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Abstract
Wnt/β-catenin signaling initiates taste papilla development in mouse embryos, however, its
involvement in taste cell turnover in adult mice has not been explored. Here we used the
BATGAL reporter mouse model, which carries an engineered allele in which the LacZ gene is
expressed in the presence of activated β-catenin, to determine the responsiveness of adult taste bud
cells to canonical Wnt signaling. Double immunostaining with markers of differentiated taste cells
revealed that a subset of type I, II and III taste cells express β-galactosidase. Using in situ
hybridization, we showed that β-catenin activates the transcription of the LacZ gene mainly in
intragemmal basal cells that are immature taste cells, identified by their expression of Sonic
Hedgehog (Shh). Finally, we showed that β-catenin activity is significantly reduced in taste buds
of 25 week-old mice compared to 10 week-old animals. Our data suggest that Wnt/β-catenin
signaling may influence taste cell turnover by regulating cell differentiation. Reduced canonical
Wnt signaling in older mice could explain in part the loss of taste sensitivity with aging,
implicating a possible deficiency in the rate of taste cell renewal. More investigations are now
necessary to understand if and how Wnt signaling regulates adult taste cell turnover.
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Introduction
The sense of taste is responsible for early detection of nutrients in the oral cavity during
feeding, and thus helps the body to discriminate beneficial versus noxious foods. The
peripheral taste system on the mammalian tongue is composed of taste buds embedded in
gustatory papillae, including anterior fungiform, and more posteriorly located foliate and
circumvallate papillae. Taste buds, regardless of location, are multicellular onion shaped
structures comprising three differentiated taste cell types. Type I cells express the
ectoATPase nucleoside triphosphate diphosphohydrolase 2 or NTPdase2 (Bartel et al.,
2006), the Glutamate-Aspartate Transporter (GLAST) (Lawton et al., 2000), and have
cytoplasmic projections that wrap around other taste cell types (Lawton et al., 2000;
Pumplin et al., 1997). Because of these molecular and morphological characteristics type I
cells are thought to be glial-like with a supportive function, but they also express functional
amiloride-sensitive epithelial sodium channels, i.e., ENaCs, suggesting type I cells may be
involved in salt taste detection as well (Vandenbeuch et al., 2008). Type II cells express
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proteins involved in the detection of sweet, bitter and umami tastants, including the apical
receptor proteins Taste Receptor 1 (T1R or Tas1R) (Kim et al., 2003b; Montmayeur et al.,
2001) and Taste Receptor 2 (T2R or Tas2R) (Adler et al., 2000; Matsunami et al., 2000),
and intracellular transduction proteins such as the G-protein α-gustducin (Boughter et al.,
1997; Yang et al., 2000b), phospholipase C β2 (PLCβ2) (Clapp et al., 2004) and type 3
inositol-triphosphate receptor (IP3R3) (Clapp et al., 2001). Type III cells are sour detectors
(Huang et al., 2006; Huang et al., 2008), and are the only taste cell type that establishes
conventional synaptic connections with afferent nerve fibers (Clapp et al., 2004; Yang et al.,
2000a; Yang et al., 2004; Yee et al., 2003). They express proteins involved in synaptic
function, including a synaptic membrane protein SNAP25 (Yang et al., 2000a), Neural Cell
Adhesion Molecule (NCAM) (Nelson and Finger, 1993; Takeda et al., 1992), and the
neurotransmitter serotonin (Huang et al., 2005; Yee et al., 2001).

During adult life, renewal of the three differentiated cell types within rat taste buds is
thought to occur on average every 10 days (Beidler and Smallman, 1965; Farbman, 1980);
however, how this process of cell turnover is regulated at the cellular and molecular levels
has not been defined. The taste progenitor pool includes proliferating perigemmal basal
cells, i.e., cells residing at the basement membrane and outside of taste buds proper
(Hamamichi et al., 2006; Miura et al., 2004; Nguyen and Barlow, 2010), as well as
morphologically defined edge cells, which flank taste buds at more apical positions
(Farbman, 1965). These proliferative cells give rise to immature taste cells, which are
postmitotic and enter taste buds within 12–24 hours of cell birth (Asano-Miyoshi et al.,
2008; Hamamichi et al., 2006; Miura et al., 2004; Nguyen and Barlow, 2010), and
differentiate within an additional 2–4 days post-birth (Cho et al., 1998; Hamamichi et al.,
2006; Oike et al., 2006).

Several signaling pathways known to regulate embryonic development of taste buds are
likely to be involved in regulation of taste cell renewal in adults. For example, Shh, a
secreted morphogen, is expressed in embryonic taste bud progenitors (Hall et al., 1999; Jung
et al., 1999; Thirumangalathu and Barlow, 2009; Thirumangalathu et al., 2009), and in vitro,
negatively regulates initial fungiform papilla development (Hall et al., 2003; Mistretta et al.,
2003). Shh is also expressed in the taste buds of adult mice, specifically in intragemmal
basal cells (also called type IV cells) (Miura et al., 2001). These Shh-expressing cells are
thought to represent immature taste cells in the process of differentiating once they have
entered the taste bud (Miura and Barlow, 2010; Miura et al., 2004), raising the question of
the function of Shh in taste bud cell renewal. Similarly, several other factors known to
regulate embryonic taste system development, such as Bone Morphogenetic Proteins or
BMPs (Beites et al., 2009; Jung et al., 1999; Kim et al., 2003a; Zhou et al., 2006), Sox2
(Okubo et al., 2006) and the Notch pathway (Ota et al., 2009), are also thought to be
involved in taste cell renewal in adult mice based on gene expression patterns (Kusakabe et
al., 2002; Miura et al., 2005; Nguyen and Barlow, 2010; Okubo et al., 2009; Seta et al.,
2003; Seta et al., 2006; Suzuki, 2008).

Wnt/β-catenin signaling is a key pathway in development, adult tissue homeostasis and
disease (Clevers, 2006), e.g. controlling stem cell proliferation and differentiation in the
nervous system (Chenn and Walsh, 2002; Ding et al., 2003; Galceran et al., 2000;
Hirabayashi et al., 2004; Zhou et al., 2004) and in hair follicles (Huelsken et al., 2001;
Lowry et al., 2005; Van Mater et al., 2003; Watt and Jensen, 2009; Watt et al., 2006). Wnt/
β-catenin is also required for embryonic taste bud development (Iwatsuki et al., 2007; Liu et
al., 2007), however, its involvement in taste bud cell renewal in adult mice has not been
explored.
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Our present work investigates the pattern of Wnt/β-catenin signaling in taste buds of the
fungiform and circumvallate papillae of adult mice to determine how this pathway may
regulate taste bud renewal. We used the BATGAL mouse line (Maretto et al., 2003) that
expresses β-galactosidase in the presence of activated β-catenin and thus reports activation
of canonical Wnt signaling. We find that the BATGAL allele reveals Wnt/β-catenin activity
in a subset of each of the 3 differentiated taste cell types, as well as in immature Shh-
expressing cells. Moreover, while Wnt/β-catenin activity is robust in 10 week-old mice, in
older (25–30 week-old) animals we find BATGAL reporting is significantly reduced.

Results
Because Wnt/β-catenin signaling is involved in cell proliferation and differentiation during
normal development in a variety of tissues (Clevers, 2006), including embryonic taste
epithelium (Iwatsuki et al., 2007; Liu et al., 2007), we investigated whether the pattern of
activation of this pathway is consistent with a function in taste cell turnover in adult mice.
As reported by others, BATGAL-driven β-galactosidase is present in a subset of cells in
taste buds in fungiform papillae (Fig. 1b; Schneider et al., 2010), as well as in circumvallate
taste epithelium (Fig. 1a).

Circumvallate Taste Buds
To define which taste cell type(s) are Wnt responsive, double immunostaining for β-
galactosidase and antisera for markers of each of the three specific taste cell types was
performed on circumvallate sections of 10 week-old BATGAL mice. Using antiserum
against the ecto-ATPase, NTPdase2 (Bartel et al., 2006), we found examples of NTPDase2-
immunoreactive (IR) type I cells with β-galactosidase-IR nuclei (example shown in Fig. 1a,
white asterisk). However, because NTPdase2 localizes predominantly to cell membranes
and type I cells have extensive and complex cellular processes (Lawton et al., 2000;
Pumplin et al., 1997), and because β-galactosidase is targeted to the nucleus in BATGAL
mice (Maretto et al., 2003), precise quantification of double-labeled type I cells was not
possible.

βeta-galactosidase-IR was also readily detected in α-gustducin- and PLCβ2- (type II), and
NCAM- (type III) immunopositive cells (Fig. 1a). These markers, along with the more
simple fusiform profiles of type II and III cells (Murray, 1986; Pumplin et al., 1997; Yoshie
et al., 1990), allowed us to quantify what proportion of each of these taste cell types is Wnt-
responsive. Specifically, 21% of PLCβ2 positive cells, 32% of α-gustducin positive cells,
and 30% of NCAM positive cells per circumvallate taste bud section also had β-
galactosidase-IR nuclei (Fig. 1a). Thus a subset of each of the 3 fusiform taste cell types
within circumvallate taste buds is Wnt/β-catenin responsive.

Fungiform Taste Buds
As several recent reports have shown significant differences in gene product expression
between circumvallate and fungiform taste buds (Kim et al., 2003b; Nguyen and Barlow,
2010; Stone et al., 2007; Tizzano et al., 2008), we also examined the extent and pattern of
BATGAL-driven β-galactosidase expression in fungiform taste buds. We show here that all
3 differentiated taste cell types are also Wnt/β-catenin responsive in fungiform taste buds
(Fig. 1b). However, a significantly smaller proportion of fungiform NCAM-IR type III cells
were BATGAL positive (9%) compared to type III cells double labeled in circumvallate
taste buds (Fig. 1b; Student’s t-test, n=3 mice, p<0.05). It is noteworthy that we did not
detect β-galactosidase-IR in extragemmal cells outside taste buds in either the circumvallate
or fungiform papillae (Fig. 1b). In sum, our results demonstrate Wnt/β-catenin
responsiveness for all three differentiated taste cell types in both anterior (fungiform) and
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posterior (circumvallate) taste buds, and suggest that this signaling pathway may be
involved in the regulation of aspects of taste cell turn-over in adult mice.

Type IV basal cells are Wnt/β-catenin responsive
Based on gene expression patterns, the Shh pathway has been proposed to function in taste
cell renewal, and in particular is thought to be expressed in immature taste cells prior to their
differentiation (Miura et al., 2004). Thus we performed double fluorescence in situ
hybridization with antisense probes for Shh and LacZ to determine the extent of Wnt/β-
catenin responsiveness and Shh ligand co-expression. As published previously (Miura et al.,
2004), we found that Shh transcripts are restricted to type IV basal cells, which reside in the
bottom compartment of taste buds (Fig. 2a–b). Some but not all Shh-positive basal cells also
express BATGAL-driven LacZ (Fig. 2a). While most Wnt/β-catenin responsive cells within
taste buds are intragemmal basal cells (Fig. 2b), not all of these LacZ positive cells
expressed Shh (Fig. 2b). As with the expression of β-galactosidase protein in a subset of
each of the 3 differentiated taste cell types (Fig. 1), BATGAL-driven LacZ was detected in
fusiform taste cells, but only sporadically (Fig. 2a). However, we also found occasional
extragemmal basal cells that were LacZ-positive (Fig. 2b), in contrast to the lack of β-
galactosidase protein expression by cells outside of taste buds.

Wnt/β-catenin signaling is reduced in taste buds of older mice
Because taste function may decline with age (Fukunaga et al., 2005; Hays and Roberts,
2006; Mojet et al., 2001; Schiffman, 1997), we next compared the pattern of BATGAL
expression in young adult mice (10 weeks postnatal), to that of older mice (25 weeks old),
reasoning that if Wnt/β-catenin signaling regulates renewal, then we might expect changes
in this pathway with age. Indeed, we found that in older mice, expression of LacZ is scarce;
by contrast the distribution of Shh transcripts in 25–30 week old mice, that are still normally
detected (Fig. 2c–d), was comparable to that of younger mice (Fig 2a–b). Moreover, the
proportion of each differentiated taste cell type that was responsive to β-catenin was
significantly decreased in circumvallate taste buds of 25 week-old mice (Fig. 3a, c–e;
Student’s t-test, n=3 mice, p<0.01 for PLCβ2, p<0.05 for α-gustducin and NCAM).
However, no such difference was detected in fungiform taste buds of 25 week-old compared
to 10 week-old mice, although there was a downward trend in double labeling (Fig. 3b, f–h).
The smaller proportion of co-labeled cells in circumvallate papilla of older mice was
attributable to a global decrease in the number of BATGAL cells (Fig. 4a), and not to an
overall decrease in differentiated taste cells. In the circumvallate papilla, roughly 7 cells per
bud were BATGAL-positive in young mice, and that number declined significantly (2 cells
per bud) in older mice. A significant, yet less dramatic reduction (4 versus 3 β-
galactosidase-IR cells per bud in young versus old BATGAL mice) was also evident in
fungiform taste buds. By contrast, the number of type II and III taste cells per bud was
unchanged in both circumvallate and fungiform papillae (Fig. 4b). Despite the reduction in
the number of β-catenin responsive cells, the proportion of β-galactosidase-IR cells double
labeled for each taste cell type marker was not altered in old mice (Fig. 4c). In sum, our data
suggest that aging causes a reduction in overall Wnt/β-catenin signaling in taste buds, but
does not affect the pattern of β-catenin responsiveness across differentiated taste cell types.

Discussion
Wnt/β-catenin signaling regulates the expression of genes involved in cell proliferation and
differentiation during development and homeostatic maintenance of various tissues (Clevers,
2006). Wnt/β-catenin signaling is also necessary for embryonic taste bud development (Liu
et al., 2007), but its involvement in taste bud cell renewal in adult mice has not been
explored. Using BATGAL reporter mice, which express β-galactosidase in the presence of
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nuclear β-catenin (Maretto et al., 2003), the present work suggests new hypotheses
concerning a contribution of this signaling pathway to taste cell turn-over in adult mice.

Canonical Wnt signaling may be related to the renewal of type I, II and III taste cells
Double labeling for β-galactosidase and specific taste cell type markers revealed here that a
subset of every taste cell type in both circumvallate and fungiform papillae of adult mice is
responsive to β-catenin, suggesting a role for this pathway in taste cell differentiation. When
quantifying the proportion of β-catenin responsive cells within each cell type population,
values did not exceed one third, implying either that β-catenin does not control the renewal
of the whole population of a given cell type, or that the β-galactosidase marks a particular,
and perhaps early, stage of taste cell differentiation. Considering that β-galactosidase half-
life is reported to be approximately 13 hours (Hall et al., 1983; Jacobsen and Willumsen,
1995) and that cells inside taste buds renew about every 10 days (Beidler and Smallman,
1965; Farbman, 1980), the second hypothesis is more plausible and infers that β-
galactosidase immunostaining likely reveals young cells, and that β-galactosidase
expression ceases, and the protein is degraded as cells complete differentiation. On every
tissue section, the intensity of β-galactosidase staining is highly variable, from bright to
faint; this also may reflect the age of the cells, with younger cells expressing β-galactosidase
more robustly. Consistent with the idea that BATGAL reporting is restricted to younger
cells, we found that Shh expressing type IV basal cells were often LacZ positive in young
adult mice. These basal cells are considered transient taste cell progenitors, as they express
Shh within 12 hours of leaving the cell cycle, and expression peaks at 48 hours (Miura et al.,
2004; Miura et al., 2006), prior to when these cells fully differentiate a day or more later into
one or more of the three taste cell types (Hamamichi et al., 2006; Miura et al., 2006).

It is noteworthy that in fungiform taste buds, for example, 28% of PLCβ2-IR and 26% of α-
gustducin-IR type II cells versus only 9% of NCAM expressing type III cells are positive for
β-galactosidase. Since all β-galactosidase positive cells were counted independently of the
brightness intensity of their nuclei, it would suggest that NCAM (type III) cells renew less
frequently than PLCβ2 or α-gustducin (type II) cells in fungiform but not in circumvallate
taste buds. Different taste cell type-specific turnover rates have been proposed in the past
(Beidler and Smallman, 1965) and in 1980, Farbman showed that the lifespan of type I cells
was 9 days and estimated that type II cells persisted much longer (Farbman, 1980). The
longer lifespan of type II cells has been supported by an electron microscopic
autoradiographic study (Delay et al., 1986), and more recently using the specific type II cell
marker PLCβ2 (Hamamichi et al., 2006). However, the produrance of cell types I and III
within taste buds remains to be explored.

How could Wnt/β-catenin signaling contribute to the renewal of mature taste cell?
While β-galactosidase protein was found in differentiated cell types inside taste buds, LacZ
mRNA was also observed in type IV basal cells within taste buds; these cells are assumed to
be immature taste cells undergoing differentiation (Miura et al., 2004). Therefore, β-catenin
likely activates transcription of target genes in basal cells to induce their differentiation into
types I, II and/or III. Shh is expressed specifically in a subpopulation of the type IV cells
(Miura et al., 2004), and we find that many of these Shh positive basal cells are also
responsive to β-catenin. This observation is interesting since the Shh pathway and Wnt/β-
catenin signaling are known to interact to regulate fungiform papilla development in
embryos. Indeed, blocking Shh signaling up-regulates the Wnt/β-catenin pathway and
enhances fungiform papilla formation in embryonic mouse tongues in culture, whereas
activation of Wnt/β-catenin up-regulates Shh (Iwatsuki et al., 2007; Liu et al., 2007). In
adult mice, Shh-dependent inhibition of β-catenin also occurs in tongue epithelium, as does
β-catenin-dependent up-regulation of Shh (Schneider et al., 2010), although this interaction
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was not explored specifically in taste buds. Altogether, these data suggest that Shh and Wnt/
β-catenin may regulate type IV basal cell differentiation into mature taste cells. One
question raised here is how these reciprocal interactions can decide the fate of the basal
cells, i.e., to become a type I and/or type II and/or type III cell. Our in situ hybridization
experiments revealed that some Shh-positive cells are not responsive to β-catenin and
conversely, some β-catenin responsive cells do not express Shh. Therefore, these diverse
expression configurations could contribute to distinct differentiation patterns, especially as
Shh-expressing taste placodes in embryos give rise to type I and II, but not type III, taste
cells postnatally (Thirumangalathu and Barlow, 2009; Thirumangalathu et al., 2009). Fate
mapping of Shh expressing cells and β-catenin responsive basal cells, or conditionally
inactivating β-catenin in Shh expressing cells will test these hypotheses.

While many LacZ expressing cells were identified as intragemmal basal cells suggesting a
possible role for β-catenin in the differentiation of this cell population into mature taste
cells, LacZ expression was also occasionally found in basal epithelial cells outside taste
buds. These latter cells are part of the proliferative population (Hamamichi et al., 2006;
Miura et al., 2004; Nguyen and Barlow, 2010) that gives rise to immature taste cells (Asano-
Miyoshi et al., 2008; Hamamichi et al., 2006; Miura et al., 2004; Nguyen and Barlow,
2010). Consequently, β-catenin signaling may have a dual role within the gustatory
epithelium by regulating both proliferation of progenitor cells outside of taste buds, and
differentiation of immature cells within taste buds. Considering that taste buds have both
epithelial and neuronal characteristics, this assumption is reminiscent of the functions of β-
catenin signaling within stem cell niches, controlling both proliferation of stem cells and
differentiation of post-mitotic cells during neurogenesis (Chenn and Walsh, 2002; Ding et
al., 2003; Galceran et al., 2000; Hirabayashi et al., 2004; Zhou et al., 2004) and cyclical
growth of hair follicles (Huelsken et al., 2001; Lowry et al., 2005; Van Mater et al., 2003;
Watt and Jensen, 2009; Watt et al., 2006).

Additional molecular factors also likely contribute to regulation of the fate of type IV basal
cells. In the intestine, BMPs inhibit Wnt/β-catenin signaling, and are associated with a
reduction in stem cell renewal (He et al., 2004). BMP4 is expressed in type I, II, III and IV
cells in circumvallate papillae and is co-expressed with Sox2 in immature taste cells
(Nguyen and Barlow, 2010).

In sum, the mechanisms involved in taste cell renewal seem to be complex, implicate
different signaling pathways that can interact and may depend on the taste field (i.e.
fungiform versus circumvallate).

Wnt/β-catenin signaling in taste buds is reduced in older mice
While β-catenin signaling is robust in the taste buds of young mice, we found that signaling
was dramatically reduced in older mice in both fungiform and circumvallate taste buds.
Interestingly, while the percentage of each circumvallate taste bud cell type responsive to β-
catenin is reduced in 25 week-old mice compared to their 10 week-old counterparts, the
proportion of β-catenin responsive cells that express a cell type marker was not affected by
aging. Hence, the distribution of the β-catenin reactive cells among the different taste cell
types does not appear to be influenced by aging, but rather the absolute level of β-catenin
signaling is diminished. We hypothesize that this reduction may slow the pace of cell
renewal, as transcription of β-catenin target genes, as shown by sparse LacZ expression, is
specifically reduced in intragemmal basal cells of 25 week-old mice; since these type IV
basal cells are thought to be immature cells undergoing differentiation (Miura and Barlow,
2010; Miura et al., 2004), our expression data suggest that aging may affect the rate of
differentiation of immature cells into elongate cells reflected in reduction of canonical Wnt
signaling.
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These observations could lead to uncovering cellular and molecular mechanisms responsible
for the loss of taste sensitivity in the elderly (Fukunaga et al., 2005; Hays and Roberts, 2006;
Mojet et al., 2001; Schiffman, 1997), especially as authors have thought for years that an
alteration or slowing in the rate of taste cell turn-over leading to a disruption of taste cell
structure and/or function could contribute to declining taste sensitivity (Beidler and
Smallman, 1965; Fukunaga et al., 2005; Hays and Roberts, 2006; Mistretta and Baum,
1984). Indeed, since we show here that the number of taste cells remains the same, it may be
that cells may live longer in older animals, and these aged taste cells would have reduced
functional capabilities (Markovska et al., 1990; Nagy et al., 1985; Scott et al., 1988).

Changes in the level of β-catenin signaling with age have not been extensively studied.
Nevertheless, an age-related increase in oxidative stress in bones has been shown to divert
β-catenin from the Lymphoid Enhancer Factor/T Cell Factor (LEF/TCF) mediated
transcription of target genes to the Forkhead Box O (FOXO) mediated pathway (Almeida et
al., 2007a) inducing loss of bone mass (Almeida et al., 2007b). Hence, a similar diversion
may occur in taste buds when mice get older: β-catenin might be redirected to FOXO
mediated pathway to protect cells against oxidative stress at the expense of taste cell renewal
and taste sensitivity, but this assumption remains to be tested.

Further investigations are now necessary to understand precisely how Wnt/β-catenin
signaling regulates taste cell renewal in adult mice.

Methods
Animals and procedures

BATGAL reporter mice (B6.Cg-Tg(BAT-lacZ)3Picc/J) (Maretto et al., 2003) were
purchased from the Jackson Laboratory (Bar Harbor ME, USA) and were maintained on a
C57BL/6 background. Mice were housed in compliance with the Guide for the Care and Use
of Laboratory Animals, Animal Welfare Act and Public Health Service Policy, and all
procedures were approved by the Institutional Animal Care and Use Committee at the
University of Colorado Anschutz Medical Campus.

For immunohistochemistry, mice were anesthetized by ip injection of 400 mg/kg body
weight Avertin (2,2,2-tribromoethanol, Sigma-Aldrich, St-Louis MO, USA). Mice were
transcardially perfused with ice cold 0.9% sodium chloride with 0.1% heparin to clear blood
and then with periodate-lysine-paraformaldehyde (PLP) fixative (75mM L-lysine
monohydrochloride / 1.6% paraformaldehyde / 10mM sodium periodate, Sigma-Aldrich, St-
Louis MO, USA). Tongues were harvested, post-fixed for 3h in PLP at 4°C, and
cryoprotected in 20% sucrose (Fisher Scientific, Pittsburgh PA, USA) in 0.1 M phosphate
buffer overnight at 4°C. Samples were embedded in O.C.T Compound (Tissue-Tek 4583,
Sakura Finetek, Torrance CA, USA), frozen on dry ice and stored at −80°C.

For in situ hybridization, mice were euthanized by carbon dioxide inhalation. Tongues were
harvested, rinsed with 0.1M phosphate buffered saline, embedded in O.C.T Compound,
frozen on dry ice and stored at −80°C.

Immunohistochemistry
Double immunolabelling for β-galactosidase and different taste cell type markers was
performed on 12 µm cryostat sections collected on Superfrost Plus Slides (Fisher Scientific,
Pittsburgh PA, USA). Sections were incubated in blocking solution (5% normal goat serum,
1% bovine serum albumin, 0.3% Triton X100 in 0.1 M phosphate buffered saline, pH 7.3)
for 1.5 h at room temperature, and then incubated with primary antisera in blocking solution
overnight at 4°C. Sections were rinsed, incubated with secondary antisera in blocking
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solution for 1h at room temperature, rinsed again, and coverslipped using Fluoromount G
(SouthernBiotech, Birmingham AL, USA). Antisera and dilutions used are listed in Table 1.
Immunoreactivity for each antigen listed was abolished when primary antibodies were
omitted.

In situ hybridization
Five micrometer cryostat sections were collected on Superfrost Plus Slides. Double
detection of mRNA encoding for LacZ and Shh was performed as previously described
(Miura et al., 2004). Antisense RNA probes were transcribed in vitro from a linearized
plasmid containing a LacZ cDNA insert (Gilbert et al., 2005) or Shh cDNA insert (Kitamura
et al., 1997) using digoxigenin-conjugated UTP or FITC-conjugated UTP, respectively.
Sections were incubated overnight at 65°C in a moist chamber with the RNA probes in
hybridization solution (50% formamide, 5× SCC, 5× Denhardt’s solution, 500 µg/ml salmon
sperm DNA and 250 µg/ml tRNA). Sections were washed 90 min at 65°C in 0.2× SSC, then
incubated overnight at 4°C in a moist chamber with peroxidase-coupled anti-digoxigenin
antibody and alkaline phosphatase-coupled anti-FITC antibody. To detect Shh mRNA,
sections were treated with Streptavidin-Alexa 488 (Invitrogen, Carlsbad, CA, USA) for 30
min following a 30 min tyramide-biotin treatment (TSA™ Biotin Tyramide Reagent,
PerkinElmer, Waltham, MA, USA). Finally, the LacZ transcript was detected by incubating
sections with HNPP/Fast Red reagent (HNPP Fluorescent Detection Set, Roche Applied
Science, Mannheim, Germany).

Image acquisition and analysis
Confocal images were acquired using a laser-scanning Olympus Fluoview confocal
microscope and FluoView Software, or Leica TCS SP5 II confocal system and LASAF
software. Counting was performed on 0.75 µm optical sections. Beta-galactosidase
immunopositive nuclei were counted independently of their size and of the intensity of the
fluorescence signal. Three mice were used for each marker and papilla. The following
numbers of taste bud profiles were tallied per taste cell type marker for fungiform and
circumvallate papillae in 10 week-old (vs. 25 week-old) mice: anti-α-gustducin 35 and 107
(vs. 44 and 110); anti-NCAM: 26 and 97 (vs. 38 and 106); and anti-PLCβ2: 24 and 65 (vs.
23 and 74).

Statistical analysis
Data are represented as means ± SEM. Statistical analysis were performed using SigmaStat
(Systat Software). Normal distribution and equal variances between groups were assessed
with a p value set at 5%, to run a Student’s t-test. Statistical differences were established
with a confidence interval of 95%.
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Abbreviations

BMP Bone Morphogenetic Protein

ENaC amiloride-sensitive Epithelial Sodium Channels

FOXO Forkhead Box O
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GLAST Glutamate-Aspartate Transporter

IR immunoreactive

LEF/TCF Lymphoid Enhancer Factor/T Cell Factor

NCAM Neural Cell Adhesion Molecule

NTPdase2 nucleoside triphosphate diphosphohydrolase 2

PLCβ2 phospholipase C β2

PLP periodate-lysine-paraformaldehyde

Shh Sonic Hedgehog

SNAP25 synaptic membrane protein 25
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Fig. 1. A subset of each fusiform taste cell type is responsive to β-catenin in both the
circumvallate and fungiform papillae of adult mice
Double labeled cells are identified with a white asterisk on 0.75 µm optical section
micrographs of co-labeling of β-galactosidase (green nuclei) and cell type markers (Type I
NTPdase2; Type II PLCβ2 and α-gustducin; and Type III NCAM, red) in (a) the
circumvallate papilla and (b) fungiform papillae from 10 week-old BATGAL reporter mice.
Data express the percentage of β-catenin responsive cells within each taste cell type per taste
bud section. N = 3 mice. Scale bars = 10 µm in all panels.
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Fig. 2. In situ hybridization reveals that β-catenin responsive cells are primarily basal cells and
often express Sonic Hedgehog (Shh)
Representative 0.75 µm optical sections of taste buds (encircled by white dash) in the
circumvallate papilla reveal both Shh (green), and LacZ expressing (red) cells within taste
buds; co-labeled cells are yellow. a) At 10 weeks of age, numerous double labeled cells are
evident in taste buds of young mice (white arrowheads), as are cells singly labeled for Shh
(open arrowhead: Shh-only expressing type IV cell), and cells labeled only for LacZ (white
arrow: LacZ-expressing fusiform cell). b) In addition to Shh/LacZ double labeled cells
within taste buds (white arrowhead), occasional basal cells outside of taste buds express
LacZ (yellow arrow); Blue arrow: LacZ expressing intragemmal basal cell. c) At 25 weeks,
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LacZ expression is greatly diminished in circumvallate taste buds; we detected only sparse
and very week expression of the reporter transcript (dim red; blue arrow), and sparsely
encountered cells also double labeled for Shh. d) Shh expression (green; white arrowhead)
in taste buds of 25 week-old mice, by contrast, was comparable to that detected in taste buds
from mice at 10 weeks of age. Scale bars = 20 µm in all panels.
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Fig. 3. Aging significantly reduces β-galactosidase expression in differentiated taste cells in
circumvallate but not fungiform taste buds
a) The proportion of β-galactosidase positive type II (PLCβ2 and α-gustducin) and type III
(NCAM) taste cells is significantly reduced in circumvallate taste buds of older mice (black
bars: 10 week-old; white bars: 25 week-old mice). b) In fungiform taste buds, a similar trend
of fewer β-galactosidase immunoreactive type II and III taste cells is evident, but this shift is
not significant. Examples of taste buds from 25 week-old with limited β-galactosidase
expressing type II (c,d,f,g) and type III (e,h) cells in 0.75 µm optical sections from
circumvallate (c,d,e) and fungiform (f,g,h) papillae. Student’s t-test, n = 3 mice. *, p<0.05;
**, p<0.01. Scale bars = 10 µm in all panels.
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Fig. 4. Aging reduces the number of β-catenin responsive cells per taste bud, but not the number
of each taste cell type, nor the proportion of each cell type expressing β-galactosidase
a) Left: The number of β-galactosidase positive cells per taste bud section of circumvallate
and fungiform papilla from 10 week-old is significantly greater than that of 25 week-old
mice. Right: representative stacks of confocal optical sections reveal the much greater extent
of BATGAL reporting (green) in young versus old mice. Student’s t-test, n=5–6 mice. *,
p<0.05; ***, p<0.001. Scale bars = 20 µm in all panels. b) By contrast, the number of
differentiated type II and III cells per taste bud section does not differ between 10 and 25
week-old mice. Student’s t-test, n=3 mice. c) The proportion of β-galactosidase positive
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cells expressing each of the cell type markers per taste bud section also does not differ
between 10 and 25 week-old mice.

Gaillard and Barlow Page 19

Genesis. Author manuscript; available in PMC 2013 January 03.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Gaillard and Barlow Page 20

Ta
bl

e 
1

P
ri

m
ar

y 
an

ti
bo

dy
So

ur
ce

D
ilu

ti
on

Se
co

nd
ar

y
A

nt
ib

od
y

So
ur

ce
D

ilu
ti

on

G
ui

ne
a 

pi
g

an
ti-
β-

ga
la

ct
os

id
as

e

T
. F

in
ge

r,
U

C
 D

en
ve

r,
 U

SA
(Y

ee
 e

t a
l.,

 2
00

3)
1/

10
00

A
le

xa
 F

lu
or

®
 4

88
go

at
 a

nt
i-

gu
in

ea
pi

g 
Ig

G

In
vi

tr
og

en
A

11
07

3
1/

10
00

R
ab

bi
t

an
ti-

N
T

Pd
as

e2

J.
 S

év
ig

ny
, U

ni
ve

rs
ité

L
av

al
, C

an
ad

a
(B

ar
te

l e
t a

l.,
 2

00
6)

1/
10

00

A
le

xa
 F

lu
or

®
 5

46
go

at
 a

nt
i-

ra
bb

it
Ig

G

In
vi

tr
og

en
A

11
01

0
1/

10
00

R
ab

bi
t

an
ti-

PL
C
β2

Sa
nt

a 
C

ru
z

sc
-2

06
1/

80
0

R
ab

bi
t

an
ti-
α

-g
us

td
uc

in
Sa

nt
a 

C
ru

z
sc

-3
95

1/
10

00

R
ab

bi
t

an
ti-

N
C

A
M

C
he

m
ic

on
In

te
rn

at
io

na
l

A
B

50
32

1/
10

00

Genesis. Author manuscript; available in PMC 2013 January 03.


