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Abstract

Activation of Type III cells in mammalian taste buds is implicated in the transduction of acids (sour) 
and salty stimuli. Several lines of evidence suggest that function of Type III cells in the anterior taste 
fields may differ from that of Type III cells in posterior taste fields. Underlying anatomy to support 
this observation is, however, scant. Most existing immunohistochemical data characterizing this 
cell type focus on circumvallate taste buds in the posterior tongue. Equivalent data from anterior 
taste fields—fungiform papillae and soft palate—are lacking. Here, we compare Type III cells in four 
taste fields: fungiform, soft palate, circumvallate, and foliate in terms of reactivity to four canonical 
markers of Type III cells: polycystic kidney disease 2-like 1 (PKD2L1), synaptosomal associated protein 
25 (SNAP25), serotonin (5-HT), and glutamate decarboxylase 67 (GAD67). Our findings indicate 
that while PKD2L1, 5-HT, and SNAP25 are highly coincident in posterior taste fields, they diverge 
in anterior taste fields. In particular, a subset of taste cells expresses PKD2L1 without the synaptic 
markers, and a subset of SNAP25 cells lacks expression of PKD2L1. In posterior taste fields, GAD67-
positive cells are a subset of PKD2L1 expressing taste cells, but anterior taste fields also contain a 
significant population of GAD67-only expressing cells. These differences in expression patterns may 
underlie the observed functional differences between anterior and posterior taste fields.
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Introduction

Type III cells of taste buds are the only cell type that forms classical 
chemical synapses onto gustatory nerve fibers complete with neuro-
transmitter-containing synaptic vesicles (Murray and Murray 1971; 
Royer and Kinnamon 1991). In contrast, Type II cells form unusual 
synapses that rely on atypical mitochondria and large-pore ATP release 
channels (Royer and Kinnamon 1988; Taruno et al. 2013). Type I cells 
are generally considered to be glial-like support cells (Murray 1993; 

Pumplin et al. 1997). In addition to their structural differences, Type 
III cells are functionally different from the other cell types: Type III 
cells transduce acids (sour) and various electrolytes and express ion 
channels that are sensitive to acids (Huang et al. 2006; Chang et al. 
2010; Oka et al. 2013; Ye et al. 2016), whereas Type II cells mediate 
detection of umami, sweet, and bitter stimuli by means of G-protein-
coupled receptors and a phospholipase C (PLC)-mediated transduc-
tion cascade (Clapp et al. 2004; DeFazio et al. 2006). Although the 
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diversity of molecular and functional characteristics of Type II cells 
is well established, the situation in regard to Type III cells is less clear.

The original defining characteristics of Type III cells were ultra-
structural—they feature synaptic vesicles and a conventional mor-
phology of chemical synapses. Subsequent study revealed that cells 
with this characteristic shared other properties, including accumula-
tion and release of three classical neurotransmitters: 5-HT (Nada 
and Hirata 1975; Fujimoto et al. 1987; Kim and Roper 1995; Yee 
et al. 2001; Huang et al. 2005), GABA (Dvoryanchikov et al. 2007, 
Dvoryanchikov et al. 2011; Huang et al. 2011), and norepinephrine 
(Dvoryanchikov et  al. 2007; Huang et  al. 2008). These cells were 
also soon associated with the expression of SNAP25 (a marker of 
synaptic vesicles) (Yang et al. 2000; Clapp et al. 2004), voltage-gated 
calcium channels, and increased capacitance consistent with release 
of vesicles upon activation (Roberts et al. 2009; Vandenbeuch et al. 
2010). Because of the presence of voltage-gated calcium channels, 
isolated Type III taste cells exhibit calcium influx in response to 
extracellular application of KCl—this has been a defining charac-
teristic in many physiological studies (Huang et  al. 2007; Huang 
et al. 2011). Yet, physiological differences in Type III cell function 
have been noted between anterior taste fields innervated by branches 
of the 7th cranial nerve (fungiform papillae and palate) and poste-
rior taste fields innervated by the 9th cranial nerve (foliate and cir-
cumvallate papillae). In posterior taste fields, for example, the large 
majority of Type III cells respond to both acids and salts (Tomchik 
et  al. 2007), whereas in taste buds from fungiform papillae, most 
Type III cells respond only to acids while a smaller subset respond to 
both acids and NaCl (Yoshida et al. 2009). In addition to responding 
directly to acids and salts, some Type III cells also respond indirectly 
to stimuli transduced by Type II cells, via ATP released by Type II 
cells during transduction (for review, Roper 2013; Chaudhari 2014). 
These “broadly tuned” Type III cells are considerably more abun-
dant in posterior tongue than anterior tongue (Yoshida et al. 2009).

Because of the evidence for diversity in Type III cell function, we 
tested whether there was a similar diversity in molecular features of 
Type III cells in anterior and posterior taste fields. We utilized the 
marker PKD2L1 as our foundational indicator for Type III cell identity 
because this molecule is associated with sour taste function (Huang 
et al. 2006; Chang et al. 2010) and has been localized to cells identi-
fied by electron microscopy as containing classical synapses (Kataoka 
et al. 2008). We compared anterior and posterior taste fields for differ-
ences in the expression pattern of PKD2L1 with other features asso-
ciated with Type III cells: 5-HT, SNAP25, and GAD67 (for GABA).

Materials and methods

Mice
All mice were housed at the University of Colorado Anschutz 
Medical Campus on a 12 h/12 h light/dark cycle and had constant 

access to standard chow. All procedures were approved by the 
Animal Care and Use Committee at the University of Colorado 
School of Medicine. To avoid the complications of using separate 
rabbit-derived antibodies on the same tissue, we used a BAC trans-
genic PKD2L1-YFP mouse (donated by Dr Emily Liman) to visualize 
PKD2L1-expressing cells in most experiments (Chang et al. 2010). In 
this mouse, yellow fluorescent protein is expressed under the Pkd2l1 
promoter. Fidelity of YFP expression in this mouse was verified in 
the present paper, using a validated antibody against PKD2L1. In 
the experiments visualizing GAD67, we used a GAD67-GFP trans-
genic mouse (Jax stock #007677), which expresses green fluorescent 
protein under the Gad67 promoter (Chattopadhyaya et  al. 2004; 
Tomchik et al. 2007). For each investigated marker (5-HT, SNAP25, 
GAD67), tissue from 4 mice contributed to the final data sets.

Perfusion/fixation
To fix and obtain taste tissues, mice were anesthetized with sodium 
pentobarbital, i.p. injection at 50 mg/kg, and transcardially per-
fused with 4% paraformaldehyde (PFA; SIGMA cat#158127). 
Tongues and soft palate tissues were extracted before immersion in 
4% PFA for 1.5–6 h. In one mouse used for 5-HT imaging, 4% 
periodate-lysine-PFA fixative (L-lysine monohydrochloride SIGMA 
cat#L-5626; sodium periodate SIGMA cat#S-1147; 1.6% PFA) was 
used in place of PFA—results between the two fixation techniques 
did not differ. To label serotonin-accumulating cells, PKD2L1-YFP 
transgenic mice were injected with 5-hydroxy-l-tryptophan (SIGMA 
cat#H-9772) at a concentration of 80 mg/kg 1 h prior to anesthetic 
injection. After fixation and post-fix PFA treatment, tissues were 
transferred to a 20% sucrose solution overnight at 4 °C before being 
mounted in optimal cutting temperature (OCT) compound (Fisher 
Healthcare) and cut into 12–16 µm slices via cryostat. Tissue was 
then collected onto slides (Tanner Scientific) in a 1:10 series and 
stored at −20 °C.

Immunohistochemistry
Before antibody staining, slides were washed in 0.1 M phosphate-
buffered saline (PBS; monobasic sodium phosphate SIGMA cat#S-
5011; dibasic sodium phosphate SIGMA cat#S-0876; sodium 
chloride SIGMA cat#S-7653) 3 times for 10 min each on a shaker. A 
blocking solution of 2% Normal Donkey Serum in blocking buffer 
(0.1M PBS + 0.3% triton x-100 USB cat#22686, 1% bovine serum 
albumin SIGMA cat#A-7906) was applied in darkness, at room 
temperature, for an hour. Slides were then incubated with one or 
more of the following primary antibodies in darkness, at 4 °C, over-
night (Table 1). Control slides were incubated with blocking buffer 
without primary antibody. Before the secondary antibody was 
applied, slides were washed in 0.1 M PBS 3 times for 10 min each. 
Secondary antibodies were applied to each slide for 3 h, in dark-
ness, at room temperature (Table 2). For GAD67-GFP experiments, 

Table 1. List of primary antisera

Target protein Host Dilution Manufacturer Cat number RRID Lot

GFP Chicken 1:2000 Aves GFP-1020 AB_10000240 0511FP12
PKD2L1 Rabbit 1:500 Hiroaki Matsunami Lab, 

Duke University Medical 
Center

PKD2L1 AB_2661860 N/A

SNAP25 Goat 1:1000 GeneTex GTX89577 AB_10724125 821604337
P2X3 Rabbit 1:200 Alomone APR-016 AB_2040056 APR016AN0802
5-HT Rabbit 1:2500 Immunostar 20080 AB_572263 1431001
PLCβ2 Rabbit 1:200 Santa Cruz Sc-206 AB_632197 A1204
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DRAQ5 (abcam #ab108410) was added to the secondary antibody 
incubation solutions at a concentration of 1:5000 to visualize cell 
nuclei in far red. DAPI staining allowed for the identification of taste 
buds in the epifluorescent microscope but could not be imaged in 
the absence of an appropriate laser. DRAQ5, therefore, allowed for 
the imaging of nuclear stain. After the secondary incubation, slides 
were washed in 1:10,000 DAPI (Life technologies REF#03571) in 
0.1 M PBS. Slides were subsequently washed in 0.1M PBS for 10 
min and 0.05 M PBS before applying coverslips (Southern Biotech 
Fluoromount-G cat#0100-01; VWR cat#48393 251).

Imaging and cell counting
All tissues were imaged on a Leica S5 confocal microscope, with 
Leica LAS AF software version 2.7.3.9723. Taste buds were identi-
fied visually via DAPI fluorescence and subsequently imaged with 
a 40× oil immersion N.A. 1.25 lens. Cells were counted in the fol-
lowing manner: First, each channel in an image was converted to 

a binary image with a modified Otsu method in ImageJ (1.49 v, 
NIH public domain). The channels were then combined to form a 
composite image. Cells were counted with the ImageJ plug-in cell 
counter. Profiles were considered to be cells of interest if, in either 
marker channel, the image showed both: (i) a clear nucleus and (ii) 
an elongate apical process. If the profile of interest contained posi-
tive fluorescence in any part of the profile, it was considered posi-
tive for that particular marker. As markers are sometimes expressed 
in separate subcellular locations, this technique provided greater 
accuracy than strict pixel colocalization analysis. For GAD67-GFP 
experiments, DRAQ5 fluorescence allowed for cell identification via 
nuclear staining. In SNAP25 experiments, rabbit anti-P2X3 stain-
ing took the place of DRAQ5 in the far red region, so counts were 
performed in the absence of nuclear staining. In 5-HT experiments, 
optical bleed-through necessitated that 5-HT be visualized in far red, 
so counts were performed in same manner. Venn Diagram Plotter 
(Kyle Littlefield, DOE, 2004) was used to create the to-scale Venn 

Table 2. List of secondary antisera

Target species Host Dilution Manufacturer Cat number RRID Wavelength

Chicken Donkey 1:400 Jackson Immunoresearch 703-545-155 AB_2340375 488
Rabbit Donkey 1:400 Molecular Probes A10042 AB_11180183 568
Goat Donkey 1:400 Molecular Probes A21447 AB_141844 647

Figure  1. Transgenic PKD2L1-YFP mice display immunofluorescence in PKD2L1 immunoreactive cells. Confocal z-stack images of (A) fungiform and (B) 
circumvallate taste buds from a PKD2L1-YFP transgenic mouse showing PKD2L1-YFP fluorescence in green and PKD2L1 immunoreactivity in magenta. Scale 
bars = 20 µm. In all tissues, the 2 markers are coincident.
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diagrams, and Adobe Photoshop and Indesign were used to for-
mulate photos and figures. Statistics were performed with Prism 7 
(GraphPad software Inc., La Jolla, CA).

Results

Polycystic kidney disease 2-like 1 (PKD2L1) served as the cen-
tral marker of our immunohistochemical experiments. We used a 
transgenic PKD2L1-YFP mouse to visualize PKD2L1 expression 
in most experiments. PKD2L1-YFP-positive fluorescent cell pro-
files were spindle shaped, most often with extensions toward the 
pore of the taste bud and cell diameters that ranged from ~2.2 to 
7.7 µm. Out of 15 sample cells from each population, cell profile 
width did not differ between fungiform (4.55 ± 1.21 µm) and cir-
cumvallate (4.95  ±  0.94  µm) PKD2L1-YFP cell profiles (unpaired 
t-test, P = 0.291). Taste buds in the nasoincisor papilla were similar 
to fungiform papillae in that they tended to contain few PKD2L1-
positive cells. Our sample size for nasoincisor taste buds was too 

small to make definitive conclusions. In one mouse, we confirmed 
that YFP fluorescence in this line is coincident with a previously vali-
dated PKD2L1 antibody (Ishimaru et al. 2006) in all fungiform, soft 
palate, circumvallate, and foliate taste buds (Figure 1). These data 
corroborate previous results using this mouse (Chang et al. 2010).

5-HT
Though largely coincident, the 5-HT and PKD2L1-YFP populations 
diverge slightly in anterior taste fields (~79% coincidence) as com-
pared to posterior taste fields (~92% coincidence) (Figure 2). Neither 
anterior (fungiform and soft palate) nor posterior taste field papillae 
(circumvallate and foliate) were significantly different within fields 
according to separate chi-square tests (P = 0.6833 and P = 0.3094, 
respectively). Pooled anterior field counts were, however, signifi-
cantly different from pooled posterior field counts (P = 0.0002), 
with a greater proportion of single-labeled cells, both 5-HT only 
and PKD2L1 only, in the anterior than in the posterior fields. Total 

Figure 2. Coincidence between 5-HT immunoreactivity and PKD2L1-YFP fluorescence is higher in posterior than in anterior taste fields. (Left) Confocal z-stack 
images of (A) fungiform, (B) soft palate, (C) circumvallate, and (D) foliate taste buds in transgenic PKD2L1-YFP mice injected with 5-HTP, the 5-HT precursor. 
PKD2L1-YFP fluorescence is shown in green, and 5-HT immunoreactivity is shown in magenta. All scale bars = 20 µm. (Right) Venn diagrams show coincidence 
of fluorescent markers in each taste field. Anterior and posterior cell distributions were different according to a chi-square test, P = 0.0002.
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cells counted in anterior taste fields are lower than those of posterior 
taste fields in this and following comparisons, owing to the relative 
scarcity of Type III taste cells in anterior taste buds (Ma et al. 2007; 
Ohtubo and Yoshii 2011).

SNAP25
The expression of SNAP25 in nerve fibers as well as in Type III taste 
cells tends to confound our ability to delineate taste receptor cells 
clearly from innervating fibers. To circumvent this confound, we 

costained the tissue with antibody against the purinergic receptor 
P2X3, which is expressed in nerve fibers, but not in taste cells (Bo 
et al. 1999). Thus, double-labeled profiles were assumed to be nerve 
fibers and excluded from counting.

Both SNAP25 and PKD2L1-YFP appear largely coincident 
(~94%) in taste cells of circumvallate and foliate taste buds. Although 
substantial overlap of markers (~73%) does occur in the anterior 
taste fields (fungiform and soft palate taste buds), the proportion of 
colocalized cells is lower (Figure 3). Chi-square tests indicate that the 

Figure 3. Coincidence between SNAP25 immunoreactivity and PKD2L1-YFP fluorescence is greater in posterior taste fields than in anterior taste fields. Confocal 
z-stack images of (A) fungiform, (B) soft palate, (C) circumvallate, and (D) foliate taste buds in transgenic PKD2L1-YFP mice. PKD2L1-YFP fluorescence is shown 
in green, SNAP25 immunoreactivity is shown in red, and P2X3 immunoreactivity is shown in blue to exclude SNAP25-positive nerve fibers from the cell count. 
All scale bars = 20 µm. (E) Venn diagrams show high coincidence of fluorescent PKD2L1 and SNAP25 marker in posterior taste fields and a lower coincidence in 
anterior taste fields. Chi-square test revealed a significant difference between the distributions of anterior and posterior taste fields, P < 0.0001.
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cell count distribution in the fungiform taste field is not significantly 
different from that of the soft palate (P = 0.0942) and that the distri-
bution in the circumvallate field is not different from that of the foli-
ate (P = 0.1808). We thus combined these groups for further analysis. 
A  chi-square test comparing anterior to posterior data revealed a 
significant difference in cell distribution between the two taste fields 
(P < 0.0001), with anterior taste field featuring an increased propor-
tion of single-labeled cells, both SNAP25 only and PKD2L1 only.

GAD67
To test for coexpression of GAD67 and PKD2L1, we used a trans-
genic GAD67-GFP mouse (Chattopadhyaya et  al. 2004) that has 
been used as a reporter in numerous studies of Type III cell func-
tion (Tomchik et al. 2007; Yoshida et al. 2009; Vandenbeuch et al. 
2010; Dvoryanchikov et al. 2011). GFP expression in this mouse is 
known to be restricted to Type III cells in circumvallate taste buds 
(Tomchik et  al. 2007), but its selective expression has not been 
adequately validated in other taste fields. We examined GFP expres-
sion against the Type II cell marker phospholipase C beta 2 (PLCβ2) 
using immunohistochemistry. No overlap of expression was present 
in any taste field (Figure 4), validating the use of the mouse for fur-
ther experiments.

The data comparing GAD67-GFP fluorescence to PKD2L1 
immunoreactivity reveals that, in the circumvallate and foliate fields, 

GFP fluorescence appears in a subset of PKD2L1 immunoreactive 
cells. These data align with previous characterizations of GAD67-
GFP expression (Tomchik et al. 2007). In the anterior fields, how-
ever, the expression profile was surprisingly different. In fungiform 
and soft palate tissue, a sizable cohort of GAD67-GFP-positive cells 
(~18%) does not display PKD2L1 immunoreactivity (Figure 5). By 
extension, these data suggest that anterior fields host a population 
of GAD67-positive cells that do not express SNAP25. This conclu-
sion is supported by subsequent data from one mouse indicating 
a population of GAD67-GFP-positive cells that do not react with 
the anti-SNAP25 antibody (Figure 6). Cell counts between GAD67-
GFP and PKD2L1-IR cells in the fungiform and soft palate fields 
were not different from each other according to a chi-square test 
(P = 0.4401). We therefore pooled the anterior data and compared 
it to both circumvallate and foliate cell counts with chi-square tests. 
In both cases, the differences between groups were statistically sig-
nificant (P < 0.0001 for both). In anterior taste fields, single-labeled 
cells of both markers exist, whereas in posterior taste fields, GAD67-
GFP-positive cells are a subset of PKD2L1-IR cells.

Discussion

In the present study, we show that Type III cells of the anterior 
and posterior taste fields differ somewhat in their phenotypic 

Figure 4. Transgenic GAD67-GFP mice display immunofluorescence consistent with a Type III cell population. Confocal z-stack images of (A) fungiform and 
(B) circumvallate taste buds from a GAD67-GFP transgenic mouse showing GAD67-GFP fluorescence in green and PLCβ2 immunoreactivity in magenta. Scale 
bars = 20 µm. GAD67-GFP-positive taste cells do not coincide with the Type II cell marker PLCβ2 in any taste field, nor do they share morphology with Type I cells.
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characteristics. In circumvallate and foliate fields, PKD2L1 expres-
sion largely coincides with that of 5-HT and SNAP25, whereas in 
fungiform and soft palate taste buds, Type III cells are more hetero-
geneous. While GAD67 marks a subset of the PKD2L1-positive cell 
population in posterior tongue, there are single-labeled cells of both 
markers in anterior tongue. Furthermore, both anterior taste fields 
contain a population of Type III taste cells that express canonical 
phenotypic Type III taste cell markers such as SNAP25 but do not 
express PKD2L1. These data serve as a caution against treating any 
particular Type III cell indicator as absolutely indicative of all Type 
III-associated functions, particularly in fungiform taste buds.

Our data largely confirm previous studies showing that PKD2L1 
expression in posterior taste fields is coincident with synaptic mark-
ers (Kataoka et al. 2009) and that GAD67 expression occurs in a 
subset of these cells (Tomchik et al. 2007). One interesting discrep-
ancy between our data and those of another study is that we observe 
some GAD67 expressing taste cells in fungiform papillae that do not 
express PKD2L1, although a physiological study using GAD67-GFP 
taste cells found that all GFP-labeled cells responded to sour taste 

stimuli (Yoshida et al. 2009). If PKD2L1 cells are required for trans-
mission of sour taste information to chorda tympani nerve fibers, as 
indicated in Huang et al. (2006), what mechanism are the GAD67-
positive, PKD2L1-negative cells using to transduce sour taste?

Some discrepancies of expression patterns in Type III cells may 
be the consequence of developmental changes. Our counting criteria 
did not distinguish between developing, mature, or senescent Type 
III cells. As taste cells are constantly renewing, 60–70% of the taste 
cells are estimated to be functional, whereas the remainder may be 
either dying or immature (Barlow, 2015). We collected only snap-
shots of a dynamic process, and our chosen markers may have dif-
fering time courses of expression across the lifetime of a cell. This 
caveat, however, is probably less important in Type III cells, which 
are longer lived than Type I or Type II cells and are thus less likely 
to be captured in a state of atrophy or immaturity (Perea-Martinez 
et al. 2013). Developmental mechanisms that regulate cell turnover 
and maturation may also be different between anterior and poste-
rior taste fields. Taste progenitor cells that supply circumvallate taste 
buds express different markers and undergo subtly different signaling 

Figure 5. Coincidence between GAD67-GFP fluorescence and PKD2L1 immunoreactivity differs between posterior and anterior taste fields. (Left) Confocal z-stack 
images of (A) fungiform, (B) soft palate, (C) circumvallate, and (D) foliate taste buds in transgenic GAD67-GFP mice. For consistency, PKD2L1 immunoreactivity is 
shown in green, with asterisks marking PKD2L1-IR-only cells. GAD67-GFP fluorescence is shown in magenta, with asterisks marking GAD67-GFP-only cells. Scale 
bars = 20 µm. (Right) Venn diagrams show differing coincidence of GAD67-GFP and PKD2L1 immunoreactivity between posterior and anterior taste fields. The 
distribution of anterior taste fields is significantly different from both circumvallate and foliate distributions via a chi-square test, P < 0.0001 for both.
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mechanisms than those of the fungiform papillae (for review, Barlow 
2015). These discrepancies may arise from the differential origin 
of both tissues—circumvallate buds arise from endoderm, whereas 
fungiform buds presumably arise from ectoderm. Differing develop-
mental mechanisms between anterior and posterior taste fields pro-
vides a potential underlying mechanism for the differing phenotypic 
characteristics found in the present study.

Our observations between anterior and posterior Type III cells 
largely fit into the separate innervation of these tissues, with one 
notable exception. The anterior-most foliate papillae is innervated, 
like the fungiform, by the chorda tympani nerve (a branch of the 7th 
cranial nerve), whereas the three posterior foliate papillae are inner-
vated by the glossopharyngeal nerve (the 9th cranial nerve). Thus, 
our study did not divide cells strictly along lines of innervation, pro-
viding another potential caveat. If Type III cell characteristics are 
influenced by nerve identity, our grouping of all foliate papillae as 
posterior fields may have skewed our results slightly.

Nevertheless, the increased heterogeneity in Type III cells in 
fungiform and soft palate taste buds suggests that anatomical dif-
ferences do exist in taste cells, corresponding to the demonstrated 
functional differences between anterior and posterior taste fields as 
well as the nerves that innervate them. In both nerve transection 
experiments and taste cell functional studies, the anterior tongue 
seems to house relatively specialist taste cells and taste nerve fibers, 
whereas the posterior tongue is home to more generalist taste cells 
and nerve fibers (Travers et al. 1987; Frank 1991; Spector and Grill 
1992; Hellekant et al. 1997; St. John and Spector 1998; Tomchik 
et al. 2007; Yoshida et al. 2009). Our data suggest a Type III cell 
population that, in the posterior taste fields innervated largely by the 
9th cranial nerve, is fairly unified by expression markers in compari-
son to anterior Type III cells innervated by the 7th cranial nerve. This 
unification in the posterior fields parallels the more generalist nature 
of cell function there. Increased heterogeneity of expression markers 
in the anterior tongue, then, suggests that anterior Type III cells are 
divided into several subcategories. Subgroups of Type III cells could 
more readily give rise to specialized taste cells, which agrees with the 
specialized response profiles seen in both fungiform Type III cells and 
their corresponding nerves.

The specific roles of these putative subgroups of anterior Type III 
taste cells, however, are unknown. Type III cells have been associated 
with a variety of functions. PKD2L1-positive cells transduce sour 
stimuli (Huang et al. 2006; Chang et al. 2010), but Type III cells also 
play a role in the transduction of salty stimuli as well as carbonation 
(Chandrashekar et al. 2009; Oka et al. 2013), and possibly water 
(Zocchi et al. 2017). While amiloride-insensitive salt responses occur 

in a subset of isolated Type III sour-sensitive cells in the circum-
vallate taste tissue (Lewandowski et  al. 2016), the distribution of 
response profiles of anterior Type III taste cells is unknown. Perhaps 
salt-sensitive anterior Type III cells express SNAP25 and accumulate 
5-HT but do not express the sour-sensitive marker PKD2L1.

Evidence also exists to suggest that Type III cells play a role in 
taste signaling between taste cells. Type III cells express purinergic 
P2Y receptors, which respond to ATP released from Type II cells 
(Huang et al. 2009). Type II cells in turn respond to both applied 
5-HT and GABA, both release products of Type III cells, with a 
reduction in ATP release (Huang et al. 2009; Dvoryanchikov et al. 
2011; Huang et  al. 2011). A  consequence of this signaling is that 
the Type III cells that participate in this signaling pathway show 
small responses to stimuli that are transduced by Type II cells as well 
as responses to acids and salts (Tomchik et al. 2007). Interestingly, 
these “broadly tuned” Type III cells are much more abundant in pos-
terior taste fields than anterior fields (Yoshida et al. 2009), bolstering 
the idea that the Type III cells in anterior fields have more defined 
functions than in posterior fields.

Our most surprising finding in the current study is a population 
of GAD67-positive cells that does not express either PKD2L1 or 
SNAP25. Perhaps, in the anterior tongue, communication between 
Type II and Type III cells is handled by a subset of Type III cells 
rather than the whole population. Without SNAP25 to regulate 
vesicular release, it is perplexing how this cell population would 
release the GABA it is capable of synthesizing. They would not be 
the first population in the taste bud to present this puzzle, however. 
Type I  cells express glutamate decarboxylase 65 (GAD65) but do 
not express the machinery or anatomy associated with vesicle release 
(Dvoryanchikov et al. 2011).

In the present study, we present an anatomical basis for putative, 
specialized subgroups of anterior Type III taste cells. The details of 
specialized function in these Type III cell subcategories in the ante-
rior tongue will require further investigation.
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