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BACKGROUND AND PURPOSE
Capsaicin-mediated modulation of taste nerve responses is thought to be produced indirectly by the actions of neuropeptides, for
example, CGRP and substance P (SP), on taste cells implying they play a role in taste sensitivity. During the processing of gustatory
information in taste buds, CGRP shapes peripheral taste signals via serotonergic signalling. The underlying assumption has been
that SP exerts its effects on taste transmitter secretion in taste buds of mice.

EXPERIMENTAL APPROACH
To test this assumption, we investigated the net effect of SP on taste-evoked ATP secretion from mouse taste buds, using func-
tional calcium imaging with CHO cells expressing high-affinity transmitter receptors as cellular biosensors.

KEY RESULTS
Our results showed that SP elicited PLC activation-dependent intracellular Ca2+ transients in taste cells via neurokinin 1 receptors,
most likely on glutamate–aspartate transporter-expressing Type I cells. Furthermore, SP caused Type I cells to secrete GABA.

CONCLUSION AND IMPLICATIONS
Combined with the recent findings that GABA depresses taste-evoked ATP secretion, the current results indicate that SP elicited
secretion of GABA, which provided negative feedback onto Type II (receptor) cells to reduce taste-evoked ATP secretion. These
findings are consistent with a role for SP as an inhibitory transmitter that shapes the peripheral taste signals, via GABAergic sig-
nalling, during the processing of gustatory information in taste buds. Notably, the results suggest that SP is intimately associated
with GABA in mammalian taste signal processing and demonstrate an unanticipated route for sensory information flow within the
taste bud.

Abbreviations
GLAST, glutamate–aspartate transporter; IP3, inositol 1,4,5-trisphosphate; NK1, neurokinin 1 receptor; TRPV1, transient
receptor potential vaniloid 1
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Introduction
Taste signal transmission consists of cell–cell circuits via
transmitters secreted by separate morphotypes of taste cells;
these transmitters include 5-HT (Kaya et al., 2004; Huang
et al., 2005; Jaber et al., 2014),ATP (Finger et al., 2005; Huang
et al., 2007; 2009; Murata et al., 2010), noradrenaline (NA)
(Dvoryanchikov et al., 2007; Huang et al., 2008a) and GABA
(Cao et al., 2009; Dvoryanchikov et al., 2011; Huang et al.,
2012). Responding directly to sour (acid) taste stimuli (Huang
et al., 2006, 2008b; Chang et al., 2010) and high concentra-
tions of KCl (Huang et al., 2007; Oka et al., 2013), Type III
(presynaptic) cells release 5-HT, NA and GABA (Huang et al.,
2007; 2008b; 2011a). Upon sweet or bitter taste stimulation,
Type II (receptor) cells secrete ATP via membrane channels
(Huang et al., 2007; Taruno et al., 2013). ATP acts on two tar-
gets within taste buds: (i) gustatory afferent fibres that propa-
gate taste signals to the brain (Finger et al., 2005; Huang et al.,
2011b; Vandenbeuch et al., 2015); and (ii) Type III (presynap-
tic) cells, which release 5-HT and NA when stimulated
(Huang et al., 2008b; 2009).

Early electrophysiological data revealed that capsaicin,
an agonist of transient receptor potential vanilloid 1
(TRPV1) channels, modulates taste nerve responses to
other taste compounds (Wang et al., 1995; Osada et al.,
1997; Roper, 2014). This modulation was interpreted as
being produced indirectly, via stimulation of capsaicin-
sensitive nerve terminals in the lingual epithelium that
release stored neuropeptides [e.g. CGRP and substance
P(SP)] onto taste cells by an axon reflex (Holzer, 1988;
Maggi and Meli, 1988; Wang et al., 1995; Simon et al.,
2003; Sato et al., 2012). Indeed, immunohistochemistry re-
vealed that neuropeptides and TRPV1 coexist in the sen-
sory neurons innervating the circumvallate papillae
(Ishida et al., 2002). Despite these findings, our under-
standing of peptidergic modulation is limited.

SP, an 11 amino acid peptide member of the tachykinin
family (Karagiannides et al., 2008), transmits nociceptive
sensations. SP is produced in chemosensory neurons that
contribute to chemesthesis, the general chemical sensitiv-
ity of mucus membranes in oronasal cavities perceived as
pungency, irritation or heat (Green, 2012; Roper, 2014).
In addition to evoking nociceptive responses to chemical
irritants as part of a common chemical sense, the extensive
innervation of those areas where taste buds are expected to
be present may contribute to specific taste-related chemical
sensitivities (Nagy et al., 1982; Yamasaki et al., 1984;
Montavon et al., 1996; Ishida et al., 2002; Sato et al.,
2012). Several studies of polymodal nociceptors in taste
buds, using electrophysiology (Simons et al., 2003; Talavera
et al., 2005), Ca2+ imaging (Grant, 2012; Huang and Wu,
2015) and psychophysical testing (Simons et al., 2002;
Kapaun and Dando, 2016), support the notion that oral
nociceptive inputs on gustatory transmission may underlie
the ability to modulate the perceived intensity of some
taste qualities.

Here, we used Ca2+ imaging with cellular biosensors to
test whether SP acts on taste cells to alter taste bud output,
that is, ATP secretion. Our findings show that SP can shape
the peripheral taste signals before their transmission across
gustatory fibres.

Methods

Ethical approval
All procedures conducted followed the guidelines of the
National Institute of Health (NIH Office of Animal Care and
Use) and were approved by the Southern Illinois University
Animal Care and Use Committee (Animal Welfare Assurance
Number, A-3078-01). Animal studies are reported in compli-
ance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015).

Experimental animals
We used adult male C57BL/6J (https://www.jax.org/strain/
000664) (n = 51) and GAD67-GFP (https://www.jax.org/strain/
006334) mice (n = 5) obtained from Jackson Laboratory. Ani-
mals (6–8weeks old; averageweight 23–26 g)were fed ad libitum
and housed in a temperature-controlled room (22 ± 1°C) under
artificial illumination (lights on from05:00 to 17:00 h) and 55%
relative humidity.Mice were killed by exposure to CO2 followed
by cervical dislocation. This procedure minimizes distress (NIH
guideline, https://oacu.oir.nih.gov/sites/default/files/uploads/
arac-guidelines/rodent_euthanasia_adult.pdf). Tongues were
then removed for further dissection.

Isolated taste buds and/or taste cells
Dispersed taste buds and taste cells were isolated as described
previously (Huang and Wu, 2015; 2016). Briefly, we injected
an enzyme cocktail containing 1 mg·mL�1 collagenase A
(Roche, Indianapolis, IN, USA), 2.5 mg·mL�1 dispase II
(Roche), 2 mg·mL�1 elastase (Worthington, Lakewood, NJ,
USA) and 1 mg·mL�1 trypsin inhibitor (Sigma, St. Louis,
MO, USA) beneath the epithelium surrounding circumvallate
papillae and removed the lingual epithelium. Isolated taste
buds were collected in glass micropipettes and transferred to
a recording chamber (Warner Instrument, Hamden, CT,
USA) with a glass coverslip base. To isolate single taste cells,
individual taste buds were triturated in the recording
chamber using a glass micropipette.

Ca2+ imaging
Taste cells located in the shallow recording chamber were
loaded with 5 μM Fura 2-AM (Invitrogen, Life Technologies,
USA) following their isolation. During the experiments, taste
buds and taste cells were continuously perfused with Tyrode’s
buffer, composed of the following (in mM): 140 NaCl, 5 KCl,
2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, 10 Na-pyruvate, 5
NaHCO3, pH 7.2, 310–320 Osm. For Ca2+-free Tyrode’s solu-
tion, MgCl2 was substituted for CaCl2. The conventional
Ca2+ imaging recording was carried out using Indec Work-
bench v.6 software (INDEC Biosystem, Mountain View, CA,
USA). Fura 2-loaded cells were excited at 340 and 380 nm,
and emission images were collected at ≥510 nm. The ratio of
F340/F380 was converted to approximate [Ca2+]i as described
by Grynkiewicz et al. (1985). The fluorescence ratios of free
and Ca2+-bound Fura 2 at 340 nM and the fluorescence ratios
of free and Ca2+-bound Fura 2 at 380 nM were determined
using a Fura 2 Calcium Imaging Calibration Kit (Invitrogen,
Life Technologies) (e.g. Huang et al., 2011a). The average
baseline (resting) Ca2+ of taste cells in these experiments
was 160 ± 42 nM (n = 39 cells), which corresponds well with
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values reported previously (Huang et al., 2011a; Huang and
Wu, 2015; 2016). Our criteria for accepting Ca2+ responses
for analysis are described fully in the previous publications
(Huang et al., 2012; Huang andWu, 2015). In brief, responses
were quantified as peak minus baseline [Ca2+] (i.e. Δ[Ca2+]).
We accepted Ca2+ responses only if they could be elicited re-
petitively in the same cell by the same stimulus, and evoked
responses were at least 2× baseline [Ca2+] fluctuation.

Isolated taste buds and taste cells were stimulated by bath-
perfusion of ATP, KCl (50 mM, substituted equimolar for
NaCl), taste mix and SP (up to 100 nM). Stimuli were bath-
applied for 30 s followed by a return to the buffer perfusion
for at least 3–5 min between trials. This perfusion paradigm
allows the stimuli to mix thoroughly within the recording
chamber and to reach a final concentration in the bath
followed by a complete washout. Moreover, this procedure
produced reliable and consistent stimulus-evoked responses
from isolated taste cells, as described in Huang et al. (2009,
2011a) and Huang and Wu (2015, 2016). All experiments
were conducted at room temperature.

Stimuli and solutions
All stimuli and pharmacological agents were made up in
Tyrode’s buffer. Isolated taste buds and taste cells were
stimulated by bath-perfusion of KCl (50 mM, substituted
equimolar for NaCl), taste mix (10 μM cycloheximide,
1 mM sucralose, 0.1 mM SC45647, 1 mM denatonium) and
SP (10 nM). Stimuli were bath-applied for 30 s followed by a
return to buffer perfusion for at least 3–5 min between trials.
This perfusion paradigm allows the stimuli to mix thor-
oughly within the recording chamber followed by a sufficient
washout. Moreover, this procedure produced reliable and
consistent stimulus-evoked responses from isolated taste
cells.

Biosensor cells
GABA biosensors consisted of CHO cells stably expressing
heteromeric GABAB receptors (GABAB1 and GABAB2

receptors) and the G-protein α subunit, Gαqo5 (Huang et al.,
2011a). We also used CHO cells expressing P2X2/P2X3 re-
ceptors (hereafter called ATP biosensors) (Huang et al., 2007;
Huang 2011b). An aliquot of 5 μM Fura 2-loaded biosensor
cells (GABA or ATP) was transferred to the recording chamber
containing isolated taste buds. Immediately after GABA or
ATP biosensors had settled to the bottom of the chamber,
they were probed with a single application of GABA
(100 nM) or ATP (0.3 to 1 μM). Highly sensitive biosensors
were drawn onto a fire-polished glass micropipette to test
transmitter release from taste buds (Figure 5A).

Controls to establish the sensitivity and selectivity of
GABA (Huang et al., 2011a) and ATP biosensors (Huang
et al., 2007) were as described previously. Biosensor cells
alone did not show the Ca2+ mobilization in response to
bath-applied KCl (50 mM) or taste stimuli used in the study
as described previously (Huang et al., 2007; 2011a). Lastly,
we verified that the Ca2+ responses of GABA biosensors were
not affected by the pharmacological agents used in this
study, including SP and RP67580, a neurokinin 1 (NK1)
receptor antagonist, apart from CGP55845, a GABAB

receptor antagonist, which was used to corroborate re-
sponses in biosensor cells generated by GABA receptors.

Importantly, we verified that GABA biosensor cells retained
full receptor agonist sensitivity (and thus Ca2+ responses)
in the presence of RP67580 used in this study (see below
Figure 5B).

Double immunostaining for NK1 receptors,
glutamate–aspartate transporter (GLAST) and
GABA
Isolated taste buds were fixed in 4% paraformaldehyde in PBS
for 10–20 min at 4°C and immunostained following the pro-
cedures as described in Huang and Wu (2015, 2016). GLAST
is exclusively expressed in Type I cells in vallate taste buds
(Lawton et al., 2000; Vandenbeuch et al., 2013; Yoshida
et al., 2015). To localize two different antigens, NK1

receptor/GLAST and/or GABA /GLAST, in isolated taste buds,
a mixture of two primary antibodies generated in two differ-
ent species against different antigens was used. We used rab-
bit anti-NK1 (1:200; catalogue #ATR-001; Alomone Labs,
Jerusalem, Israel) for NK1 receptors (Muñoz et al., 2011),
guinea pig anti-GLAST (1:200; catalogue #AB-2571717; Fron-
tier Institute, Hokkaido, Japan) for Type I cells (Yoshida et al.,
2015) and rabbit anti-GABA (1:1500; catalogue #A2050;
Sigma) for taste cell transmitter (Dvoryanchikov et al., 2011;
Huang et al., 2011a). The immunoreactivity of NK1 receptors
and GABA was determined by incubation with
biotin–conjugated donkey anti-rabbit IgG (1:200; catalogue
#711–065-152; Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA, USA) followed by a tyramide reaction
using a tyramide signal amplification (TSA) kit with Alexa
Fluor 568 (catalogue #T-20934; Molecular Probes, Life
technologies, Eugene, OR, USA). GLAST primary antibody
binding was revealed using a donkey anti-guinea pig
secondary antibody conjugated with Alexa Fluor 488
(1:200; catalogue #706–545-148; Jackson ImmunoResearch
Laboratories Inc.).

Briefly, fixed taste buds were washed with PBS and were
blocked with 10% normal donkey serum for 1 h at room
temperature. Primary antibodies were applied to taste buds
for overnight at room temperature. Thereafter, for
tyramide-based detection, after incubation in the primary
antiserum, the taste buds were washed three times for
10 min each in PBS followed by incubation in a biotin-
conjugated donkey anti-rabbit secondary antibody (1:200)
for 1 h at room temperature. The solutions from a
Vectastain ABC kit (Vector Labs) were applied to the sec-
tions for 1 h at room temperature. After washes in PBS, a
tyramide reaction using a TSA kit with Alexa Fluor 568 (Mo-
lecular Probes, Life technologies) was performed for 15 min.
Double-immunostaining was performed after the tyramide
reaction. Donkey anti-guinea pig secondary antibody
(1:200) was applied to the taste buds for 0.5 h at room tem-
perature. Taste buds were washed in PBS and coverslipped
with ProLong Diamond Antifade Fluoromount (catalogue
#P36961; Invitrogen, Life technologies). Negative controls
were processed with the omission of primary antibodies.
Alternatively, synthesizing NK1 receptor control antigen
(0.1 μg·mg�1; Alomone Labs) and GLAST antigen proteins
(1 μg·mL�1; Frontier Institute) were used in a blocking assay.
In these control studies, neither NK1 receptor, GLAST nor
GABA immunoreactivity was present. Images were obtained
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with an Olympus Optical laser-scanning confocal micro-
scope using Fluoview software.

Alternatively, taste buds, isolated from circumvallate papil-
lae of GAD67-GFP mice, were fixed for 10 min in 4%
paraformaldehyde in 0.01 M PBS (pH 7.2–7.4) and immuno-
stained following the procedures described in Dvoryanchikov
et al. (2011) and Huang et al. (2011a). Taste buds were then
rinsed three times in PBS and incubated with 10% normal goat
serum for 1 h at room temperature. We used rabbit anti-GABA
(1:1500; catalogue #A2050; Sigma) for 60–90 min at room
temperature. Immunoreactivity of GABA was determined by
incubation with Alexa Fluor 568-conjugated goat anti-rabbit
IgG (1:200; catalogue #A-11011; Molecular Probes, Life
Technologies) and then washed again three times in PBS.
Negative controls were processed in parallel in every
experiment with primary antibody omitted. No nonspecific
fluorescence was detected. Images were obtained with an
Olympus Optical laser-scanning confocal microscope using
Fluoview software.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). The experimental procedures or
treatment and data analyses were carried out with randomi-
zation and blinding. In these studies, we performed a mini-
mum of five independent experiments, where individual
data points were based on at least technical duplicates each.
Following acquisition, Ca2+ imaging recordings were viewed
and analysed using Indec Workbench v.6 software (INDEC
Biosystem). Converting ΔCa2+ to approximate [Ca2+]i was
routinely calculated as described by Grynkiewicz et al.
(1985). For statistical analyses, we used non-parametric
methods, including normalization of data, to reduce variabil-
ity of baseline between independent experiments. The one-
way ANOVA and non-parametric analyses were followed by
Tukey’s post hoc tests when F reached significance and
Student’s paired t-tests were applied to determine whether
changes in responses following a given treatment were

Figure 1
SP elicits intracellular Ca2+ transients in taste cells. Taste cells isolated from vallate taste buds were loaded with Fura 2, and their responses to stim-
uli were recorded by Ca2+ imaging. Sequentially, stimuli, such as taste mix (↓, taste), 50 mM KCl (↓, KCl) and 10 nM SP (↓, SP), were applied to the
bath medium in each experiment. (A) Traces show Ca2+ recordings from an SP-responsive taste cell, which did not respond to either taste mix or
KCl depolarization. Immunofluorescence confocal microscopy revealed that SP acts on Type I cells via NK1 receptors (also named SP receptors)
(see Figure 4A). (B) Individual receptor (Type II) cells showing robust taste-evoked responses did not respond to SP. KCl depolarization did not
elicit Ca2+ transients in receptor (Type II) cells. (C) Isolated presynaptic (Type III) cell showed KCl depolarization-elicited Ca2+ responses but ab-
sence of intracellular transients in response to SP. (D) Venn diagrams representing the correlation between SP-responsive taste cells (95 cells
counted from five mice). Specifically, Type I cells and relative proportions of presynaptic (Type III) (4 of 64 cells) and receptor (Type II) (9 of 33
cells) taste cells that responded to SP.
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significant. Data presented in graphs show means ±95%
confidence interval. Significance is set at P < 0.05. GraphPad
Prism (version 6.0, GraphPad Software Inc., San Diego, CA,
USA) was used to perform the statistical analysis of in vitro
experiments and to generate figures.

Materials
Drugs. All stimuli and pharmacological agents were made
in Tyrode’s buffer, and bath-applied. SP, RP67580 and
CGP55845 were obtained from Tocris (Park Ellisville, MO,
USA). ATP, thapsigargin, U73122, bicuculline and
GABA were purchased from Sigma.

Chemicals. The taste mix consisted of two bitter
compounds, cycloheximide (10 μM) and denatonium
(1 mM), as well as two sweet compounds, sucralose (1 mM)
and SC45647 (0.1 mM). All compounds were purchased
from Sigma.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data
from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2018), and are permanently archived in the Concise

Figure 2
SP stimulates its receptors on Type I cells and induces Ca2+ release from intracellular stores. (A) Bath-application of 10 nM SP elicits Ca2+ mobili-
zation in Fura 2-loaded taste cells (↓, SP). RP67580 (0.1 μM), an NK1 receptor antagonist (present throughout the shaded area), reversibly
inhibited SP-induced Ca2+ responses. (B) Summary of SP-elicited Ca2+ responses before, during and after the presence of RP67580, plotted as
in (A). Points represent normalized peak taste cell responses. Blue symbols showmean ± 95% confidence interval (95%CI). *P< 0.05; significantly
different as indicated; repeated measures ANOVA; n= 9 cells from five mice. (C) SP-elicited Ca2+ mobilization in an isolated taste cell was not af-
fected when Ca2+ was eliminated from the bathing solution (0Ca, present throughout the shaded area). These findings indicate that SP-elicited
responses in taste cells were generated by the release of the intracellular Ca2+, consistent with the excitation of GPCRs. (D) Summary of experi-
ments testing sources of SP-elicited Ca2+ mobilization, plotted as in (C). Points indicate normalized peak taste cell responses. Blue symbols show
mean ± 95% CI. ns, not significant; repeated measures ANOVA; n = 8 cells from five mice.
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Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b,c,d,e).

Results

SP mobilizes intracellular Ca2+ responses in
taste cells
We tested whether SP excites taste bud cells to mobilize intra-
cellular Ca2+ transients and which type(s) of taste cells are tar-
gets for the stimulation. Isolated taste cells were loaded with

Fura 2, a Ca2+-sensitive dye, and tested with bath-applied
SP. Stimuli, such as ATP, taste mix, KCl and SP, were applied
sequentially to the bath medium in each experiment. Bath-
applying the lower concentration of SP, for example, 10 nM
induced robust Ca2+ responses in a subset of taste cells
(Figure 1A). Approximately 19% of isolated live taste cells
(95 of 525) exhibited Ca2+ responses when stimulated with
10 nM SP. Taste cells were identified as Type II (receptor) or
Type III (presynaptic) cells based on their responses to taste
mix or KCl depolarization respectively (Figures 1B, C)
(DeFazio et al., 2006; Huang et al., 2007; Vandenbeuch et al.,
2010; Huang and Wu, 2015). We reasoned, however, that if

Figure 3
Intracellular Ca2+ release in Type I cells is via a PLC-mediated pathway. (A) Bath-application of 10 nM SP elicits Ca2+ mobilization in the taste cell (↓,
SP). Treating Type I cells with thapsigargin (1 μM), a SERCA inhibitor (present throughout the shaded area), irreversibly reduced Ca2+ responses
evoked by SP, consistent with Ca2+ store release mechanisms for this stimulus. (B) Summary of SP-elicited Ca2+ responses before, during and after
the incubation of thapsigargin, plotted as in (A). Points represent normalized peak taste cell responses. Blue symbols show mean ± 95% confi-
dence interval (95% CI). *P < 0.05; significantly different as indicated; repeated measures ANOVA; n = 8 cells from five mice. (C) SP (10 nM)-elic-
ited Ca2+ mobilization in an isolated Type I cell was blocked when U73122 (10 μM) (present throughout the shaded area) was present in the
bathing solution. Consistent with the blockage of the PLC-mediated cascade, these findings indicate that SP-elicited responses in Type I cells were
due to Ca2+ release from intracellular stores. (D) Summary of SP-elicited Ca2+ responses before, during and after the incubation of U73122, plot-
ted as in (C). Points represent normalized peak taste cell responses. Blue symbols show mean ± 95% CI. *P < 0.05; significantly different as indi-
cated; repeated measures ANOVA; n = 7 cells from five mice.
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the Type I taste cells were responsible for SP excitation, one
might not necessarily observe significant taste- and KCl-
evoked Ca2+ oscillations. Unexpectedly, two independent
subpopulations, 9 and 4% of SP-responsive taste cells, also
showed Ca2+ transients in response to taste mix (9 of 95)
and 50 mM KCl (4 of 95) respectively. Nevertheless, our re-
sults suggest that SP acts on taste bud cells via the SP receptor,
that is, the NK1 receptor, most likely on Type I cells, but also
possibly on other types of taste cells, including Type II and
Type III cells. Using the double-immunostaining technique
that evaluates Ca2+ imaging data, we refined these findings
to examine whether Type I cells express NK1 receptors (as in-
deed the case, shown below). Figure 1D depicts the summary

of these series of experiments and shows the relative propor-
tions of taste cells that respond to SP.

SP causes Ca2+ transients through release from
internal stores
RP67580, an NK1 receptor antagonist, significantly and re-
versibly reduced Ca2+ responses elicited by SP (10 nM), cor-
roborating that the Ca2+ signals were caused by activation
of NK1 receptors, also known SP receptors (Figures 2A, B). Be-
cause the intracellular Ca2+ transients in taste cells initiate
from two different sources, influx from the extracellular
Ca2+ and/or release from internal Ca2+ stores, we conducted

Figure 4
Type I taste cells express NK1 receptors and synthesize GABA. Nomarski optics images showing the view of individually isolated taste buds were
merged with immunofluorescent confocal micrographs for these micrographs. (A) Double-immunostaining of NK1 receptors (NK1; red) and
GLAST, a marker of Type I cells (green), was performed on isolated and fixed taste buds. Several taste cells exhibit double labelling, suggesting
that Type I cells express NK1 receptors (arrowheads). In addition to those obtaining double immunoreactivities, NK1-immunoreactive taste cells
without GLAST immunoreactivity were also revealed (arrow). The optical thicknesses (z-stack) of confocal images are 12 μm. Bar = 20 μm. (B)
GABA immunostaining of an isolated and fixed taste bud from a GAD67-GFP mouse. Many GABA immunoreactive taste cells express GFP (arrow-
heads), but some do not. This latter category may be Type I cells (arrows), which express GAD65, a GABA synthetic enzyme (Dvoryanchikov et al.,
2011). Bar = 20 μm. (C) Double-immunostaining of GABA (red) and GLAST (green) on isolated and fixed taste buds. GABA immunoreactivity is in
cells that express GLAST (arrowheads). In addition to those obtaining double immunoreactivities, Presynaptic (Type III) cells, GABA-immunoreac-
tive taste cells without GLAST immunoreactivity, were also observed (arrows). The optical thicknesses (z-stack) of confocal images are 15 μm.
Bar = 20 μm.
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a series of experiments to examine the source of Ca2+ re-
sponses during the stimulation. First, we stimulated taste
cells with SP in the absence of extracellular Ca2+. Taste cells
showed robust Ca2+ transients in response to SP when Ca2+

in themediumwas replaced withMg2+ (0 Ca), suggesting that
SP-elicited Ca2+ responses were caused by the release from in-
ternal Ca2+ stores (Figures 2C, D). The endoplasmic reticulum
is a major intracellular organelle involved in the internal Ca2+

storage. Thus, we explored whether thapsigargin, a
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
inhibitor which depletes intracellular Ca2+ stores, abolished
Ca2+ transients in the SP stimulated taste cells. As we
expected, thapsigargin (1 μM, 5–10 min) significantly and ir-
reversibly reduced SP-elicited Ca2+ responses (Figures 3A, B).
The PLC signalling cascade plays a crucial role in releasing
the intracellular calcium from internal stores into the cytosol
of taste cells (Huang et al., 2005; 2011b; Simon et al., 2006).

We tested the effects of U73122, a broad-spectrum PLC
blocker, on SP-elicited Ca2+ responses. Ca2+ imaging revealed
that pretreating individual taste cells with U73122 (10 μM)
significantly and irreversibly reduced SP-elicited Ca2+ re-
sponses (Figures 3C, D). These results unambiguously indi-
cated that the SP-elicited Ca2+ transients were involved in
the PLC-mediated cascade. This clearly differs from the frank
Ca2+ influx stimulated by KCl depolarization described in
previous studies (Huang et al., 2007; 2009; 2012;
Vandenbeuch et al., 2010; Huang and Wu, 2015). Collec-
tively, these findings indicated that SP activates NK1 receptors
and subsequently elicits PLC/IP3-mediated Ca2+ release from
intracellular stores.

Type I cells express NK1 receptors
We used immunofluorescent confocal microscopy to investi-
gate the expression of NK1 receptors on taste bud cells.

Figure 5
SP elicits GABA secretion from taste buds. CHO/GABAB cells (hereafter called GABA biosensors) were positioned against isolated taste buds to mea-
sure SP-elicited transmitter release. (A) Micrograph of a biosensor cell abutted against an isolated taste bud in a living preparation. A Nomarski
optics image and a fluorescence microscopy image were merged. (B) Sequential Ca2+ mobilization in CHO/GABAB cells was elicited by repeated
applications of 100 nM GABA (↓, GABA) but not by depolarization with 50 mM KCl (↓, KCl), taste mix (↓, taste), SP (up to 100 nM) (↓, SP) or
100 nM RP67580 (↓, RP). Trace shows mean ± SEM (grey areas) of Ca2+ responses from GABA biosensor cells. Importantly, GABA biosensor cells
(13 cells) retain robust Ca2+ responses to GABA in the presence of RP67580 (↓, GABA + RP). ns, not significant. (C) Traces showed robust responses
from the biosensor cell positioned against a taste bud stimulated with 10 nM SP. RP67580 (0.1 μM) (present throughout the shaded area) revers-
ibly reduced the biosensor responses evoked by stimulating taste buds repeatedly with SP. These results are consistent with SP evoked GABA re-
lease from taste buds. (D) Summary of SP-elicited GABA secretion before, during and after the incubation of RP67580, plotted as in (C). Points
represent normalized peak biosensor cell responses. Blue symbols show mean ± 95% confidence interval. *P < 0.05; significantly different as in-
dicated; repeated measures ANOVA; n = 10 cells recorded in 10 experiments from nine mice.
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Several laboratories have shown previously that GLAST is
expressed only in Type I taste cells and thus a marker for Type
I cells (Lawton et al., 2000; Vandenbeuch et al., 2013; Yoshida
et al., 2015). To verify the expression of NK1 receptors on
Type I taste cells, we double-immunostained isolated and
fixed vallate taste buds with antibodies directed against NK1

receptors and GLAST. As shown in Figure 4A, NK1-immunore-
active taste cells were also immunostained with GLAST, in-
dicating that these are Type I taste cells express NK1

receptors. Some NK1-immunoreactive taste cells lack GLAST

immunoreactivity, suggesting that other types of taste cells
may express NK1 receptors as well. In this study, no specific
immunoreactivity in taste cells was observed in these con-
trols with the omission of primary antibodies. Neverthe-
less, confirmation that Type I cells prominently express
NK1 receptors is in good correspondence with the finding
of Type I cells that showed Ca2+ transients in response to
SP in the Ca2+ imaging studies. Next, we refined these find-
ings to examine whether SP elicits transmitter secretion
from mouse vallate taste buds.

Figure 6
Stimulating taste buds with SP evokes GABA release. (A) Traces show robust responses from a biosensor positioned against a taste bud when the
taste bud was stimulated with 10 nM SP (↓, SP). CGP55845 (10 μM), a GABAB receptor antagonist (present throughout the shaded area), revers-
ibly abolished SP-evoked biosensor responses. Withdrawing the biosensor from the taste bud eliminated all responses to SP (data not shown). (B)
Summary of SP-elicited GABA secretion before, during and after the incubation of CGP55845, plotted as in (C). Points represent normalized peak
biosensor cell responses. Blue symbols show mean ± 95% confidence interval (95% CI). *P < 0.05; significantly different as indicated;
repeated measures ANOVA; n = 6 cells recorded in six experiments from six mice. (C) In separate experiments, traces represent robust
responses from the biosensor cell positioned against a taste bud when the taste bud was depolarized by 50 mM KCl (↓, KCl), that is, GABA
secretion from presynaptic (Type III) cells. RP67580 in the bath medium (present throughout the shaded area) did not affect Ca2+ mobili-
zation in the biosensor in response to KCl, consistent with the finding that RP67580 only blocked SP-elicited GABA secretion from Type I
cells. (D) Summary of KCl-elicited GABA secretion before, during and after the incubation of RP67580, plotted as in (C). Points represent
normalized peak biosensor cell responses. Blue symbols show mean ± 95% CI. ns, not significant; repeated measures ANOVA.; n = 5 cells
recorded in five experiments from five mice.

Peptidergic inhibition in taste buds BJP

British Journal of Pharmacology (2018) 175 1039–1053 1047



Type I cells synthesize GABA
In GAD67-GFP mice, GFP is detected in about 75% of Type III
cells of taste buds (Tomchik et al., 2007; Dvoryanchikov et al.,
2011). GABA-immunoreactive taste cells were either GAD65
expressing (i.e. Type I) or GAD67 expressing (i.e. Type III)
(Dvoryanchikov et al., 2011; Huang et al., 2011a). In the pres-
ent study, we observed GABA immunofluorescence in iso-
lated taste buds in which Type III cells were marked with

GFP and determined that some GABA immunoreactive cells
lacked GFP, indicating these cells were most likely Type I cells
(Figure 4B). To test the underlying assumption, we immuno-
stained isolated and fixed vallate taste buds with antibodies
directed against GABA and GLAST. As shown in Figure 4C,
GABA-immunoreactive taste cells were also immunostained
with GLAST, indicating that these are Type I taste cells syn-
thesizing GABA.

Figure 7
SP inhibits taste-evoked ATP secretion from taste buds. CHO/ATPP2X2/P2X3 cells (hereafter called ATP biosensors) were used to monitor taste-
evoked ATP secretion from isolated taste buds. The extracellular GABA inhibits taste-evoked ATP secretion from receptor (Type II) cells
(Dvoryanchikov et al., 2011). We tested whether SP-elicited GABA secretion from Type I cells depresses taste-evoked ATP secretion. Whole
taste buds were isolated from mouse vallate papillae to retain cell-to-cell communication between receptor (Type II) and Type I cells. Traces
show robust responses from the biosensor positioned against an isolated taste bud when the taste bud was stimulated by sweet stimuli [A
(↓, sweet)] or bitter stimuli [C (↓, bitter)], indicating ATP secretion from the taste bud. SP (10 nM) (↓, SP) itself did not evoke ATP secretion
from taste buds. Taste-evoked ATP secretion was moderately reduced by adding 10 nM SP with taste stimuli [A (↓, sweet+SP); C (↓, bitter
+SP)]. Restoration of ATP secretion was observed by adding 10 μM bicuculline and 10 μM CGP55845, GABAA and GABAB receptor antag-
onists (‘bic + CGP’, present throughout the shaded area), to the bath. As expected, blocking GABA receptors restored SP-inhibited ATP se-
cretion, suggesting that SP plays as an inhibitory transmitter via the GABAergic signalling in taste buds. (B, D) Summary of SP inhibited
sweet- or bitter-evoked ATP secretion before and during the presence of ‘bic + CGP’ in the bath medium, plotted as in (A) and (C) respec-
tively. Points represent normalized peak taste cell responses. Blue symbols show mean ± 95% confidence interval. *P < 0.05; significantly
different as indicated; repeated measures ANOVA. (B) n = 6 cells recorded in six experiments from six mice; (D) n = 6 cells recorded in
six experiments from six mice.
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SP triggers GABA release from taste buds
We investigated whether transmitter release from SP-
stimulated taste buds is possible. Using Ca2+ imaging with
GABA biosensor cells (Figure 5A), we tested whether SP
evokes taste buds to release GABA. Parenthetically, in the ab-
sence of taste buds, GABA biosensor cells do not respond ei-
ther to depolarization with bath-applied KCl (50 mM;
substituted for NaCl) or to bath-applied SP (up to 100 nM) ex-
cept GABA (100 nM). GABA biosensor cells maintained their
responses to bath-applied GABA when Ca2+ in the medium
was replaced with Mg2+. This is consistent with the coupling
of GABAB receptors and the G-protein α subunit, Gαqo5, to in-
tracellular Ca2+ release mechanisms (Huang et al., 2011a).
GABA biosensor cells retained full receptor agonist sensitivity
in the presence of RP67580, an NK1 receptor antagonist
(Figure 5B).

Subsequently, we isolated taste buds from vallate papillae
of the mouse tongue. GABA cells could be observed by immu-
nostaining taste buds isolated for recording, verifying that
their GABA content was maintained throughout the isolation
procedure (see Figure 4B, C). As shown in Figure 5C, we
attempted to detect GABA secretion upon SP stimulation
each time after the release site was located (i.e. GABA biosen-
sors abutted against taste buds showed Ca2+ transients while

being stimulated). Figure 5C also showed that 10 nM SP was
sufficient to trigger GABA secretion from taste buds. To verify
that SP activated its cognate receptors on taste cells and sub-
sequently elicited transmitter release, and thus GABA, we ap-
plied the selective NK1 receptor antagonist, RP67580
(100 nM) in the bath solution, and retested with SP.
RP67580 significantly and reversibly blocked SP-elicited
biosensor responses (Figures 5C, D), indicating that the
activation of NK1 receptors elicited GABA secretion.

In separate experiments, biosensor responses to SP were re-
versibly blocked by 10 μMCGP55845, a GABAB receptor antag-
onist (Figures 6A, B). Because NK1 receptors are targets of SP and
because CGP55845 specifically blocks Ca2+ responses in GABA
biosensors, as described in Huang et al. (2011a), these observa-
tions corroborated that the biosensor cell was detecting SP-
evoked GABA secretion from taste buds. To date, we have ob-
tained successful biosensor recordings from 20 of 99 taste buds
when testing SP stimulation. The success rate of measuring
GABA release in these experimentswas 20%, in good correspon-
dence with the value described above that a limited number of
individual Type I cells responded to SP. Lastly, we testedwhether
RP67580 reduced the GABA secretion from Type III cells, that is,
KCl-elicited GABA secretion. We detected no reduction of
biosensor responses in the presence of RP67580 in the bath

Figure 8
Schematic drawing shows the postulated scenario of SP, a putative efferent transmitter, in taste buds. Three distinct types of taste cells are shown,
Type I (I), Type II (receptor) (II) and Type III (presynaptic) (III) cells. During sweet or bitter taste stimulation, ATP activates gustatory afferent fibres
that propagate taste signals (small arrows) centrally (Finger et al., 2005; Huang et al., 2007; Jaber et al., 2014; Vandenbeuch et al., 2015).
Chemesthetic stimuli activate sensory afferent fibres that propagate signals centrally (double-headed arrows) and release SP and/or CGRP (orange
curved arrows). The activation of the CGRP receptors triggers presynaptic (Type III) cells to elevate intracellular Ca2+ transients and to secrete 5-
HT, which inhibits ATP release from receptor (Type II) cells via serotonergic signalling pathways (black symbol) (Huang andWu, 2015). Moreover,
in the present study, the activation of NK1 receptors (NK1) triggers Type I cells to elevate intracellular Ca2+ transients and to secrete GABA, which
reduces taste-evoked ATP secretion through GABAergic signalling pathways. Collectively, combined with recent findings that CGRP suppresses
taste signal transmission, an interpretation of the peptidergic actions within taste buds is that it appears to be an important chemesthetic regu-
lation of gustatory signal transmission, as theoretically it may relate to the processing of the gustatory information.
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medium (Figures 6C, D). Collectively, these observations were
fully consistent with the conclusion that SP triggered the secre-
tion of GABA via the NK1 receptor, most likely on Type I cells,
but also possibly on Type III cells.

SP-induced GABA secretion inhibits ATP
signalling in taste buds
Finally, we examined the role of SP during taste stimulation in
whole taste buds where cell-to-cell communication remains
intact. We hypothesize that GABA evoked by SP mediates in-
hibitory interactions within the taste bud during gustatory
stimulation. Previous studies showed that taste stimulation
elicits ATP release from intact taste buds isolated from lingual
epithelium (Huang et al., 2007; 2011b; Murata et al., 2010;
Dvoryanchikov et al., 2011; Huang and Wu, 2015; 2016).
ATP is believed to be an important excitatory transmitter be-
tween taste buds and gustatory sensory afferent fibres (Finger
et al., 2005; Huang et al., 2011b; Vandenbeuch et al., 2015).
Additionally, GABA released from Type III cells provides the
negative paracrine feedback onto Type II cells by activating
GABAA as well as GABAB receptors and reducing
taste-evoked ATP secretion in taste buds (Dvoryanchikov
et al., 2011; Huang et al., 2011a). We therefore measured
taste-evoked ATP secretion from intact taste buds using ATP
biosensors (Huang et al., 2007) and tested whether SP-
induced GABAergic transmission alters taste-evoked ATP se-
cretion, as follows:

Taste stimulation→Receptor Type IIð Þ cells→ATP secretion→Afferent sensory fibers

┬?

SP stimulation→Type I cells→GABA secretion from GAD 65ð Þ

If so, this would provide proof that SP decreases gusta-
tory responses in taste buds. Suramin, a broad-spectrum P2
receptor antagonist, was used to verify the responses in
ATP biosensor cells that were generated by activation of
the P2X receptors expressed on biosensors (Huang et al.,
2007; Huang and Wu, 2015). The success rate of measuring
taste-evoked ATP secretion in these experiments was 12%
(18 out of 147), corresponding with rates found in previous
studies (Huang et al., 2007; Huang and Wu, 2015). Figure 7
showed that 10 nM SP itself did not evoke ATP secretion
from taste buds. Sweet/bitter-evoked ATP secretion was sig-
nificantly reduced when SP (10 nM) was added to the sweet
or bitter taste stimuli (arrows, sweet+SP or bitter+SP in
Figure 7A, C, respectively), consistent with SP-evoked
GABAergic inhibition. Repeating sweet/bitter plus SP stimu-
lation in the presence of CGP55845 and bicuculline restored
taste-evoked ATP secretion. This is consistent with SP-
evoked GABA secretion contributing to depressed ATP out-
put during taste stimulation. Our findings suggest that
GABA indirectly mediated the inhibitory actions of SP on
taste-evoked ATP secretion.

Discussion and conclusions
Our results document that (i) SP leads to Ca2+ release from in-
ternal stores via the activation of the PLC signalling cascade;
(ii) a prominent action of SP is to evoke GABA release from

Type I cells by acting on NK1 receptors expressed on these
cells; and (iii) the net effect of SP stimulation alters taste-
evoked ATP secretion from taste buds.

Possible sources of SP
Previous studies indicated that lingual epithelia are rich in
SP (Nagy et al., 1982; Nishimoto et al., 1982; Yamasaki
et al., 1984; Astbäck et al., 1997; Ishida et al., 2002) as well
as CGRP (Astbäck et al., 1997; Ishida et al., 2002; Huang
and Wu, 2015) containing nerve fibres, especially in those
areas where taste buds can be expected. The most likely
source of peptidergic fibres in taste buds is as polymodal
nociceptors, many of which express both SP and CGRP
(Ishida et al., 2002). These sensory fibres mostly express
TRPV1 receptors for chemesthetic activators such as capsa-
icin and a variety of other strong oral irritants (Osada
et al., 1997; Ishida et al., 2002; Roper, 2014). Much evi-
dence is now available that sensory neurons, which are ex-
cited by the environmental stimuli, can release stored
transmitters via their terminals in the lingual epithelium
(Maggi and Meli, 1988; Wang et al., 1995; Ishida et al.,
2002; Simon et al., 2003; Sato et al., 2012). We anticipated
that peptides may be released from peripheral axon termi-
nals onto taste cells (Nagai et al., 1996; Finger and Simon,
2002; Simon et al., 2003; Sato et al., 2012). Their actions
on the modulation of taste transmission have been studied
recently. Specifically, our previous study showed that the
action of CGRP on taste bud cells implies an inhibitory
role in taste sensitivity (Huang and Wu, 2015). In the pres-
ent study, our current findings indicated that SP modulates
the signal output from taste buds.

SP-evoked Ca2+ responses are associated with
the PLC signalling cascade
Tissue-specific signalling events are associated with the spe-
cific intracellular coupling and receptor phenotypes for the
SP receptors, because SP operates via NK1 receptors (Douglas
and Leeman, 2011; Diandong et al., 2014). Activating NK1 re-
ceptors triggers Gαs-mediated activation of AC, with a subse-
quent increase in cAMP (Diandong et al., 2014).
Alternatively, NK1 receptors can couple to Gαq-mediated
PLC, an enzyme responsible for the IP3-induced Ca2+ release
from intracellular stores as a second messenger (Miyano
et al., 2010; Douglas and Leeman, 2011). Nevertheless, our
Ca2+ imaging and immunostaining data revealed that Type
I cells in vallate taste papillae express functional NK1 recep-
tors. Our results are consistent with those of the previous
work, which stated that the predominant secondary mes-
senger system in Type I cells is represented by PLC (Grant,
2012). Type II and/or Type III cells may also express NK1

receptors because some taste cells showing NK1 immunore-
activity do not express GLAST. It remains to be seen
whether providing this staining pattern by immunostain-
ing the corresponding cell marker makes sense of that
overlapping with NK1 receptors.

Previous studies have shown that there are two classes
of taste bud cells directly involved in gustatory signalling.
Type II cells detect and transduce sweet, bitter and umami
compounds, and Type III cells respond directly to sour
taste stimuli (Tomchik et al., 2007; Huang et al., 2008b).
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Although Type II and/or Type II cells only rarely respond
to SP, the possibility that SP has a role in taste modalities
cannot be ruled out. Intriguingly, Grant (2012) reported
that activation of NK1 receptors could have an additive ef-
fect on umami responses in Type II cells, suggesting a pos-
sible mechanism by which SP-mediated enhancement of
taste may occur. Our data indicated that SP acts specifically
on Type I cells, not globally on the taste bud. It is likely
that peptidergic efferent input acts directly and promi-
nently on paracrine transmission within taste buds, which
has the potential to shape the final signals that taste buds
transmit to the brain (see below).

SP shapes the signal output that taste buds
transmit to the brain
Previous studies, using single cell RT-PCR and immunofluo-
rescence confocal microscopy, showed the distinct expres-
sion patterns of GABA synthetic enzymes in mouse vallate
taste buds. For example, Type III cells express GAD67 and
Type I cells express GAD65 (DeFazio et al., 2006; Starostik
et al., 2010; Dvoryanchikov et al., 2011). Sour taste stimula-
tion and KCl depolarization cause Type III taste bud cells to
secrete GABA (Huang et al., 2011a). Recent studies reported
that Type I cells may transduce the salt (Na+) taste
(Vandenbeuch et al., 2008; Roper, 2015). We have no infor-
mation on whether Type I cells contribute to the GABAergic
transmission in taste buds during salt stimulation, but the
unique feature of SP is that it appears to primarily affect Type
I cells and to elicit the secretion of a signalling molecule,
namely, GABA. Parenthetically, Vandenbeuch et al. (2008) re-
ported that Type I cells lack voltage-gated Ca2+ currents. In
contrast to the requirement for Ca2+ influx for GABA secre-
tion in Type III cells (Huang et al., 2011a), GABA secretion
from Type I cells may be associated with the intracellular dis-
tribution of the Ca2+ responses to SP, which blocks Ca2+-acti-
vated K+ channels leading to membrane depolarization, as is
the case in airway smooth muscles (Deshpande et al., 2010).
The effective mechanism for such secretion remains to be
determined.

ATP is now widely acknowledged as the main gustatory
transmitter within taste buds, acting on P2X receptors on af-
ferent nerve fibre terminals (Bo et al., 1999; Finger et al., 2005;
Huang et al., 2011b; Vandenbeuch et al., 2015). The com-
bined actions of membrane depolarization, mediated by
TRPM5, concurrent with an increased intracellular Ca2+ re-
lease from stores, mediated by a PLCß2-IP3-signalling
cascade, are required to trigger ATP release from Type II cells
(Pérez et al., 2002; Huang et al., 2005; Huang and Roper,
2010; Kinnamon, 2011). Type I cells themselves synthesize
GABA, and thus, one might speculate that GABA released
from Type I cells might also exert paracrine inhibitory feed-
back within taste buds. GABAergic inhibition in taste buds
has been documented showing that GABA stabilizes or even
hyperpolarizes taste bud cells (Cao et al., 2009) and reduces
taste-evoked ATP secretion from Type II cells by acting on
GABAA and GABAB receptors expressed by these cells
(Dvoryanchikov et al., 2011). We found that SP reduced sweet
and/or bitter stimuli-evoked ATP secretion from whole taste
buds, which maintain intact cell-to-cell communication.
Our data indicated SP-elicited GABA secretion, which

inhibits taste-evoked ATP secretion from Type II cells. The
significance of such inhibition in the intact system supports
the notion that chemesthesis-induced GABAergic inhibition
is used in shaping responses to sweet and/or bitter qualities
per se.

In summary, our results are consistent with a role for SP as
an inhibitory transmitter that shapes taste signals via
GABAergic signalling during the processing of gustatory in-
formation in taste buds. Collectively, combined with recent
findings that CGRP depresses taste signals via serotonergic
signalling (Huang and Wu, 2015), an interpretation of the
peptidergic actions within taste buds is that it appears to be
an important chemesthetic regulation of gustatory signal
transmission, as theoretically it may relate to the processing
of the gustatory information. Figure 8 summarizes this postu-
lated scenario in the schematic taste bud.
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