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A longstanding question in taste research concerns taste coding and, in particular, how broadly are individual taste bud cells tuned to
taste qualities (sweet, bitter, umami, salty, and sour). Taste bud cells express G-protein-coupled receptors for sweet, bitter, or umami
tastes but not in combination. However, responses to multiple taste qualities have been recorded in individual taste cells. We and others
have shown previously there are two classes of taste bud cells directly involved in gustatory signaling: “receptor” (type II) cells that detect
and transduce sweet, bitter, and umami compounds, and “presynaptic” (type III) cells. We hypothesize that receptor cells transmit their
signals to presynaptic cells. This communication between taste cells could represent a potential convergence of taste information in the
taste bud, resulting in taste cells that would respond broadly to multiple taste stimuli. We tested this hypothesis using calcium imaging in
a lingual slice preparation. Here, we show that receptor cells are indeed narrowly tuned: 82% responded to only one taste stimulus. In
contrast, presynaptic cells are broadly tuned: 83% responded to two or more different taste qualities. Receptor cells responded to bitter,
sweet, or umami stimuli but rarely to sour or salty stimuli. Presynaptic cells responded to all taste qualities, including sour and salty.
These data further elaborate functional differences between receptor cells and presynaptic cells, provide strong evidence for communi-
cation within the taste bud, and resolve the paradox of broad taste cell tuning despite mutually exclusive receptor expression.
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Introduction
A major controversy in taste research has been how the fun-

damental taste qualities (sweet, bitter, umami, sour, and salty) are
encoded in taste buds (e.g., “labeled lines” vs “across-fiber pat-
terns”) (Chandrashekar et al., 2006; Simon et al., 2006). The an-
swer to this controversy in part depends on how broadly “tuned”
individual gustatory sensory cells are to different taste stimuli,
i.e., whether a single cell responds to one or multiple taste stimuli.

Bitter, sweet, and umami taste qualities are transduced by
G-protein-coupled receptors (GPCRs) that signal through a
common pathway, including phospholipase C�2 (PLC�2) and
the cation channel TRPM5 (transient receptor potential melasta-
tin 5) (Perez et al., 2002; Zhang et al., 2003). Taste GPCRs are
expressed in a mutually exclusive manner: cells express receptors
for only one taste quality (Nelson et al., 2001). The taste cell
(rather than the receptor) determines the perceived quality of the
ligand of the receptor (Mueller et al., 2005), and this has been
interpreted to mean that taste is encoded by labeled lines (Chan-
drashekar et al., 2006). However, physiological studies have con-

sistently demonstrated that single taste cells and afferent fibers
frequently respond to two or more taste qualities, challenging the
notion of labeled lines. Microelectrode recordings, patch-clamp
recordings, and calcium imaging all demonstrated that a signifi-
cant proportion of taste cells respond to multiple taste stimuli
(Sato and Beidler, 1997; Gilbertson et al., 2001; Caicedo et al.,
2002; Yoshida et al., 2006). A resolution proposed recently
(Roper, 2006; Huang et al., 2007) is that cell-to-cell communica-
tion and signal integration within the taste bud distributes the
signals and results in individual taste cells responding more
broadly than their receptor complement would suggest.

It is now widely recognized that there are two types of taste
cells in the taste bud: “receptor” (type II) cells and “presynaptic”
(type III) cells (Yee et al., 2001; Clapp et al., 2006; DeFazio et al.,
2006). Receptor cells express taste GPCRs and transduce sweet,
bitter, or umami taste stimuli, but they do not form conventional
synapses. Conversely, presynaptic taste cells do not have GPCRs
for tastants but instead express synapse-related proteins such as
synaptosome-associated protein of 25 kDa (SNAP-25) and con-
tain synaptic specializations (Yang et al., 2000). Receptor cells
secrete ATP, which stimulates presynaptic cells (Roper, 2006;
Huang et al., 2007) and sensory afferent fibers (Finger et al.,
2005). Isolated receptor cells respond to bitter or sweet tastants
but presynaptic cells do not (DeFazio et al., 2006). In summary,
the two different types of chemosensory taste cells have distinctly
different properties and presumably different functions.

In situ, receptor cells presumably respond directly to bitter,
sweet, and umami tastants and may in turn stimulate presynaptic
cells, providing an indirect route for presynaptic cells to respond
to those taste stimuli. Such intragemmal communication, if it
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occurs, would resolve the aforementioned paradox of narrowly
tuned molecular receptor expression versus multiple sensitivity.
Receptor cells might be narrowly tuned, whereas presynaptic cells
receiving converging input from receptor cells would be more
broadly responsive to taste stimulation. We directly tested this
hypothesis using calcium imaging in a semi-intact lingual slice
preparation.

Materials and Methods
Tissue preparation and functional imaging. All experimental procedures
were approved by the University of Miami Animal Care and Use Com-
mittee. Animals were killed by exposure to CO2 followed by cervical
dislocation. Three lines of mice were used in these experiments: C57BL/6
mice (wild-type), transgenic mice expressing enhanced green fluorescent
protein (GFP) under control of the PLC�2 promoter (PLC�2–GFP)
(Kim et al., 2006), and transgenic mice expressing GFP under the GAD67
promoter (GAD–GFP) (Chattopadhyaya et al., 2004).

We prepared lingual slices containing the vallate papilla from adult
mice (�8 weeks old) and loaded taste cells with a calcium indicator dye
(Caicedo et al., 2000, 2002). Briefly, a fluorescent Ca 2� indicator dye was
injected iontophoretically through a 40-�m-tip glass micropipette into
the crypt surrounding the vallate papilla. We loaded taste cells with Cal-
cium Green-1 dextran (CaGD) (1 mM in H2O, molecular weight of
10,000 kDa; Invitrogen, Carlsbad, CA) (wild-type mice) or Calcium Or-
ange (1 mM in H2O, 1087 kDa; Invitrogen) (transgenic mice expressing
GFP). Dye-loaded tissue was cut into 100 �m sections with a vibratome
(VT1000S; Leica, Nussloch, Germany). Slices containing taste buds were
mounted on a glass coverslip coated with Cell-Tak (BD Biosciences, San
Jose, CA), placed in a recording chamber, and superfused with Tyrode’s
solution (30°C) at a rate of 1 ml/min. Single glass micropipettes (“puffer”
pipettes, 2 �m tip diameter) were used to deliver taste stimuli directly to
the taste pores of taste buds in the lingual slice. Stimuli were ejected for 2 s
with air pressure (1–5 psi) (Picospritzer; Medical Systems, Greenvale,
NY).

Lingual slices containing dye-loaded taste cells were viewed with a
scanning laser confocal microscope using argon and krypton lasers
(Fluoview; Olympus Optical, Thornwood, NY). Images were captured at
1.1 s intervals for tastant-evoked responses or 5 s intervals for bath-
applied KCl responses. We have presented fluorometric signals as relative
fluorescence change: �F/F � (F � F0)/F0. Correction for photobleaching
was applied when necessary (Caicedo et al., 2000). Taste cells were stim-
ulated repeatedly with a selection of prototypic taste stimuli (see next
section). We could record responses for up to 8 h. At the end of any given
recording session, the taste stimulus that evoked the largest response was
reapplied to test that the preparation was still viable. Only data from cells
that were still responsive at the end of the experiment were analyzed in
this report.

Reagents and solutions. Unless otherwise indicated, chemicals were pur-
chased from Sigma (St. Louis, MO). Slices were bathed in normal Tyrode’s
solution with the following composition (in mM): 130 NaCl, 5 KCl, 8 CaCl2,
1 MgCl2, 10 HEPES, 10 glucose, 10 sodium pyruvate, and 5 NaHCO3, ad-
justed to pH 7.4 (318–323 mOsm). Calcium was elevated (8 mM) to enhance
responses and improve the signal-to-noise ratio. High-K� Tyrode’s solution
contained the same constituents with the exception that 50 mM KCl was
equimolar substituted for NaCl (final concentrations of 50 mM KCl and 85
mM NaCl). Seven taste stimuli were used in these experiments: SC45647
(2-[[[[4-(aminomethyl)phenyl]amino]-[[(1R)-1-phenylethyl]amino]me-
thyl]amino]ethane-1,1-diol) (gift from Dr. G. Dubois, Coca Cola, Atlanta,
GA), sucrose, cycloheximide, denatonium, monopotassium L-glutamate
(MPG), NaCl, and citric acid. Inosine 5�-monophosphate (IMP) at 1 mM

was added to all MPG solutions to enhance umami taste responses.
To locate taste-responsive cells, we used a search stimulus containing a

mixture of 30 �M cycloheximide, 200 �M denatonium, 100 �M SC45647,
200 mM MPG, and 1 mM IMP. Once a responsive cell or group of cells was
found, all cells in the area were tested for sensitivity to individual taste
stimuli, presented in random order. Individual tastants were 30 �M cy-
cloheximide, 200 �M denatonium, 500 mM sucrose, 100 �M SC45647,
200 mM MPG plus 1 mM IMP, 500 mM NaCl, and 100 mM citric acid.

These concentrations were selected based on previous studies showing
that they produce robust and reliable calcium responses (Caicedo et al.,
2002; Richter et al., 2003; Maruyama et al., 2006). All tastant solutions
(except citric acid) contained 2 �M fluorescein to monitor stimulus ap-
plication, duration, and concentration. Citric acid solutions contained
500 �M Lucifer yellow. All tastants were dissolved in normal Tyrode’s
solution.

Immunostaining. Circumvallate papillae from GAD–GFP mice were
fixed, cryosectioned at 20 �m, and immunostained following the proce-
dures of DeFazio et al. (2006) except with the addition of a 1% Triton
X-100 permeabilization step after fixation. The following antibodies
were used: anti-PLC�2 (1:1000; sc-206; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-SNAP-25 (1:1000 –1:4000; AB1762; Chemicon, Te-
mecula, CA), and anti-serotonin (5-HT) (1:500; MAB352; Chemicon).
For anti-serotonin immunostaining, mice were preinjected with 200 �l
of Tyrode’s solution containing 2 mg of the serotonin precursor
5-hydroxytryptophan 1 h before the animals were killed. We used Alexa
Fluor 594 goat IgG secondary antibodies (1:500; A21096 or A21207;
Invitrogen). Negative controls were processed in parallel in every exper-
iment with primary antibodies omitted. No nonspecific fluorescence was
detected (see Fig. 3H ). Images were obtained with an Olympus Optical
laser-scanning confocal microscope using Fluoview software.

To immunostain lingual slices after calcium imaging (Maruyama et
al., 2006), we used anti-PLC�2 (1:1000) or anti-SNAP-25 (1:500) rabbit
primary antibodies (as above) for 3 d at room temperature, followed by
washing, and then Alexa Fluor 660 goat anti-rabbit IgG (1:500; A-21073;
Invitrogen) for 1–3 d, again at room temperature. In several experiments,
GFP fluorescence was enhanced by immunostaining with chicken anti-
GFP (1:500; GFP-1020; Aves Labs, Tigard, OR), followed by Alexa Fluor
488 goat anti-chicken IgG (1:500; A-11039; Invitrogen). Confocal images
were matched and overlaid with those obtained during the functional
Ca 2� imaging.

Data analysis. Baseline fluorescence was measured in the 5 s interval
before each stimulus application. We only included data from prepara-
tions in which the baseline fluorescence fluctuated less than �2% �F/F.
Calcium transients in taste cells were scored blindly with a custom-
written Excel Visual Basic macro that displayed each trace on the screen
and allowed the reviewer to visually identify it as either a response or a
failure. To determine whether each trace represented a true response, we
used the criteria of Caicedo et al. (2000) as follows. We scored positive
responses if (1) the peak �F/F was at least two times the baseline fluctu-
ation for that cell, (2) responses could be elicited at least twice in the same
cell by the same stimulus and appeared approximately of the same am-
plitude, and (3) responses were not observed in all dye-loaded cells in the
field of view (i.e., signals were not caused by a stimulus artifact). The peak
�F/F was quantified for each response, and a metric of breadth of tuning,
entropy ( H), was calculated for each cell (Smith and Travers, 1979).
Responses to the five taste qualities were compared between groups of
cells using Fisher’s exact test. Data analyses were performed in Microsoft
(Seattle, WA) Excel and R (http://www.R-project.org).

Results
Narrowly tuned and broadly responsive cells in taste buds
The major goal of these experiments was to test the hypothesis
that presynaptic (type III) cells in taste buds receive converging
input from receptor (type II) cells and consequently are more
broadly tuned to taste quality than are receptor cells. To test this
hypothesis, we used functional imaging with CaGD in lingual
slice preparations of mouse vallate papillae. We tested taste cell
responses to seven different taste stimuli applied focally to the
taste pore and to depolarization with bath-applied KCl (50 mM).
[Only presynaptic cells have voltage-sensitive calcium channels
and show calcium influx when depolarized (Clapp et al., 2006;
DeFazio et al., 2006)]. The seven taste stimuli that we used in-
cluded at least one tastant from each of the five basic qualities: (1)
bitter: cycloheximide or denatonium; (2) sweet: sucrose or
SC45647; (3) umami: MPG plus IMP; (4) salty: NaCl; (5) sour:
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citric acid. Responses to these taste stimuli
and to KCl depolarization are illustrated in
Figure 1.

Of 44 tastant-responsive cells recorded
in this initial analysis, 61% (n � 27) re-
sponded to a single quality (Fig. 1A),
whereas the remaining cells responded to
two or more qualities (Fig. 1B). These
numbers agree well with previous findings
on the multiple taste sensitivity of mouse
vallate taste cells [55% (Caicedo et al.,
2002)] and mouse fungiform taste cells
[67% (Yoshida et al., 2006)].

To determine the cell type for each re-
corded cell, we examined their responses to
depolarization with KCl. Presynaptic (type
III) cells can be distinguished by their pro-
nounced depolarization-dependent calcium
influx (Fig. 1B) (DeFazio et al., 2006; Huang
et al., 2007). Taste-responsive cells that did
not exhibit depolarization-evoked calcium
responses were provisionally classified as re-
ceptor (type II) cells. In the set of 44 tastant-
responsive cells, we identified 14 presynaptic
cells and 30 receptor cells. Cells classified as
presynaptic were broadly responsive to taste
stimuli; 86% (12 of 14) responded to two or
more taste qualities. In contrast, cells provi-
sionally identified as receptor cells were more narrowly responsive.
Eighty-three percent (25 of 30) responded to only one taste quality.
The breadth of tuning differed significantly between putative recep-
tor cells and presynaptic cells (Fisher’s exact test, p � 0.001).

To identify cell types more confidently, we immunostained
lingual slices for cell-specific markers after calcium imaging. Spe-
cifically, we immunostained for PLC�2 (receptor cells) or
SNAP-25 (presynaptic cells) (Fig. 2). We were able to relocate 18
of the cells that had been provisionally identified as receptor cells
in physiological recordings. Of these, 11 were immunoreactive
for PLC�2, confirming that indeed they were receptor cells (Fig.
2A–C) (supplemental Table 3, available at www.jneurosci.org as
supplemental material). Each of the PLC�2-positive cells was
narrowly responsive to taste stimuli and responded to only one
stimulus (Fig. 2D, cell 2). The remaining seven provisional recep-
tor cells failed to immunostain sufficiently strongly with anti-
PLC�2 to identify them with confidence. Presynaptic (i.e., KCl-
responsive) cells in the same slices (Fig. 2A–D, cell 1) were
broadly tuned and lacked PLC�2 immunostaining.

Post hoc immunostaining for SNAP-25 to identify presynaptic
cells was more problematic in thick sections attributable to the
uneven cellular distribution of reaction product and generally
weak immunofluorescence. Consequently, we were able to con-
fidently correlate SNAP-25 immunoreactivity with KCl re-
sponses in only one cell (Fig. 2E–G). This cell had responded
broadly to the panel of tastants and exhibited a robust
depolarization-evoked calcium response (Fig. 2H). None of the
KCl-unresponsive cells from these slices was immunopositive for
SNAP-25.

In brief, for this initial series, we were able to distinguish re-
ceptor cells and presynaptic cells using KCl sensitivity, validate a
subset of these cells by post hoc immunostaining, and show that
they differed in the breadth of their response to a panel of taste
stimuli.

Using transgenic mice to identify receptor cells and
presynaptic cells
Next, we designed additional methods to distinguish receptor
(type II) cells and presynaptic (type III) cells using independent
methods from those described above. To identify receptor cells,
we used transgenic mice expressing GFP on the PLC�2 promoter
(Kim et al., 2006). Taste receptor cells in these mice are readily
visible in living slice preparations viewed with fluorescence
microscopy.

To identify presynaptic (type III) cells, we used GAD–GFP
mice (Chattopadhyaya et al., 2004). [We previously showed that
presynaptic cells express glutamic acid decarboxylase (DeFazio et
al., 2006)]. To verify that GFP fluorescence was reliably and se-
lectively expressed in presynaptic taste cells in these mice, we
immunostained 20 �m cryostat sections of vallate papillae from
GAD–GFP mice for SNAP-25 (Fig. 3A–D,L). Of 647 counted
cells, 72% (n � 468) expressed both GFP and SNAP-25, 1% (n �
8) expressed GFP alone without SNAP-25, and 26% (n � 171)
expressed SNAP-25 but not GFP. In brief, 98% (468 of 476) of
GFP-positive cells expressed SNAP-25 and therefore GFP could
be used as a reliable marker of presynaptic cells in the lingual slice
(Table 1).

Parenthetically, presynaptic taste cells are serotonergic and
release 5-HT during stimulation (Yee et al., 2001; Huang et al.,
2005, 2007; DeFazio et al., 2006). Thus, we also immunostained
taste buds from GAD–GFP mice for the presence of 5-HT (Fig.
3E–G,L). Of 432 counted cells, 77% (n � 334) expressed both
GFP and 5-HT, fewer than 1% expressed GFP but not 5-HT (n �
2), and 22% (n � 96) expressed only 5-HT. Thus, �99% (334 of
336) of GFP-positive cells in GAD–GFP mice are serotonergic,
demonstrating that GAD and serotonin are present together in
presynaptic taste cells (Table 2).

Last, because these findings show GFP is reliably expressed in
presynaptic cells, one would not expect to find GFP in cells ex-
pressing PLC�2 (i.e., in receptor cells). We tested this by immu-

Figure 1. Representative taste cell responses (Ca 2� transients) to taste stimuli and to KCl depolarization. Tastants were
applied focally to the taste pore and KCl was bath applied. Stimuli were presented in random order to avoid systematic errors.
However, for clarity here and in the remaining figures, stimuli are shown in a common sequence. A, Responses from a presumptive
receptor (type II) cell, as defined in Results. This cell responded to only one tastant, 30 �m cycloheximide (cyx), but did not
respond to 200 �m denatonium (den), 500 mM sucrose (suc), 100 �M SC45647 (SC4), 200 mM MPG plus 1 mM IMP (MPG), 100 mM

citric acid (cit), or 500 mM NaCl. The cell did not respond when depolarized with 50 mM KCl. B, Responses from a presumptive
presynaptic (type III) cell. The cell responded to cyx, suc, SC4, MPG, cit, and NaCl. In addition, it responded when depolarized with
50 mM KCl (bath applied; note different timescale). The 20 s calibration bar applies to all tastant responses; the 100 s calibration bar
applies only to KCl-evoked responses.
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nostaining taste buds from GAD–GFP
mice for PLC�2 (Fig. 3I–L). Of 246 cells
counted, no GAD–GFP-positive cells ex-
pressed PLC�2, 43% (n � 106) expressed
only PLC�2, whereas 57% (n � 140) ex-
pressed only GFP (Table 3).

Collectively, the above data indicate
that GFP is faithfully expressed in presyn-
aptic (type III) cells and not in receptor
(type II) cells in GAD–GFP mice.

Using transgenic mice to test breadth of
tuning in receptor and presynaptic cells
Taste cells in the above two strains of
transgenic mice were loaded with Calcium
Orange to measure taste-evoked Ca 2� re-
sponses. We identified and recorded re-
sponses from 26 receptor cells in PLC�2–
GFP mice (Fig. 4A–D) and 44 presynaptic
cells in GAD–GFP mice. In PLC�2–GFP
mice, cells that did not express GFP but
exhibited depolarization-evoked calcium
responses were classified as presynaptic
cells, as before. In GAD–GFP mice, we also
used post hoc immunohistochemistry for
PLC�2 to identify additional receptor
cells.

Taste cells in the two transgenic mouse
strains responded similarly to their coun-
terparts in wild-type mice. There was no
difference in the breadth of tuning or pat-
tern of responses to the taste stimuli be-
tween receptor cells identified in wild-type
versus PLC�2–GFP mice (Fisher’s exact
tests, p � 0.05). Presynaptic cells identified
in wild-type mice also responded similarly
to presynaptic cells in GAD–GFP mice
(Fisher’s exact tests, p � 0.05). Hence, we
pooled the data for additional analysis.
The complete response profiles of all 114
cells (56 receptor cells, 58 presynaptic
cells) are shown in supplemental Tables 1
and 2 (available at www.jneurosci.org as
supplemental material).

The combined dataset confirmed that
receptor cells are considerably more nar-
rowly responsive to taste stimuli than pre-
synaptic cells. Eighty-two percent (46 of
56) of receptor cells responded to only one
taste quality (see Figs. 5A, 6) (supplemen-
tal Table 1, available at www.jneurosci.org
as supplemental material). On average, a
receptor cell responded to 1.21 	 0.07
qualities (mean 	 SEM). No receptor cell
responded to more than three different
taste qualities. In contrast, the majority of
presynaptic cells (83%; 48 of 58) re-
sponded to two or more taste qualities
(mean of 2.86 	 0.38). Indeed, we ob-
served some presynaptic cells responding
to all five (Fig. 5A) (supplemental Table 2,
available at www.jneurosci.org as supple-
mental material). Presynaptic cells were

Figure 2. Post hoc immunostaining of lingual slices to identify receptor (type II) and presynaptic (type III) cells. Receptor cells
are identified by the presence of PLC�2 immunostaining and presynaptic cells by SNAP-25 immunopositivity. A–C, Confocal
micrographs showing two adjacent taste buds in a lingual slice. A, Many cells are loaded with CaGD (green). B, After recording
taste-evoked responses, the tissue was immunostained for PLC�2 (red) to identify receptor cells. Arrowheads point to two
tastant-responsive taste cells (1, 2). Cell 1 was PLC�2 negative, whereas cell 2 (and several other cells in each taste bud) were
immunoreactive for PLC�2. C, Merged view. Scale bar, 20 �m. D, Calcium imaging traces of the taste cells highlighted in A–C. Cell
1 responded when depolarized with 50 mM KCl, demonstrating that it was a presynaptic cell. Cell 1 also responded broadly to taste
stimuli, responding to denatonium (den), cycloheximide (cyx), citric acid (cit), and sucrose (suc). In contrast, cell 2 did not respond
to KCl depolarization. Furthermore, cell 2 responded only to cycloheximide. The 20 s calibration bar applies to all taste responses;
the 100 s calibration bar applies only to the KCl-evoked responses. E–G, Confocal micrographs showing a taste bud in a lingual slice
immunostained for SNAP-25 (red) to identify presynaptic cells. The taste bud is outlined with a dotted white line in G. Scale bar,
20 �m. H, Calcium imaging of the taste cell identified (arrowhead) in E–G. This cell responded to KCl depolarization and to several
taste stimuli, including citric acid, NaCl, denatonium, cycloheximide, and SC45647. The 20 s calibration bar applies to all tastant
responses, and the 100 s calibration bar applies only to the KCl-evoked response. MPG, 200 mM monopotassium L-glutamate plus
1 mM IMP; den, 200 mM denatonium; cyx, 30 �M cycloheximide; cit, 100 mM citric acid; NaCl, 500 mM NaCl; SC4, 100 �M SC45647;
suc, 500 mM sucrose; KCl, 50 mM KCl.
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significantly more broadly responsive than receptor cells (Fish-
er’s exact test, p � 0.001).

In addition to examining the number of stimuli that elicited
responses, we quantified the magnitude (average peak �F/F
across stimulus repetitions) of each response for every cell (sup-
plemental Tables 1, 2, available at www.jneurosci.org as supple-
mental material). These values were used to calculate a measure
of breadth of tuning, called entropy (H) (Smith and Travers,
1979). H varies between 0.0 (very narrow breadth of tuning) to
1.0 (broadly tuned, i.e., equally responsive to all stimuli). Recep-
tor cells had a mean H of 0.07 	 0.02, whereas presynaptic cells

had a significantly higher H of 0.47 	 0.04 (Student’s t test, p �
0.001) and thus were more broadly tuned. Supplemental Table 4
(available at www.jneurosci.org as supplemental material) pre-
sents the response profiles of presynaptic cells, classified by their
optimal qualities.

Sweet, bitter, and umami stimuli are transduced by receptor
cells, whereas presynaptic cells do not express the corresponding
taste GPCRs (DeFazio et al., 2006). Nonetheless, we found that
presynaptic cells responded to bitter sweet and umami com-
pounds. Indeed, there was no significant difference between the
distributions of receptor and presynaptic cells responding to
sweet, bitter, and umami stimuli (Fig. 5B). Presynaptic cell re-

Table 1. GAD–GFP taste cells express SNAP-25, a marker for presynaptic (type III)
taste cells

No. of cells (647 total) Proportion of cells GFP SNAP-25

8 1% � –
171 26 – �
468 72 � �

Vallate taste buds from GAD–GFP mice were immunostained for SNAP-25 (a marker for presynaptic cells) and
examined for coexpression of GFP and SNAP-25. Of 476 cells with GFP, 468 (98%) also expressed SNAP-25. No.,
Number.

Table 2. GAD–GFP taste cells are serotonergic

No. of cells (432 total) Proportion of cells GFP 5-HT

2 1% � –
96 22 – �

334 77 � �

Vallate taste buds from GAD–GFP mice were immunostained for 5-HT and examined for coexpression of GFP and
5-HT. Of 334 cells that expressed GFP, 332 (99%) were immunopositive for 5-HT. No., Number.

Figure 3. GFP identifies presynaptic (type III) cells in GAD–GFP mice. Confocal micrographs of 20 �m cryosections of vallate taste buds from GAD–GFP mice. A–C SNAP-25 immunostaining,
showing immunolabel (red) in taste cells expressing GFP (green) and in nerve fibers. The merged image is shown in C. D, Higher magnification of one taste bud with merged SNAP-25 immuno-
staining and GFP fluorescence. Four cells in this taste bud expressed both GFP and SNAP-25; one cell expressed only SNAP-25 (arrowhead). E–G, 5-HT immunostaining (red). GFP (green) is expressed
in many but not all serotonergic taste cells. H, Negative control, processed in parallel without primary antibodies, showing no detectable immunofluorescence (GFP fluorescence is not shown). The
boundary of the epithelium containing taste cells is outlined; a micrograph using Nomarski differential contrast optics is overlaid on the left side only. I–K, PLC�2 immunostaining (red). K, Merged
image. Note that GFP (green) is not present in PLC�2-immunoreactive taste cells. L, Quantification of results. Each set of three columns shows the percentage of taste cells expressing GAD–GFP only
(green), immunostaining only (red) (SNAP-25, 5-HT, or PLC�2), or the presence of both GAD–GFP fluorescence and immunostaining (yellow). IHC, Immunohistochemistry. Scale bars, 20 �m.
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sponses might be explained by cell-to-cell communication within
the taste bud and convergence of inputs from receptor onto pre-
synaptic cells (Huang et al., 2007). Some taste cells responded to
stimuli of opposing appetitive quality (e.g., sweet and bitter;
umami and bitter). Intriguingly, the majority of these (11 of 13)
were presynaptic cells.

Presynaptic cells respond to sour and salty stimuli
Salty and sour stimuli are likely transduced by different cells than
are bitter, sweet, and umami tastants because they are not be-
lieved to be transduced through cells expressing G-protein-
coupled taste receptors and PLC�2 (Huang et al., 2006; Ishimaru
et al., 2006; Lopez-Jimenez et al., 2006). It is not confidently
known which class of taste cells (i.e., receptor, presynaptic) is
involved in salty and sour taste transduction. Therefore, we ana-
lyzed which taste cells responded to sour and salty tastants. There
was a significant difference between receptor (type II) cells and
presynaptic (type III) cells in their responses to sour (citric acid)
and to salty (NaCl) stimuli (Fisher’s exact test, p � 0.001) (Fig.
5C). The majority of receptor cells (82%; 46 of 56 cells) did not
respond to either sour or salty stimuli. In contrast, the majority of

Figure 4. Calcium imaging in lingual slices from transgenic mice shows that receptor (type
II) cells are narrowly responsive and presynaptic (type III) cells are broadly responsive to taste
stimulation. A–C, Confocal micrographs of a vallate taste bud from a PLC�2–GFP mouse. A,
Many cells express PLC�2–GFP (green). B, Some taste cells are loaded with the functional
imaging dye, Calcium Orange (CaO) (red). The taste bud is outlined with a dotted line. C, Merged
view. D, Responses of PLC�2–GFP cell (i.e., receptor cell) shown in A–C (arrowhead). This cell
responded only to cycloheximide. E–G, Confocal micrographs of a vallate taste bud from a
GAD–GFP mouse. The taste bud is outlined in G. H, Responses of the GAD–GFP-positive (pre-
synaptic) cell shown in E–G (arrowhead). This cell responded to citric acid, cycloheximide,
sucrose, MPG, SC45647, and NaCl. Abbreviations as in Figure 2. Scale bars, 20 �m.

Table 3. GAD–GFP taste cells are distinct from cells expressing PLC�2 (i.e., receptor
cells)

No. of cells (246 total) Proportion of cells GFP PLC�2

140 57% � –
106 43 – �

0 0 � �

Taste buds from GAD–GFP mice were immunostained for PLC�2 (a marker for receptor cells) and examined for
coexpression of GFP and PLC�2. Of 246 cells that expressed GFP, none were immunopositive for PLC�2.

Figure 5. Summary of data from wild-type and transgenic mice showing range of taste
responses in receptor and presynaptic taste cells. A, Percentage of receptor (Rec) and presyn-
aptic (Pre) cells responding to one or more taste qualities (i.e., sweet, bitter, umami, sour, and
salty). There was a significant difference in the incidences of responses to these taste qualities
between receptor cells and presynaptic cells (Fisher’s exact test, ***p � 0.001). B, Percentage
of receptor and presynaptic cells responding to bitter, sweet, and umami taste qualities. There
was no significant difference between receptor and presynaptic cells in the incidence of re-
sponses to these taste qualities (Fisher’s exact test, p � 0.47; NS). C, Percentage of receptor and
presynaptic cells that responded to sour and salty taste qualities. There was a significant differ-
ence between the proportion of receptor and presynaptic cells responding to these taste qual-
ities (Fisher’s exact test, ***p � 0.001).
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presynaptic cells (81%; 47 of 58 cells) re-
sponded to citric acid. Presynaptic cells
were also more frequently sensitive to
NaCl (26%; 15 of 58 cells) than were recep-
tor cells (2%; 1 of 56 cells). Among presyn-
aptic cells, the salt-sensitive cells were a
subset of acid-sensitive cells. Of the few
receptor cells that responded to acid or
salty tastes, none responded to both. In
summary, presynaptic cells overwhelm-
ingly responded to citric acid and also re-
sponded more frequently to NaCl than re-
ceptor cells.

Presynaptic cells frequently exhibited
large responses to citric acid (Fig. 4H and
supplemental Table 2, available at www.
jneurosci.org as supplemental material).
The average �F/F of citric acid responses
in presynaptic cells was 24.7% compared
with 16.3% (cycloheximide), 14.7% (de-
natonium), 13.7% (NaCl), 12.5% (su-
crose), 11.5% (MPG), and 11.3%
(SC45647). Large citric acid responses
were not observed in receptor cells.
Among the few receptor cells that re-
sponded to citric acid, the average re-
sponse was 11.3% �F/F. Relative magni-
tudes of the responses to the seven stimuli
are plotted for each cell in Figure 6. Many
of the presynaptic cells responded maxi-
mally to citric acid and also had large re-
sponses to the bitter stimulus cyclohexi-
mide. Calcium responses evoked by sweet
stimuli were typically smaller.

Discussion
The present data begin to illustrate how
gustatory signals are encoded within taste
buds and support the concept of cell– cell
communication within taste buds (Roper,
1992, 2006; Herness et al., 2005) (Fig. 7).
The data also resolve the apparent discrep-
ancy between the nonoverlapping molec-
ular expression patterns of taste receptors (Chandrashekar et al.,
2006; Simon et al., 2006) and the broad functional tuning of taste
bud cells (Sato and Beidler, 1997; Gilbertson et al., 2001; Caicedo
et al., 2002; Yoshida et al., 2006). Receptor (type II) cells are
narrowly tuned to qualities transduced by the G-protein-coupled
taste receptors T1Rs and T2Rs, sweet, umami, and bitter tastes,
consistent with the expression pattern of these GPCRs (Zhang et
al., 2003). In contrast, presynaptic (type III) cells respond more
broadly to multiple tastants. Information coding within the taste
bud is performed by the side-by-side presence of narrowly tuned
receptor cells and broadly tuned presynaptic cells.

Presynaptic cells express none of the taste GPCRs nor their
downstream effectors, suggesting that they derive at least some of
their input indirectly through cell-to-cell signaling. Consistent
with this interpretation is the finding that isolated presynaptic
cells do not respond to taste qualities mediated by taste GPCRs
(Huang et al., 2007). Receptor cells communicate with presynap-
tic cells during taste stimulation by secreting ATP through Ca-
activated pannexin 1 hemichannels (Huang et al., 2007). The
most parsimonious explanation of the present findings is that, in

situ, presynaptic cells receive convergent inputs of sweet, umami,
and bitter signals from receptor cells.

Although the majority of receptor cells responded narrowly to
sweet, bitter, or umami tastes, we occasionally observed some
receptor cells responding to two or rarely three taste qualities.
There are several possible explanations for this observation. First,
occasional receptor cells may express multiple taste receptors.
Second, there may be cell– cell communication between receptor
cells. Finally, there might be a small degree of uncertainty (noise)
in our cell classification.

There appear to be at least two pathways that convey informa-
tion from taste buds to the CNS. First, receptor cells, by secreting
ATP, may pass information directly to afferent nerve fibers that
express P2X receptors (Finger et al., 2005; Huang et al., 2007).
Mutant mice lacking P2X2/P2X3 receptors showed reduced be-
havioral responses to bitter, sweet, and umami tastants but not to
sour tastants. Second, we speculate that there is another, parallel
pathway involving presynaptic cells. Huang et al. (2006) geneti-
cally ablated a category of taste cells that sense sour taste. Bitter,
sweet, and umami tastes were unaffected by this ablation. We

Figure 6. Ca 2� response profiles of receptor and presynaptic cells. Response magnitudes (mean peak �F/F ) of each cell are
shown. Each vertical column (top to bottom) represents data from an individual cell. Cells are numbered along axis at bottom and
grouped into Receptor cells (left; n � 56) and presynaptic cells (right; n � 58). Each row shows responses for a different tastant
(labeled at left). Within each of the two groups (receptor, presynaptic), cells are arranged according to their breadth of tuning and
color coded accordingly (narrow to the left, cooler colors; more broadly responsive to the right, warmer colors). Response mag-
nitudes are graphed as a percentage of the maximal response for a given cell. Numbers across the top and dotted lines indicate the
number of taste stimuli to which each cell responded. The complete raw data are presented in supplemental Tables 1 and 2
(available at www.jneurosci.org as supplemental material). Abbreviations as in Figure 2.
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report here that sour-sensitive cells are overwhelmingly presyn-
aptic (type III) cells, and thus it is likely that Huang et al. (2006)
ablated presynaptic cells. Parenthetically, these authors reported
no alteration in gustatory nerve responses evoked by low concen-
trations of NaCl (50 –100 mM). Our findings of NaCl responses in
these same cells predict that some aspect of salt taste should be
affected by eliminating presynaptic cells. In summary, whether
sour- and salt-sensing cells comprise lines of afferent information
separate from sweet, bitter, and umami and the identities of
transmitters involved in such lines are open questions and re-
main to be pursued.

Presynaptic cells release serotonin in response to taste stimu-
lation, and thus the synapses that they form and the postulated
second pathway may be aminergic (Huang et al., 2005, 2007).
Presynaptic cells also express other neurotransmitters. One iso-
form of glutamic acid decarboxylase, GAD1 (also called GAD67),
a biosynthetic enzyme for GABA is expressed in presynaptic cells
(DeFazio et al., 2006). Thus, we used GAD–GFP mice to identify
presynaptic cells. It is not known whether presynaptic cells release
GABA during taste stimulation. Taste-evoked inhibition of affer-
ent neurons has not been extensively studied. Nevertheless, sug-
gestions of taste-evoked inhibitory signals in afferent nerves exist
in the literature (Danilova et al., 2002; Frank et al., 2005). Re-

cently, prominent inhibition in taste afferents was demonstrated
during stimulation with mixtures of sweet and bitter tastants
(Frank et al., 2005). Our data suggest that the two components of
such mixtures would be primarily detected by different subclasses
of receptor cells and would secondarily activate one or more
presynaptic cells in the taste bud. The potential role of GABA in
mediating these and other inhibitory interactions remains to be
explored. Alternatively, GABA in taste buds may function as an
excitatory transmitter (Fiumelli and Woodin, 2007) or as a neu-
rotrophic substance (Meier et al., 1999). Unfortunately, GAD1-
null mice do not live beyond birth (Asada et al., 1997), ruling out
taste tests on postnatal animals lacking GABAergic mechanisms.
An analysis of the postsynaptic targets of presynaptic cells and the
postulated second output pathway, including the neurotransmit-
ter(s) involved, awaits future experimentation.

Insights into how taste cells transmit information to the gus-
tatory sensory afferent neurons can potentially be gleaned by
comparing taste cells with responses of individual afferent fibers.
Vallate taste buds are innervated by the glossopharyngeal nerve
(GL). Previous studies have examined responses of individual
afferent fibers in the GL and classified the fibers according to their
responses to taste stimulation (for review, see Spector and
Travers, 2005). Although there are species-specific differences,
several classes of afferents are typically encountered in the GL: N
fibers (salt-best), S fibers (sweet-best), Q fibers (quinine/bitter-
best), and H fibers/A fibers (broadly tuned acid- and electrolyte-
sensitive fibers). In addition, umami-best fibers (M fibers) have
been reported in the mouse GL (Ninomiya and Funakoshi, 1989).
Our data demonstrate that vallate taste cells have similar tuning
to gustatory afferent neurons in the GL. The responses we re-
corded from receptor (type II) cells are similar to, but more nar-
rowly tuned than, those of S, Q, and M fibers. It is therefore
possible that sweet-, bitter-, and umami-sensitive receptor cells
signal directly to S, Q, and M fibers, respectively. Presynaptic
(type III) cells respond similarly to A/H fibers in at least two ways.
First, they are sensitive to acids and are broadly tuned to other
tastants (particularly bitter tastants). Second, presynaptic cells
frequently have large responses to citric acid and bitter tastants
and smaller responses to other taste qualities, in general agree-
ment with the response profiles of A/H fibers. Presynaptic cells
form synapses with neurons, which may be A/H fibers given the
similarities in their response profiles. A recent electrophysiolog-
ical study similarly found concordance in the response profiles of
fungiform taste cells and chorda tympani afferent fibers (Yoshida
et al., 2006).

Together, the present data demonstrate clear functional dis-
tinctions between receptor (type II) cells and presynaptic (type
III) cells. Communication between receptor and presynaptic cells
generates more broad responses in taste cells than receptor ex-
pression patterns alone would suggest. This communication
comprises the first level of information processing in the gusta-
tory system. These results support the notion that the taste bud
likely serves a more complex role than simply transmitting signals
from molecular receptor to afferent nerve (Spector and Travers,
2005; Roper, 2006).
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