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I N T R O D U C T I O N

Taste buds are peripheral sensory organs that respond to a wide variety of sapid
chemicals. Mammalian taste cells are classified into four categories on the basis of
their cytological and ultrastructural features: Type I, II, III, and basal cells (reviewed
by Roper 1989). Basal cells are progenitor cells that restock the taste bud during its
normal course of cell turnover. Type I cells are believed to be supporting cells. Type
III cells form ultrastructurally recognizable synapses with primary afferent sensory
nerve processes (25) and are considered by many investigators to generate a final
output signal from gustatory end organs. Importantly, it is just now being recogni-
zed that Type II cells are likely to be the initial sensory receptor cells. This realiza-
tion stems from recent observations that the molecular machinery for taste tran-
sduction, including G protein-coupled taste receptors (GPCRs) and downstream
effectors are expressed only in Type II cells (5, 1, 41, 42). Although sensory afferent
fibers come into close contact with Type II cells, there are no classical ultrastructu-
ral specializations indicating the presence of synapses (8). This raises the conun-
drum that chemosensory transduction takes place in one type of cell (Type II) but
output signals from taste buds appear to arise from another cell type (Type III). If
this is the case, cell-cell signaling must occur within the peripheral sensory organs
of taste.

Chemical synapses and gap junctions between taste cells have been identified and
might be routes for cell-cell signaling (40, 32, 4), but little is known about these can-
didates for signal coupling. One possibility is that groups of 2 to 5 taste cells are uni-
ted into a “gustatory processing unit” by gap junctions (40, 43). Cells within the pro-
cessing unit might share electrical signals and/or second messengers such as IP3 via
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the gap junctions. Paracrine secretion of norepinephrine, glutamate, serotonin, CCK,
VIP, and other transmitters within the taste bud may be another route of cell-cell
signaling (16, 12, 7, 19, 20, 23). Lastly, taste cells conceivably communicate direc-
tly with each other and with closely apposed sensory afferent fibers via novel
mechanisms not involving conventional synapses.

Thus, there are 3 possible routes for cell-cell interactions within taste buds: (a) inte-
ractions via paracrine secretions, (b) transmission via conventional synapses, and (c)
communication via gap junctions. If these cell-cell interactions take place, identifying
the transmitters will be paramount to sorting out the synaptic logic of signal proces-
sing in taste buds. Candidates for paracrine secretions and synaptic neurotransmitters
in taste buds have been proposed, including norepinephrine, acetylcholine, ATP, glu-
tamate, and peptides (reviewed by Nagai et al. 1996; Yamamoto et al. 1998; Herness
et al. 2004). However, to date, serotonin (5-hydroxytryptamine; 5HT) has been one
of the best studied candidates, although whether it is a paracrine secretion, a conven-
tional synaptic neurotransmitter, or both is not yet clear. 5HT has been identified with
HPLC in mammalian taste tissues (44). Histochemical and immunocytochemical
techniques have demonstrated that 5HT is present in a subset of type III taste cells in
circumvallate and foliate papillae of mouse, rat, rabbit, and monkey (13, 24, 26, 37,
42) and in basal-like Merkel cells in amphibian taste buds (34, 38, 9). By using auto-
radiographic techniques with H3-labelled 5HT and exploiting the large taste cells in
Necturus taste buds, researchers demonstrated that certain taste cells selectively take
up 5HT and release it in a Ca2+-dependent manner when depolarized (27). Ren et al.
(1999) reported that the Na-dependent 5HT transporter, SET, was expressed in rat
taste cells. These workers suggested that the actions of 5HT, released from one cell
and acting on other cells within the taste bud, was terminated by this transporter.
Early reports with patch clamp recordings indicated that bath-applied 5HT modula-
tes Ca2+ currents in amphibian taste cells: Ca2+ current in some cells was up-regula-
ted and in other cells it was down-regulated (9). These actions were believed to be
mediated by 5HT1a-like receptors. Later studies by Herness and his colleagues, also
using patch clamp electrophysiology, showed that 5HT decreased K+ and Na+ cur-
rents in mammalian taste cells (17). Ewald and Roper (1994) impaled adjacent taste
cells in the large taste buds of Necturus and found that depolarizing one cell led to a
hyperpolarization in a subset of adjacent cells. This hyperpolarization was mimicked
by bath-applying 5HT. Finally, RT-PCR and immunostaining have indicated that
mammalian taste buds express certain subtypes of 5HT receptors, with 5HT1a recep-
tors occurring on cells within taste buds and 5HT3 receptors on nerve fibers innerva-
ting taste buds (23).

Taken collectively, the above findings suggest the following scenario: in respon-
se to gustatory stimulation, (a) certain taste cells secrete 5HT onto adjacent taste
cells (paracrine secretion) to modulate surrounding taste cell activity via metabo-
tropic receptors (5HT1a); (b) taste cells (specifically, serotonergic Type III) also
release 5HT onto primary afferent fibers to excite them via ionotropic (5HT3) recep-
tors (synaptic transmission). A crucial missing link in this scenario is whether 5HT
is released during gustatory stimulation. This link is the focus of our findings.
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Namely, we have used 5HT-sensitive biosensor cells to unambiguously identify
serotonin as one of the transmitters released from mouse taste bud cells during taste
transduction. These data are published in full in Huang et al. (21).

M AT E R I A L A N D  M E T H O D S

Biosensor cells
CHO cells expressing 5HT2c receptors (2) were seeded into 35 mm diameter culture dishes. To

produce biosensors, cells were suspended in Hanks Buffered Saline Solution (HBSS) containing
0.125% trypsin and collected in a 15 ml centrifuge tube after terminating the reaction with 2% fetal
bovine serum (FBS). Dispersed CHO cells were loaded with 4 µM Fura-2 acetoxymethyl ester
(Fura-2AM) for 1 hr at room temperature. An aliquot of Fura-loaded cells was transferred to a
recording chamber and viewed with an Olympus IX70 inverted microscope to test their responses
to bath-applied 5HT, KCl, cycloheximide, acetic acid, and saccharin. Sequential fluorescence
microscopic images were recorded with a long pass emission filter (≥ 510 nm) with the cells exci-
ted at 340 followed by 380 nm, and the ratios calculated with Indec Workbench v5 software. Data
shown are these ratios, labeled F340/F380 in the figures.

Isolated taste buds
We removed the lingual epithelium containing taste papillae from the tongues of adult

C57BL/6J female mice by injecting a cocktail of 1 mg/ml collagenase A (Roche), 2.5 mg/ml dispa-
se II (Roche), and 1 mg/ml trypsin inhibitor (Sigma) directly under the epithelium surrounding
taste papillae. The peeled epithelium was bathed in Ca-free solution 30 minutes at room tempera-
ture and isolated taste buds were drawn into fire-polished glass micropipettes with gentle suction.
Taste buds were transferred to a shallow recording chamber having a glass coverslip base. The
coverslip was coated with Cell-Tak (BD Biosciences) to hold the taste buds firmly in place. Taste
buds were perfused with Tyrode solution (in mM; 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES,
10 glucose, 10 Na-pyruvate, 5 NaHCO3, pH7.4, 310-320 Osm).

Stimulation
Taste buds were stimulated by bath-perfusion of KCl (50 mM substituted equimolar for NaCl);

cycloheximide (10-100 µM); sodium saccharin (2-20 mM), aspartame (1-10 mM), and acetic acid
(8 mM). All stimuli were made up in Tyrode solution and applied at pH 7.2 except for acetic acid
(pH 5).

Immunohistochemistry
Isolated taste buds were fixed for 10 minutes in 4% paraformaldehyde in phosphate buffered

saline (PBS). Taste buds were then rinsed 3 times in PBS and incubated for 2 hours in PBS con-
taining 0.3% triton X-100, 2% normal donkey serum, and 2% bovine serum albumin. Taste buds
were incubated with rabbit polyclonal anti-serotonin antibodies (1:1000, Sigma catalog #S5545)
for 60 to 90 minutes at room temperature. Thereafter, taste buds were washed 3 times in PBS, incu-
bated for 1 hour in Alexa Fluor 594-conjugated donkey anti-rabbit secondary antibodies (1:500;
Molecular Probes), and then washed again 3 times in PBS.

R E S U LT S

We used CHO-K1 cells stably expressing 5HT2c receptors (2) to produce biosen-
sors for detecting the release of serotonin from stimulated taste buds. We suspended
these “CHO/5HT2c cells” in buffer and loaded them with the Ca2+-sensitive dye,
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Fura 2, to detect intracellular Ca2+ transients. Bath-applied 5HT rapidly increased
intracellular Ca2+. The threshold for activation was ~ 3 nM and the EC50 was ~ 9
nM (Fig. 1). These cells became our biosensors to explore 5HT release from taste
buds.

CHO cells express endogenous purinoceptors and muscarinic acetylcholine
receptors which, in principle, might confound the origin of responses generated in
CHO/5HT2c cells. The purinoceptors, but not the muscarinic receptors, are coupled
to Ca2+ signaling. Accordingly, fura-loaded CHO cells increased [Ca2+]i in response
to ATP but not to ACh (up to 1 mM). To distinguish purinergic from serotonergic
responses in CHO/5HT2c biosensors, we used a selective 5HT2c antagonist, mian-
serin. Ca2+ elevations in responses to 5HT were reversibly and reliably blocked by
10 nM mianserin but ATP responses were unaffected. Thus, even though CHO cells
express endogenous receptors, the specific transmitter involved can be determined
by applying selective antagonists.

Although CHO/5HT2c cells responded to serotonin, they did not respond to depo-
larization with bath-applied KCl (50 mM, substituted for NaCl). CHO/5HT2c cells
also did not respond to bath-applied taste stimuli – cycloheximide (100 µM), a well-
established bitter taste compound for rodents, or to saccharin (20 mM), a sweet-
tasting compound. CHO/5HT2c cells also did not respond to a sour stimulus – ace-
tic acid (8 mM, pH 5). Furthermore, CHO/5HT2c cells maintained their responses
to bath-applied serotonin even if Ca2+ in the medium was replaced with Mg2+, con-
sistent with the coupling of 5HT2c to intracellular Ca2+ release mechanisms.

These data demonstrate that (a) Fura 2-loaded CHO/5HT2c cells are sensitive and
reliable biosensors for 5HT; (b) responses to 5HT can be differentiated from respon-
ses to ATP by applying mianserin; and (c) CHO/5HT2c biosensor cells do not
respond directly to taste stimuli or depolarization with KCl.

Next, we transferred an aliquot of suspended Fura 2-loaded CHO/5HT2c cells
into a chamber containing freshly-isolated mouse taste buds. After the CHO/5HT2c
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Fig. 1. - Serotonin elevates Ca2+ in CHO cells transfec-
ted with 5HT2c receptors.
Concentration-response plot for 5HT. Responses were
measured as Fura 2 emission ratios, F340/F380, and
normalized to the ratios at 1 µM 5HT. EC50 ~ 9 nM.
Points show mean ± s.e.m. (N = 31 cells from 2 experi-
ments), sigmoidal non-linear regression curve fitted
with Prism v4 (GraphPad). Adapted from Huang et al.,
2005.



cells had settled to the base of the chamber, we superperfused 3 nM serotonin to
identify a biosensor that manifested a robust response. The identified cell was then
drawn onto a fire-polished glass micropipette with gentle suction and maneuvered
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Fig. 2. - Biosensor cells detect serotonin released from isolated taste buds.
A. a fixed, isolated taste bud immunostained for serotonin. At least one immunopositive taste cell
(arrow) is visible. The lingual epithelium was incubated with 500 µM hydroxytryptophan (5HTP) prior
to isolating this taste bud (see later).
B. a Fura 2-loaded biosensor cell abutted against an isolated taste bud in a living preparation. In both A
and B, Nomarski differential interference contrast and fluorescence microscopy images were merged.
C. cartoon showing placement of a biosensor onto an isolated taste bud in a configuration used for the
experiments described in this report, as in B.
D. Ca2+ elevation in a 5HT biosensor cell positioned against a taste bud as in B, C. Bath-applied 3 nM
5HT (â) was used initially to verify the sensitivity of the biosensor, followed by 50 mM KCl to depo-
larize taste cells and 100 µM cycloheximide (cyx). The lingual epithelium had been incubated with 500
µM 5HTP to elevate 5HT in taste cells. Responses evoked by depolarization and taste stimulation are
enhanced by this procedure. All subsequent records were recorded from taste buds isolated from epithe-
lium incubated in 5HTP.
E. saccharin, but not aspartame, elicts 5HT release from taste buds. Biosensor responses were elicited
by perfusing KCl, 2 mM and 20 mM saccharin (sac), but neither 1 mM nor 10 mM aspartame (aspm)
were effective stimuli.
F. Mianserin, a 5HT2c receptor antagonist, reversibly reduces 5HT biosensor responses. Responses
were evoked by depolarizing taste buds with 50 mM KCl (â). 1 nM mianserin was present during the
time indicated by the shaded region. Mianserin also reversibly blocked responses evoked by saccharin,
cycloheximide, and acetic acid (data not shown).
G. 5HT release from taste buds depends on Ca2+ influx for KCl depolarization but not for taste stimula-
tion with a bitter (cycloheximide) compound. Sequential biosensor responses from an isolated taste bud
stimulated with 50 mM KCl (â) or 100 µM cycloheximide (cyx, â). The 5HT biosensor was calibra-
ted at the beginning and end of the recording with 3 nM serotonin (5HT, â). During the shaded region,
Ca2+ in the bath (2 mM) was exchanged for 8 mM Mg2+.
Adapted from Huang et al., 2005.
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to an isolated taste bud (Fig. 2B, C). Mere physical contact between the biosensor
cell and the taste bud did not elicit a response, nor did bath perfusion with Tyrode
solution. However, in approximately 30% of the recordings, perfusing the chamber
with KCl, cycloheximide, or saccharin evoked rapid and repeatable biosensor
responses (Fig. 2D, E). We attribute the 30% success rate as due to the likelihood of
positioning the biosensor over or near to a synaptic release site. Responses to bath-
applied stimuli were abolished if the biosensor cell was withdrawn only a few
microns from the isolated taste bud and responses returned when the biosensor was
re-positioned in the identical location on the taste bud. Thus, the taste bud was the
source of the agent that produced a response.

Although serotonergic signals were recorded by stimulating freshly isolated taste
buds, biosensor responses were significantly enhanced by incubating the lingual
epithelium in 500 µM 5-hydroxytryptophan (5HTP), the immediate precursor to
5HT, for 30 minutes prior to isolating taste buds. Responses to bath-applied stimuli
were reversibly blocked by the 5HT2c receptor antagonist mianserin (1 nM, Fig.
2F). Collectively, these tests verify that 5HT was the compound released from sti-
mulated taste buds and the the biosensor responses were not due, for example, to the
secretion of other compound(s) from taste buds during stimulation.

As described above, prototypic bitter (cycloheximide) and sweet (saccharin) sti-
muli elicited 5HT release when applied to isolated taste buds at taste-appropriate
concentrations. Importantly, aspartame, a sweet tastant for humans but not for
rodents, did not elicit 5HT release from mouse taste buds, even at high concentra-
tion (Fig. 2E). This supports our interpretation that 5HT release is taste-specific. In
addition, sour stimulation (8 mM acetic acid, pH 5) elicited 5HT release from taste
buds (data not shown). We did not test salt or umami stimuli. It is difficult to stimu-
late isolated taste buds with NaCl because the buffer itself contains 112 mM NaCl
and elevating this produces a hypertonic solution. Applying glutamate (umami
tastant) is complicated by the presence of basolateral synaptic glutamate receptors
that are quite sensitive to the amino acid (6).

Identifying sources of Ca2+ for transmitter release
We tested whether the release of serotonin from taste buds was Ca2+-dependent.

Magnesium (8 mM) was substituted for Ca2+ (2 mM) in the bath, and taste buds were
stimulated with KCl and taste stimuli, as before. In the case of KCl depolarization
and acid stimulation, replacing Ca2+ with Mg2+ rapidly and reversibly blocked sero-
tonin release (e.g., Fig. 2G for KCl stimulation), consistent with influx of Ca2+

through depolarization-gated Ca channels and consistent with conventional synap-
tic mechanisms. Surprisingly, 5HT release elicited by cycloheximide (Fig. 2G) or
saccharin (not shown) was not affected by replacing Ca2+ with Mg2+. Cycloheximide
and saccharin are known to stimulate intracellular Ca2+ release in taste cells via a
signaling cascade involving PLCβ2 and IP3 (3, 35, 15, 45). Thus, a likely source of
Ca2+ for the 5HT release elicited by these compounds was an intracellular store
(endoplasmic reticulum). Because pharmacological approaches to test this notion
would also affect the CHO/5HT2c biosensor, we adopted a different approach that
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used taste buds isolated from PLCβ2-null mutant mice (22). No tastant-evoked
intracellular Ca2+ release would be expected in taste cells from these mice. These
mutant taste buds released 5HT in response to bath-applied KCl but yielded no
detectable 5HT release in response to cycloheximide or saccharin. These findings
are consistent with the source of Ca2+ for tastant-evoked transmitter release being
intracellular stores (via a PLCβ2 signaling cascade).

D I S C U S S I O N

These data indicate that 5HT is one of the neurotransmitters released by taste cells
in response to gustatory stimulation and that certain stimuli evoke 5HT release in
response to Ca2+ derived from intracellular stores. Our findings, however, do not
indicate where serotonin is acting postsynaptically. Serotonin may be an excitatory
transmitter between taste cells and primary sensory afferent fibers (36, 11, 28).
Serotonin may also be a paracrine secretion and modulate activity of cells within the
taste bud (14, 12, 23). Our experiments were not designed to distinguish between
these possibilities, both of which remain open questions.

5HT release from taste cells appears to depend on two sources of Ca2+. For depo-
larizing and sour stimuli (here, KCl and acetic acid, respectively), Ca2+ influx was
necessary and (for KCl at least) sufficient to elicit serotonin release. For tastants
(cycloheximide, saccharin) that stimulate G protein-coupled receptors, 5HT release
was not blocked by replacing extracellular Ca2+with Mg2+. Possible explanations for
this include: (1) replacing Ca2+ with Mg2+ in the bath did not totally eliminate Ca2+.
Residual Ca2+ in the chamber, albeit low, might have sufficed to elicit 5HT release
(29); (2) 5HT release in taste buds is Ca2+-independent and perhaps mediated by
neurotransmitter transporters (Schwartz 2002); (3) 5HT release evoked by tastants
is triggered by Ca2+ from internal stores. Our finding that exchanging Ca2+ for Mg2+

totally abolished depolarization-evoked release argues against the first possibility.
To our knowledge, there are no data that support or negate transporter-mediated 5HT
release in taste buds (the second possibility). Our findings with the PLCβ2 knockout
mice argue in favor of the last explanation.

S U M M A R Y

CHO cells transfected with high-affinity 5HT receptors were used to detect and
identify the release of serotonin from taste buds. Taste cells release 5HT when depo-
larized or when stimulated with bitter, sweet, or sour tastants. Sour- and depolariza-
tion-evoked release of 5HT from taste buds is triggered by Ca2+ influx from the
extracellular fluid. In contrast, bitter- and sweet-evoked release of 5HT is triggered
by Ca2+ derived from intracellular stores.
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