and Oakley, 2002). Thus,
neurotrophins and their receptors influence, somehow, the de-
velopment and maintenance of peripheral neural elements in
taste as in other sensory systems (Schimmang et al., 1995; Fundin
et al., 1997; Buckland and Cunningham, 1998; Caminos et al.,
1999). Whether neurotrophins influence receptoneural connec-
tions has not been reported.

Because growth factors and their receptors affect both taste
buds and taste ganglion neurons, these factors may influence, by
their timing, location, or amount, the density or specificity of
innervation of the peripheral end organ. The anterior tongue
taste system in mouse is ideal for evaluating this because the
normal receptoneural pattern is remarkably precise, more so
than in other rodents whose ganglion cell peripheral fibers
branch considerably (Miller, 1971, 1974; Whitehead et al., 1999;
Zaidi and Whitehead, 2006). In the present study, the innervation
pattern was examined in mice that overexpress BDNF in the lin-
gual epithelium, both around taste buds and at filiform papillae
(Krimm, 2001). These BDNF-overexpressing (OE) mice have a
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dramatically altered taste phenotype (i.e., one-third the number
of fungiform taste buds and, paradoxically, twice normal num-
bers of geniculate ganglion cells) (Krimm, 2001). We hypothesize
that with BDNF-OE, elevated numbers of neurons innervate
fewer taste buds, and that the bud unit pattern of innervation
could be disrupted by excess neurotrophin, for example, result-
ing in a degradation of the innervation specificity seen in wild-
type mice. Innervation density and specificity were assessed in the
present study.

We injected single taste buds of BDNF-OE mice with different
color fluorescent markers to evaluate both the density and spec-
ificity of innervation. Counts of taste buds were performed to
verify changes in the populations of receptor end organs. This
was facilitated by cross breeding BDNF-OE mice with transgenic
mice expressing green fluorescent protein (GFP) in receptor cells;
their progeny expressing both phenotypes were evaluated.
Counts of GFP cells evaluated whether innervation density influ-
ences receptor cell number.

Materials and Methods
Animals. Experimental animals consisted of C57BL/6J wild-type mice
(The Jackson Laboratory, Bar Harbor, ME) and transgenic mice that
overexpress BDNF under the control of a cytokeratin-14 promoter/en-
hancer (BDNF-OE) (LeMaster et al., 1999) aged 6 –16 weeks. The trans-
genic mice have enhanced expression of BDNF in cells that express ker-
atin 14 (K-14). In the tongue, K-14 cells predominate in the lingual
epithelium, including cells that immediately surround the taste bud
(Krimm et al., 2001). Thus, BDNF is increased in the entire peripheral
field that includes the lingual taste bud targets of geniculate ganglion
cells. Mice expressing GFP under the control of a G-13 promoter and,
thus, exhibiting fluorescence in all gustducin positive cells (Huang et al.,
1999) were used to assess this class of receptor cells. These animals were
bred with BDNF-OE mice to obtain an F1 generation GFP/BDNF-OE
mice. Mice were genotyped for the BDNF-OE transgene using slot blot
analysis on DNA extracted from tail. All laboratory procedures were
approved by the University of California at San Diego’s Laboratory An-
imal Care and Use Committee and followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Dye preparation. Lipophilic dyes (Invitrogen, Eugene, OR) Fast DiI
(D-3899; absorption, 568 nm; emission, 598HQ40 nm), Fast DiO (D-
3898; absorption, 488 nm; emission, 522/35 nm), Fast DiD (D-7757;
absorption, 647 nm; emission, 680DF32 nm) were dissolved at the con-
centration of 3–5 mg/ml in a solution (DMSO:ethanol, 1:1) (Fraser,
1996; Zaidi and Whitehead, 2006). One microliter of the dye solution was
loaded into glass capillaries (25 �m tip diameter) secured on the micro-
manipulator (Fine Science Tools, Foster City, CA).

Papillae labeling. Animals were anesthetized by intraperitoneal injec-
tion with Pentobarbital, 40 mg/kg, after calming with Metofane vapors.
Additional injections of pentobarbital (10 mg/k) were given as needed
(approximately every 30 min) to maintain deep surgical anesthesia. The
animal was kept warm on a heating pad until it recovered from anesthe-
sia. The tongue was gently pulled out of the mouth, immobilized by
pressing against the sticky surface of double-sided tape attached to a
small platform. Fungiform papillae were visualized by topical application
of 0.5% Methylene Blue solution (Fisher Scientific, Houston, TX). With
a surgical microscope (Zeiss, Oberkochen, Germany) and micropipette
manipulator (Fine Science Tools), single taste papillae were selected and
targeted with a glass pipette (100 �m tip diameter) for injection. The
dye-filled capillary was lowered over the papilla and pressed snugly to
cover and seal around the taste pore. Care was taken not to spill the dye
onto the adjacent taste papillae. A cyclic current of 4 �Amp with 5 s
on– off pulses for 4 – 6 min (square anodal pulse) was passed (BAB-500
iotophoresis pump; Kation Scientific, Minneapolis, MN). The negative
terminal of the current source was attached to the external ear of the
animal. In cases where three dyes were injected, the different color dyes
were used to label different near-neighbor papillae in the same prepara-
tion. In BDNF-OE mice some taste papillae are farther apart than in

wild-type mice. In these animals we only injected papillae that were as
close together as those in controls. All injected taste papillae were on the
dorsal surface of the anterior tongue, within 5 mm of the tip and 0.5 mm
or more from the midline.

Tissue histology, microscopy, and statistics. After a postinjection survival
time of 48 h, the animals were killed with a lethal injection of sodium
pentobarbital and immediately perfused with 4% paraformaldehyde in
PBS. Ganglia and tongues were removed and left in 4% paraformalde-
hyde for 1–3 h followed by PBS (ganglia) or 30% sucrose incubation
(tongues) overnight. Whole ganglia and 20-�m-thick frozen-cut sec-
tions of the tongues were examined under a confocal fluorescent micro-
scope [Bio-Rad (Hercules, CA) MRC1024 with the confocal scan head on
a Nikon (Tokyo, Japan) E800 upright microscope]. Each ganglion was
mounted such that its ventral surface lay flat on the surface of the slide.
The dorsoventral thickness of the ganglion was divided into 50 optical
sections (along the z-axis). Each confocal section was scanned three times
and the Kalman average of three such scans was collected through the
entire thickness. Likewise, the same ganglion was imaged for other dyes
by using the corresponding laser settings (without moving the ganglion
or changing the scan parameters). Finally a transmission (bright field)
image was also collected. Optical images thus obtained were exported
into the Adobe (San Jose, CA) Photoshop software for their detailed
analysis (see below). Three labeled ganglia were embedded, sectioned,
and stained with the Nissl green reagent (Invitrogen) (neuronal cell
marker) to confirm the identities of the dye filled cells. All labeled cells
were found to be the neurons and not glia.

Counts of labeled ganglion cells were generally obtained bilaterally
because injections of markers could be performed on both sides of the
tongue; the innervation is unilateral. Thus, in quantifying ganglion cells,
n is the number of ganglia. In Results, regarding these counts, we also
state numbers of animals. Tests of significant differences between wild-
type and transgenic mice, for numbers of labeled ganglion cells and for
numbers of GFP-positive receptor cells per bud (below), used the Stu-
dent’s t test. A significance criterion of 0.01 was used.

In situ hybridization. TrkB expression in fungiform papillae was deter-
mined by mRNA labeling with a bright-field alkaline phosphatase
method. Cryostat sections (6 – 8 �m) of paraformaldehyde-fixed ante-
rior tongue were digested with a 0.8% pepsin, 0.2 N HCl solution at 37°C.
Tissue was rinsed and incubated with fluorescein-conjugated hybridiza-
tion probe (TrkB oligo probe, GD1278-OP; Genedetect, Sarasota, FL) at
200 ng/ml. After rinsing, sections were processed with an in situ hybrid-
ization (ISH) detection kit (K0607; DAKO, Carpinteria, CA), rinsed, and
treated with anti-fluorescein alkaline phosphatase reagent. Finally, a
BCIP/NBT (5-bromo-4-chloro-3-indoylphosphate-nitro blue tetrazo-
lium) BCIP/NBT substrate solution (K0607; DAKO) was added to the
sections, rendering the marker visible in transmitted light microscopy.
Methodological controls for ISH included pretreating the sections with
RNase (10 mg/ml) (Sigma, St. Louis, MO), excluding the probe from the
hybridization buffer, or running sense probe. Quantification was accom-
plished using longitudinally sectioned papillae in which taste bud diam-
eters and the thicknesses of TrkB-expressing nerve bundles at the base of
buds could be measured. Measurements were taken only at the base of
the buds to optimize the likelihood that the measured bundle contains
fibers destined to innervate the bud and not the nontaste epithelium of
the papillary region alongside the bud (Whitehead et al., 1985). Measure-
ments were taken of the width of the bundle (i.e., encompassing the
outermost TrkB positive fibers). The thinness of the sections and the
curving of the fibers, especially in the transgenic cases, precluded counts
of individual fibers. Two-way comparisons were tested using Student’s t
test. For this quantification, n is the number of buds/nerve bundles.

Image analysis. All 50 images (corresponding to one dye) were super-
imposed and flattened (along the z-axis) into one final image. This
merged image was pseudocolored and overlapped (merged transparent)
with other color images (corresponding to the two other dyes). DiI-
labeled cells were colored red, DiD blue, and DiO green. Likewise confo-
cal optical series of images were also analyzed along x and y axes. Colo-
calization of dyes in single neuron was affirmed by studying the merged
images at all three dimensions (Zaidi and Whitehead, 2006).

Taste papillae maps and receptor cell counts. Mouse tongues, previously
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fixed with 4% paraformaldehyde, were removed and stained with 0.5%
methylene blue to enhance the visual contrast between the taste papillae
and the surrounding filiform papillae. Stained tongues were then viewed
under the surgical microscope (Zeiss) and maps of the distribution of
taste papillae were drawn. The upper margin of the side of the intermolar
eminence was chosen to be starting point with the end being the extreme
tip of the tongue. Papillae at the underside of the tip were mapped sepa-
rately by inverting the tongue. The GFP/BDNF-OE mice were used for
the mapping of the GFP-positive taste bud cells. A fluorescent dissection
microscope (Nikon SMZ1000) was used to visualize and count the GFP
expressing cells. Based on the intensity of the GFP expression, dim and
bright GFP-positive cells were typically present in most buds. These two
types of GFP-positive cells were counted separately. For this quantifica-
tion, n is the number of buds; numbers of animals are also listed in
Results. The same tongues were later stained with 0.5% methylene blue
and recounted for the papillae numbers. Counts were conducted without
experimenter knowledge of mouse genotype. The results between the
two counts were consistent.

Results
Single fungiform taste bud injections
Fungiform papillae bearing taste buds in wild-type mice are ar-
ranged in linear arrays on the mouse tongue (Jung et al., 1999,
2004; Zaidi and Whitehead, 2006). A series of parallel columns
and rows of bud-bearing fungiform papillae extends from the
intermolar eminence anteriorly on each side of the tongue. Fun-
giform papillae in BDNF-OE mice are dramatically fewer in
number; their arrangement is disordered compared with wild-
type mice (Krimm et al., 2001) (see Fig. 4B). Buds are denser at
the tip; columns and rows are less discernible. Injecting single
taste buds in BDNF-OE mice resulted in many more labeled

geniculate ganglion cells per injected bud
than in wild-type mice (Fig. 1B,D).
Counts of labeled ganglion cells estab-
lished that there were four times more
neurons labeled after single bud injections
in transgenic compared with control mice
(18.7 � 1.59 SEM, n � 27 buds, 9 animals,
vs 4.9 � 0.86, SEM, n � 22 buds, 14 ani-
mals; p � 0. 01) (Fig. 1E). For an indepen-
dent measure of the increased innervation
of single fungiform taste buds in
BDNF-OE animals, we examined RNA ex-
pression of a molecular receptor for
BDNF, TrkB. TrkB-positive fibers leading
to fungiform taste buds were more numer-
ous and comprised thicker bundles in fun-
giform papillae in OE animals compared
with wild-type animals (Fig. 1E,F). Mea-
surements of the bundles, delineated by
the outermost TrkB positive fibers at the
base of the buds, determined that the col-
lections of fibers of BDNF-OE mice are 4
times wider than those of wild-type mice
(149 � 9.93 �m, SEM, n � 10, vs 39 � 6.83
�m, SEM, n � 9; p � 0.01) (Fig. 1F).

Multiple fungiform taste bud injections
Three adjacent (i.e., closest) buds were in-
jected to test whether the increased num-
bers of ganglion cells innervating a bud
might result from excessive branching of
neurons in BDNF-OE tongues and a dis-
ruption of the specific pattern of neuron-
receptor end-organ “bud units” that char-

acterize normal mice (Zaidi and Whitehead, 2006). Labeled
ganglion cells after injecting three closely spaced buds in
BDNF-OE tongues with three different colored dyes, rarely ex-
hibited double-labeled cells, and almost never triple labeled cells
(Fig. 2). This result resembles closely the “exclusive” innervation
pattern seen in wild-type mice. Counts of single and multiply
labeled cells established that the bad unit innervation pattern is
not disrupted (Fig. 3). The predominance of single-labeled cells,
the small proportion of double-labeled cells, and the rare triple-
labeled cells were not different comparing BDNF-OE and wild-
type mice ( p � 0.29, 0.26, and 0.86, comparing proportions of
single-, double-, and triple-labeled cells, respectively, of trans-
genic and wild-type mice; n � 9 sites, 3 buds/site, 7 BDNF-OE
animals; n � 5 sites, 3 buds/site, 3 wild-type animals).

Numbers of identified receptor cells
Because fungiform taste buds in BDNF-OE animals were fewer in
number and innervated by many more ganglion cells than con-
trol mice, we sought to determine whether the increased inner-
vation was accompanied by changes in the numbers of GFP
(gustducin-expressing) cells per bud (i.e., whether the potential
synaptic partners of the fibers were correspondingly increased).
To this end, counts were obtained of fluorescent cells in buds
from GFP mice and GFP/BDNF-OE mice. In these animals, G-13
promoter drives GFP expression in all gustducin-positive cells
(Huang et al., 1999). This promoter is a G-protein subunit and is
expressed in a subset of cells in most taste buds. GFP/BDNF-OE
mice had fewer buds with a disordered arrangement on the ante-
rior tongue (Fig. 4, compare A, B), confirming the previously

Figure 1. A–D, Labeled cells in the geniculate ganglion after injecting a single fungiform bud with DiO are vastly more
numerous in the BDNF-OE mouse (A, B) than in the wild-type mouse (C, D). E, The average number of labeled cells in the
geniculate ganglion after injecting single buds with DiO in BDNF-OE animals is four times the number in wild-type animals. F,
Bundles of TrkB-positive nerve fibers, measured at the base of the bud, are thicker for BDNF-OE than for wild-type mice (inset, red
lines, diameter of TrkB-positive fiber bundle; BDNF-OE, bud from overexpressing mouse; WT, bud from wild-type mouse). Scale
bars, 50 �m.
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described OE phenotype (Krimm et al.,
2001). In both GFP and GFP/BDNF-OE
mice, approximately one-third of buds
were devoid of fluorescent cells. However,
the remaining buds contained one to five
fluorescent cells (Fig. 4C,D). Fluorescent
cells were of two intensities: bright and
dim. Regarding bright cells, for both
BDNF OE and control animals, buds with
one fluorescent cell were more numerous
than buds with two fluorescent cells,
which, in turn, were more numerous than
buds with three fluorescent cells, etc. (Fig.
4E). For dim cells the distribution was
similar, although slightly right-shifted
(Fig. 4F). There were no differences in dis-
tributions of GFP cells comparing control
(n � 589 buds, 3 animals) with BDNF-OE
mice (n � 120 buds, 3 animals) for bright
cells ( p � 0.18), dim cells ( p � 0.61), or
total cells ( p � 0.27). Thus, hyperinnerva-
tion was not accompanied by a change in
numbers of gustducin expressing taste bud
cells.

Discussion
The key finding in the present study is that
overexpression of BDNF in the lingual ep-
ithelium, which is characterized by an en-
larged population of ganglion cells yet a
markedly reduced number of taste buds, is
associated with dramatically increased
numbers of geniculate ganglion cells in-
nervating the buds, but no disruption in
the discrete pattern (bad unit) whereby
unbranched nerve fibers converge onto
single taste buds. The result of neurotro-
phin overexpression is a deployment of the
normal number of ganglion cells to a
markedly reduced population of periph-
eral target organs.

Neurotrophins and innervation density
The neurotrophin family of neuronal growth factors (e.g., NT4,
BDNF, NGF), or their molecular receptors, have been shown in
nongustatory sensory systems to influence peripheral innerva-
tion, for example, innervation of the inner ear by eighth nerve
ganglion cells (Schimmang et al., 1995), and innervation of cuta-
neous receptors by dorsal root ganglion cells (Fundin et al., 1997;
LeMaster et al., 1999). Neurotrophins also influence the central
growth of connections from peripheral sensory receptors to the
brain (Buckland and Cunningham, 1998; Caminos et al., 1999;
Patel et al., 2003). Regarding a role for neurotrophins in periph-
eral innervation density by primary sensory nerves, BDNF-OE
mice, in particular, exhibit greater than normal innervation of
hair follicles. In these overexpressing animals, despite enhanced
skin innervation, numbers of trigeminal and dorsal root ganglion
cells are normal. In contrast, increased numbers of ganglion cells
are seen in the nodose and geniculate ganglia (Krimm et al.,
2001). This suggests a differential enhancement by peripheral
BDNF on the numbers of some types of primary sensory neurons,
but not others.

In the taste system, BDNF is expressed in mature fungiform

taste buds (Ganchrow et al., 2003) and in developing fungiform
papillae, possibly signaling the loci where bud primordia will
form or where growing nerve fibers will terminate (Nosrat et al.,
200, 2001). However, overexpression of lingual epithelial BDNF
is disruptive in some manner leading to a dramatic, 65% reduc-
tion of fungiform taste buds on the tongue (Krimm et al., 2001).
At the same time, there is a near doubling of geniculate ganglion
neuron numbers (93% increase) and an approximate 50% in-
crease in average neuron size. The taste bud losses, along with
increased numbers of ganglion cells in BDNF-OE animals, sug-
gest a dramatic alteration in some aspect of gustatory innerva-
tion. In previous work with these transgenic animals, abnormally
large nerve bundles appeared to end below the epithelium within
the tongue musculature (Krimm et al., 2001; Lopez and Krimm,
2006). It was not clear from the previous studies what the status is
of the fibers innervating fungiform papillae. The innervation of
taste buds, per se, was not evaluated previously. The present re-
sults demonstrate that the remaining fungiform taste buds are
innervated in BDNF-OE mice by geniculate neurons, and that the
innervation is four times as dense as that of buds from wild-type
mice.

Figure 2. For both BDNF-OE and wild-type mice, injecting three adjacent buds with different color markers mice results in
three predominantly separate groups of labeled neurons in the geniculate ganglion. B–E, G, and H are from BDNF-OE mice; F is
from a wild-type mouse. A, Three buds were injected with DiD (blue), DiO (green), and DiI (red) respectively. B–D, Labeled
ganglion cells, viewed with each of three fluorescence settings, are predominantly different cells (i.e., colored blue, green, or red)
scattered in the ganglion. E, Merged image shows three double-labeled cells (arrows), whereas most cells are single-labeled. G, H,
Examples of merged images from two additional transgenic animals after injecting three buds as in A (arrows, double-labeled
cells).
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Hyperinnervation in BDNF-OE mice of glabrous, but not
hairy, skin is associated with increases in the number of inner-
vated Merkel cells (Botchkarev et al., 1999; LeMaster et al., 1999).
Also, Meissner’s corpuscles are larger in BDNF-OE mice. Such an
increase in numbers of gustducin positive, putative receptor cells
was not observed in the taste system. Numbers of fluorescent
receptor cells in fungiform taste buds of GFP and GFP/BDNF-OE
mice were equivalent. Thus, the influence of increased innerva-
tion on numbers of end-organ receptors is not consistent across
sensory field types. The increased innervation does not “instruct”
or “permit” more numerous potential synaptic partners (i.e., in
this case, gustducin-expressing receptor cells). Previous study of
rat show a correlation between taste bud size and number of
innervating geniculate ganglion cells (Krimm and Hill, 2000);
bigger buds presumably contain more cells than smaller ones.
Surprisingly, in fungiform taste buds in the present system, in-
creased innervation density, per se, is not accompanied by an
increased number of putative receptor cells, at least not of those
that express gustducin.

In both GFP and GFP/BDNF-OE mice, only a subset of cells in
the buds were fluorescent. Indeed, as shown in Figure 4, approx-
imately one-third of buds are devoid of fluorescent cells. This is
partly attributable to the fact that gustducin-expressing cells do
not represent all the classes of receptor cells. Additionally, taste
bud cells are dynamic; the number and degree of differentiation
of individual cell types vary from bud to bud, and over time.
Thus, an identified bud that appears devoid of GFP cells on one
day, if identified because of its unique location (by row and col-

umn) and re-examined a week later will often contain one or
more fluorescent cells (our unpublished observation).

Neurotrophins and innervation specificity
Taste buds on the anterior tongue of mice have an exclusive
relationship with ganglionic neurons. Small groups of neu-
rons (five cells, on the average), scattered in the geniculate
ganglion, selectively innervate single buds; collaterals to adja-
cent buds are rare (Zaidi and Whitehead, 2006). This innerva-
tion pattern is considerably more discrete than that of other
rodents (e.g., rat and hamster) (Miller, 1971, 1974; Whitehead
et al., 1999), as verified in two rodent species with the present
dye labeling method and discussed previously (Zaidi and
Whitehead, 2006). Molecular factors that account for this re-
ceptoneural specificity, and the significance of this arrange-
ment for taste function are unknown. Neurotrophins in target
tissues are well known to stimulate the growth of peripheral
fibers of innervating neurons. Their role in the fine-tuning of
innervation patterns is uncertain. BDNF overexpression in
skin leads to increased density of innervation, yet numbers of
sensory ganglion cells are unchanged (Albers et al., 1996). This
suggests neurotrophin-related increased peripheral branching
of ganglion cells in the somatosensory system. The present
results establish that increased peripheral BDNF is associated
with massive increases in the density of taste bud innervation,
yet the pattern of innervation is remarkably unchanged in the
transgenic mouse. Thus, BDNF in the anterior tongue affects
the degree, but not the specificity of peripheral innervation.
Presumably other factors, as yet unknown, that function apart
from and are unaffected by BDNF levels, account for the dis-
crete nature of the “bud units.” The excessive innervation of
buds in BDNF-OE animals results from a deployment of more
neurons to single buds, not increased branching of fibers to
more buds than normal; thus, the bad unit gets bigger.

The numbers of taste buds and ganglion cells in wild-type and
BDNF-OE mice suggest a compensatory equilibration between
the two as a consequence of the altered phenotype. Wild-type
mice have �47 fungiform buds per side of the tongue (Krimm,
2001) and BDNF-OE mice have �13. Wild-type mouse genicu-
late ganglion neurons number 873 and BDNF-OE mouse neu-
rons number 1684. With five neurons exclusively innervating
each bud in wild-type mice (Zaidi and Whitehead, 2006), we
calculate that �250 ganglion cells normally supply the fungiform
buds unilaterally; the remaining 523 cells innervate palatal buds
and supply general sensory innervation to ear epithelium (Bos-
man, 1978; Whitehead and Frank, 1983). Because 20 neurons, on
average, exclusively innervate each of �13 buds in BDNF-OE
mice, 260 cells supply fungiform buds per tongue side, a nearly
identical number to that for wild-type mice. Thus, the innerva-
tion from the population of ganglion cells that function in ante-
rior tongue taste appears to deploy evenly among the smaller pool
of target buds in the transgenic mouse. The 1424 remaining
geniculate ganglion cells in BDNF-OE mice are unaccounted for
in terms of their targets. Some innervate palatal buds. Some,
perhaps an excessive number, innervate the ear epithelium, a
possible additional consequence of BDNF overexpression. In ad-
dition, we cannot rule out the possibility that some of the excess
neurons innervate lingual tissues other than taste buds (i.e., non-
gustatory tissues deep in the tongue), as suggested by the nerve
labeling experiments of Krimm et al. (2001) (see also, Lopez and
Krimm, 2006). Finally, it is possible that nontaste ganglionic neu-
rons, in particular, have proliferated excessively in the BDNF-OE
animal.

Figure 3. A, Average number of single-labeled ganglion cells (1), in both BDNF-OE and
wild-type mice, vastly outnumber double-labeled cells (2) after injecting three adjacent fungi-
form buds with different color dyes. Triple-labeled cells (3) are extremely rare. B, Same data as
in A showing the percentage of all labeled cells containing one, two, or three markers. There
were no significant differences between BDNF-OE and wild-type mice comparing proportions of
single-, double-, or triple-labeled cells.
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