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Abstract

In many sensory systems, stimulus sensitivity is dynamically
modulated through mechanisms of peripheral adaptation,
efferent input, or hormonal action. In this way, responses to
sensory stimuli can be optimized in the context of both the
environment and the physiological state of the animal.
Although the gustatory system critically influences food pref-
erence, food intake and metabolic homeostasis, the mecha-
nisms for modulating taste sensitivity are poorly understood.
In this study, we report that glucagon-like peptide-1 (GLP-1)
signaling in taste buds modulates taste sensitivity in behaving
mice. We find that GLP-1 is produced in two distinct subsets
of mammalian taste cells, while the GLP-1 receptor is ex-

Many of the cellular and molecular mechanisms important
for the recognition and transduction of taste stimuli, as well
as for the transmission of sensory information from the taste
bud to the nervous system, have been elucidated in recent
years (Scott 2005; Chandrashekar et al. 2006; Roper 2006).
Stimuli of different taste qualities [i.e. sweet, bitter, sour,
salty, and umami (glutamate taste)] are detected by distinct
receptors on specialized taste cells (TCs) within taste buds
(Scott 2005; Chandrashekar e al. 2006; Roper 2006). Type
I TCs are narrowly tuned to sweet, bitter, or umami stimuli
(Tomchik et al. 2007), and express components of a G
protein-coupled transduction cascade (McLaughlin ez al
1992; Rossler et al. 1998; Hoon et al. 1999; Adler et al.
2000; Matsunami et al. 2000; Clapp et al. 2001; Perez et al.
2002; Chandrashekar et al. 2006; Roper 2006). The function
of Type III cells is less clear. Most release serotonin (5-
hydroxytryptamine; 5-HT) upon depolarization (Huang et al.
2005), and display conventional synapses with afferent nerve
fibers (Yang ef al. 2000). They have been suggested to
integrate taste responses within the taste bud in part because

pressed on adjacent intragemmal afferent nerve fibers. GLP-1
receptor knockout mice show dramatically reduced taste re-
sponses to sweeteners in behavioral assays, indicating that
GLP-1 signaling normally acts to maintain or enhance sweet
taste sensitivity. A modest increase in citric acid taste sensi-
tivity in these knockout mice suggests GLP-1 signaling may
modulate sour taste, as well. Together, these findings suggest
a novel paracrine mechanism for the regulation of taste
function.
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they appear to be broadly tuned to stimuli of all taste qualities
(Roper 2006; Tomchik ez al. 2007). However, deletion of
Type III cells specifically affects acid taste responses (Huang
et al. 2006; Kataoka et al. 2008), suggesting that this subset
of TCs may be primarily involved in the transduction of sour
tastants.
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A key function of the gustatory system is to detect
nutrients, toxins, and indicators of spoilage, thus providing
critical information to the animal about the quality and
nutritional value of food before it is ingested (Breslin and
Huang 2006). Many of the molecules important for the
recognition and transduction of taste stimuli, including T1R
(Hoon et al. 1999) and T2R (Adler et al. 2000; Matsunami
et al. 2000) taste receptors and the G protein subunit o-
gustducin (McLaughlin et al. 1992), also have important
roles in nutrient response and assimilation (Wu et al. 2002;
Scott 2005; Chandrashekar et al. 2006; Roper 2006; Rozen-
gurt 2006; Bezencon et al. 2007; Jang et al. 2007; Margols-
kee et al. 2007). We recently reported that o-gustducin and
the sweet taste receptor subunit TIR3 (Bachmanov et al
2001; Kitagawa et al. 2001; Max et al. 2001; Montmayeur
et al. 2001; Nelson et al. 2001; Sainz et al. 2001) mediate
the glucose-dependent secretion of the incretin hormone
glucagon-like peptide-1 (GLP-1) from enteroendorcrine L
cells of the gut (Jang et al. 2007). Because of the close
cellular and functional relationship of GLP-1, TIR3, and
a-gustducin in the gut, we hypothesized that these molecules
may also work together in the gustatory system. In this study,
we show that functional GLP-1 is expressed in two distinct
subsets of TCs: a subset of Type II cells that co-express
T1R3, and a subset of Type III cells. We also report that
disruption of GLP-1 signaling modulates taste sensitivity in
mice. Our results demonstrate that specific taste sensitivities
can be regulated by paracrine signaling within the taste bud,
and support a model for the conservation of chemosensory
mechanisms throughout the alimentary canal.

Materials and methods

Animals and tissue processing

All animal testing procedures were approved by the Animal Care
and Use Committee of the National Institute on Aging. GLP-1
receptor (GLP-1R) knockout (KO) mice (maintained on a CDI
background (Scrocchi et al. 1996, 1998); n =12 of each, 6—
10 weeks of age) and their wild-type CD1 counterparts (WT), as
well as Sprague-Dawley rats (n = 12, 8-10 weeks of age) were
sources of taste, ileal, and pancreatic tissue. Taste tissue was also
harvested from a single macaque monkey. Tissue processing was
performed as described previously (Yee et al. 2001).

Immunohistochemistry

Immunofiuorescence analyses of taste and ileal tissue were
performed as described previously (Theodorakis ef al. 2006). All
immunohistochemical studies of taste tissue were performed on
circumvallate papillaec (CV). Sources and dilutions of the applied
primary antibodies are listed in Table S1. After antigen retrieval
with 1x citrate buffer (Biogenex, San Ramon, CA, USA) at 98°C for
20 min, sections were incubated with primary antisera overnight. To
visualize these antisera, sections were incubated for 1 h in
fluorescent secondary antibodies (Alexa 488 and 568, 1: 1000

dilution; Molecular Probes, Carlsbad, CA, USA), along with TO-
PRO-3 (1 : 7000 dilution; Molecular Probes) in some cases, for
nuclear staining. For triple labeling, adjacent serial sections were
incubated with either the GLP-1 and o-gustducin antisera or the
T1R3 antisera, and the images merged after confocal imaging. For
detection of 5-HT-accumulating Type III TCs, mice and rats were
injected intraperitoneally with 5-hydroxy-L-tryptophan (0.08 mg/g;
Sigma, St Louis, MO, USA) 1 h prior to death and removal of the
tongues (Yee ef al. 2001). For logistical reasons this was not
possible in the monkey. In no cases was fluorescent staining
observed when either the primary or secondary antibodies were
omitted.

Isolation of tongue epithelium

The dorsal epithelium of rodent tongue, containing both anterior and
posterior taste fields, was isolated using a modified protocol (Behe
et al. 1990). The peeled epithelium was stored at —70°C for RNA,
and protein preparation and quantification. Rodent ileum was also
stored at —70°C for similar procedures.

Protein extraction

Protein extractions were performed as described previously
(Schmidt ef al. 1991). The extracts were then freeze-dried and
reconstituted with assay buffer containing 0.05 M phosphate-
buffered saline, pH 6.8, containing proprietary protease inhibitors,
with Tween 20, 0.08% sodium azide, and 1% bovine serum albumin.

Bioassay of lingual and ileum extracts: intracellular cAMP
determination in CHO/K1 and CHO/GLP-1R cells

We previously stably transfected Chinese hamster ovary (CHO)/K1
cells with rat GLP-1R (CHO/GLP-1R cells) (Wang et al. 2001). We
treated both CHO/K 1 and CHO/GLP-1R cells with full-length GLP-1
(Bachem, Torrance, CA, USA) as well as lingual and ileal protein
extracts. Intracellular cAMP assays were performed as described
previously (Theodorakis ez al. 2006). After treatment with lingual or
ileal protein extract and GLP-1, the cell supernatant was assayed using
a cAMP (direct) EIA Kit (Assay Designs, Ann Arbor, MI, USA).

RNA isolation and real-time PCR of taste tissue and ileum

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad,
CA, USA) from lingual epithelium and ileum according to the
manufacturer’s instructions. After reverse transcription, the resulting
materials were used for PCR amplification using gene-specific
primer pairs (Table S2 and Fig. S1) and SYBR Green PCR master
mix (Applied Biosystems, Foster City, CA, USA). For real-time
PCR, amplification conditions were 50°C (2 min), 95°C (10 min),
and then 40 cycles at 95°C (15 s) and 60°C (1 min) (Lal et al.
2004). The data were normalized to glyceraldehyde 3-phosphate
dehydrogenase mRNA. All real-time PCR analyses are represented
as the mean + SEM from at least three independent experiments,
each performed in triplicate.

Taste behavioral tests

All taste testing took place during daylight hours. Two-month-old
male GLP-1R KO and WT mice (n = 8 per group) were habituated
to the laboratory environment for 35 min each day before the
initiation of taste testing. All tastants were prepared with distilled
water and reagent grade chemicals, and were presented to the
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animals at 23°C. Test stimuli consisted of various concentrations
of sucrose (1, 3, 10, 30, and 100 mM; Fisher Scientific, Atlanta,
GA, USA), sucralose (0.001, 0.01, 0.1, 1, and 5 mM; Toronto
Chemical, Toronto, ON, Canada), NaCl (30, 100, 200, 300, 600,
and 1000 mM), denatonium benzoate (DB: 0.01, 0.05, 0.1, 0.5, 1,
and 5 mM; Sigma-Aldrich, St Louis, MO, USA), and citric acid
(CA; 0.3, 1, 3, 10, 30, and 100 mM; Fisher Scientific). Brief-
access taste testing took place in a ‘Davis Rig’ gustometer (Davis
MS-160; DiLog Instruments, Tallahassee, FL, USA), as previously
described (Boughter et al. 2002; Glendinning ef al. 2002; Nelson
et al. 2003; Dotson and Spector 2004). Brief-access procedures
minimize post-ingestive effects that may confound other assays
such as intake tests (Nelson e al. 2003). Mice accessed the taste
stimuli (presented as a concentration range) or water in sipper
bottles through a small opening in the mouse chamber. Before
taste testing was initiated, mice were trained to lick a stationary
tube of water in the gustometer after being placed on a 23.5 h
restricted water-access schedule. Unconditioned licking responses
were recorded for later analyses in 25-min brief-access test
sessions, during which mice could initiate as many trials as
possible in this period. Stimulus presentation order was random-
ized within blocks. The duration of each trial (5 s) was regulated
by a computer-controlled shutter that allowed access to the sipper
tube. There was a 7.5 s inter-presentation interval, during which
time a stepper motor moved one of up to seven tubes (containing
water or a concentration of taste stimulus) in front of the shuttered
opening.

Two different testing protocols were used; one for normally
preferred stimuli (sucrose and sucralose), and one for normally
avoided substances (DB, CA, and NaCl). For sucrose and sucralose,
animals received 3 days of testing with the five stimulus concen-
trations and with purified water. For DB, NaCl, and CA, mice first
received 2 days of testing with purified water to increase the number
of stimulus trials taken during testing. On the following 3 days, the
mice were tested with purified water and six stimulus concentra-
tions. A water rinse presentation (1 s) was interposed between the
test trials for the normally avoided stimuli to help control for
potential carry-over effects.

Data analysis and statistical methods for behavioral testing

The average number of licks per trial for each stimulus concentra-
tion was divided by the average number of water licks per trial,
yielding a tastant/water lick ratio. This ratio controls for individual
differences in lick rates and for differences in motivational state
(Glendinning et al. 2002). The ratios were analyzed with standard
ANovA and f-test. When a genotype X concentration interaction was
significant, one-way ANOvA was conducted within each genotype to
test for simple effects. The conventional p < 0.05 was applied as the
statistical rejection criterion. Curves were fit to the mean data for
each group using a two- or three-parameter logistic function of the
form:

a—d

f(x) :m+d7

where x = log;q concentration, ¢ = log;y, concentration at the
inflection point, and b = slope. For sucrose and sucralose, a = the
asymptotic tastant/water lick ratio and d = minimum asymptote of
tastant/water lick ratio. For NaCl, DB, and CA, a = 1.0 and d = 0.
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Results

To determine if GLP-1 may play a role in modulating
gustatory function, we first asked if the peptide is expressed
in TCs. We found GLP-1 immunoreactivity in a small subset
(~10%) of TCs in mouse CV taste buds [Fig. la; similar
results were seen in rat (Fig. S2 and Feng et al. 2008) and in
preliminary results from one macaque monkey (Fig. S3)].
Approximately half of all GLP-1-positive cells are immuno-
positive for the G protein a-gustducin (55.7%; Table 1), and
only one-third of a-gustducin-positive TCs express GLP-1
(34.0%; Fig. 1b and Table 1). GLP-1 antibodies also labeled
approximately one-quarter of serotonergic Type III TCs in
the CV (23.1%; Fig. lc and Table 1). GLP-1 never co-
localized with protein gene product 9.5 (PGP 9.5) in TCs,
which has been suggested as a marker of a-gustducin-
negative Type II TCs and 5-HT-negative Type III TCs (Yee
et al. 2001) (Fig. S2). Together, these results indicate that
GLP-1 is expressed in subsets of both Type II and Type III
cells of the mouse CV and suggests that the hormone plays a
local role in modulating taste bud function.

Fig. 1 Expression of GLP-1 in taste cells of the mouse circumvallate
papillae (CV). (a) Bright-field (left panel) and immunofluorescence
images (middle and right panels) of GLP-1-expressing cells (green)
within CV taste buds (ovals). GLP-1 staining in ileum is shown (insert,
middle panel) as a positive control. (b) GLP-1 (red) and a-gustducin
(green) are co-localized in a subset of a-gustducin-positive cells (yel-
low cells). Arrowhead, cell expressing only GLP-1; arrows, cells
expressing both markers. (c) GLP-1 (red) and 5-HT (green) are co-
localized in a subset of 5-HT-positive cells (yellow cells). Arrowheads,
cells expressing only GLP-1; arrow, cell expressing both markers.
Scale bars, 20 um. Blue is TO-PRO-3 nuclear stain. Sections are
representative from three mice.
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Table 1 Co-localization of antigenic markers in mouse CV taste cells

Counts of cells expressing one or both markers

Marker 1
Marker 2 a-Gustducin GLP-1 T1R3 5-HT
a-Gustducin - 636/1869 105/687 n.d.
GLP-1 636/1142 - 182/353 354/802
T1R3 105/687 182/747 - n.d.
5-HT n.d. 354/1533 n.d. -

The denominator is the number of cells expressing Marker 2, while the
numerator is the number of cells expressing both Marker 1 and Marker
2. We examined 6-18 sections for each double-labeling experiment.
CV, circumvallate papillae; GLP-1, glucagon-like peptide 1; 5-HT,
5-hydroxytryptamine; n.d., not determined.

The TIR3 taste receptor subunit co-localizes with o-
gustducin in subsets of Type II cells (Chandrashekar et al.
2006; Roper 2006). As T1R3 mediates sugar-dependent
secretion of GLP-1 from enteroendocrine L cells in the gut
(Jang et al. 2007), we asked if the GLP-1-positive Type II
cells might express this receptor subunit. Consistent with
previous reports (Kim et al. 2003; Stone et al. 2007), we
found T1R3 expressed in 14.9% of a-gustducin-positive cells
(Table 1). TIR3 is expressed in 49.1% of GLP-1-positive
cells (Table 1), suggesting that TIR3 is expressed in all
GLP-1-positive/a-gustducin-positive cells. Indeed, triple-
label immunohistochemistry showed that all GLP-1-posi-
tive/a-gustducin-positive cells in the CV also express TIR3
(Fig. 2a). In mouse CV, T1R3 is almost always co-expressed
with the other subunit of the sweet taste receptor, TIR2 (Max
et al. 2001; Montmayeur ef al. 2001; Nelson et al. 2001,
Kim et al. 2003), strongly indicating that GLP-1-positive/o-
gustducin-positive/T1R3-positive cells are sweet-sensitive
TCs. As expected, TIR3 is also expressed in a separate
population of GLP-1-negative cells that appear weakly
stained for a-gustducin (Fig. 2b). At any rate, it appears that

a-Gustducin

a subset of T1R3-expressing cells express both a-gustducin
and GLP-1.

Glucagon-like peptide-1 is produced from proglucagon
through enzymatic cleavage by the prohormone convertase
(PC) 1/3 (Baggio and Drucker 2007). If GLP-1 is produced
in taste buds, it should be co-expressed with PC 1/3. Indeed,
immunohistochemical staining shows that PC 1/3 is
expressed in all GLP-1-positive TCs of the mouse CV
(Fig. 3a), confirming that GLP-1 is produced in TCs. PC 1/3
was also expressed in GLP-1-negative cells (Fig. 3a),
suggesting that this enzyme regulates the cleavage of other
peptides in the taste bud. PC 2, which cleaves glucagon from
proglucagon, is also found in mouse TCs (Fig. 3b), and
glucagon co-localizes with GLP-1 (Fig. S3 and data not
shown). Therefore, GLP-1 and glucagon are produced in TCs
and are present in the same TC population, suggesting a
coordinated regulation of their production in taste tissue.

To determine if the GLP-1 produced in TCs is an active
form of this peptide, we measured GLP-1 activity in lingual
extracts. We treated both CHO cells transfected with the rat
GLP-1R (CHO/GLP-1R cells) cells and control CHO/K1
cells (no receptor) with lingual or ileal protein extracts or
with active GLP-1 (7-37) peptide, and quantified intracel-
lular cAMP responses (Doyle et al. 2003). Both ileal and
lingual extracts elicited a concentration-dependent increase
in cAMP in CHO/GLP-1R cells but not CHO/K1 cells
(Fig. 4), demonstrating that GLP-1 derived from lingual
tissue is active.

Glucagon-like peptide-1 secreted from enteroendocrine L
cells of the gut acts distantly on GLP-1Rs in the pancreas and
other tissues (Baggio and Drucker 2007). We asked if GLP-1
in TCs might act on local targets. Taste buds are innervated
by PGP 9.5-positive afferent nerve fibers, which communi-
cate taste information from activated TCs to the CNS. We
found GLP-1R immunoreactivity on PGP 9.5-positive nerve
fibers adjacent to 5-HT-positive TCs (Fig. 5a and b; Figs S3
and S4). The proximity of GLP-1 and its cognate receptor
indicates that GLP-1 signaling is local to the taste bud, and

Fig. 2 Co-expression of GLP-1 and T1R3
in mouse CV. (a) GLP-1 (red), a-gustducin
(green) and T1R3 (blue) are co-localized in
a subset of T1R3-positive cells (arrow).
(b) Some «-gustducin-positive/T1R3-posi-
tive cells are GLP-1-negative (arrowhead).
Scale bars, 20 um. Sections are represen-
tative from three mice.
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Fig. 3 Enzymes required for the cleavage of proglucagon products
are in CV taste cells. (a) GLP-1 (red) and PC 1/3 (green) are co-
expressed in a subset of PC 1/3-positive cells (yellow). (b) Glucagon
(red) and PC 2 (green) are co-expressed in mouse TCs (yellow). Scale
bars, 20 pm. Blue is TO-PRO-3 nuclear stain.
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Fig. 4 Extracts of lingual epithelium elicit a GLP-1R-dependent
increase in intracellular cAMP. GLP-1 and extracts of both lingual
(containing taste buds) and ileal epithelium elicit significant concentra-
tion-dependent increases of cAMP in CHO/GLP-1R cells, but not in
CHO/K1 control cells (cell type x concentration repeated measures
ANovA; GLP-1: cell type, F(1,4) = 5052.3, p < 2 x 1077; concentration,
F(5,20) = 250.15, p <9 x 107%; cell type x concentration, F(5,20) =
249.97, p < 2 x 107%; lingual epithelium: cell type, F(1,4) = 831.18,p <
1 x107%, concentration, F(5,20) = 518.93, p < 1x 107%, cell type x
concentration, F(5,20) = 480.85, p< 1 x 1079 ileal epithelium: cell
type, F(1,4) =627.69, p< 1 x 1079, concentration, F(5,20) = 311.17,
p<1x 107°, cell type x concentration, F(5,20) =313.00, p< 1 x
107°). Experiments were carried out in triplicate with at least two repli-
cations. Values are expressed as mean + SEM.

suggests that this hormone may modulate taste signaling in a
paracrine manner.

The small number of TCs expressing GLP-1 begs the
question of whether the hormone can reach meaningful
concentrations in taste buds. In blood and in ileum, the
degradative enzyme dipeptidyl peptidase 4 rapidly cleaves
GLP-1 into an inactive form that can no longer stimulate the
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Fig. 5 The GLP-1 receptor is expressed on intragemmal nerve fibers of
CV. (a) GLP-1R (red) is expressed on nerve fibers contiguous with TCs

expressing 5-HT (green); e.g., *. (b) GLP-1R (red) and PGP 9.5 (green)
are co-localized on nerve fibers and cells (yellow). Arrows expressing
both markers. (c) GLP-1R is not expressed in CV from the GLP-1R KO

mouse. Scale bars, 20 um. Blue is TO-PRO-3 nuclear stain.
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Fig. 6 Dipeptidyl peptidase 4 (DPP4) is not expressed in CV taste
buds. (a) No DPP 4 immunoreactivity was observed in taste buds
(oval). (b) Quantitative real-time PCR of cRNA from rat tongue and
ileum. Experiments were carried out in triplicate and replicated at least
twice. Values are expressed as mean + SEM. (c) DPP 4 (green) was
clearly observed proximal to rat ileum enteroendocrine L cells (iden-
tified by GLP-1 immunoreactivity, red), as well as in blood vessels
(arrow). Scale bars, 20 um. Blue is TO-PRO-3 nuclear stain.

GLP-1R (Baggio and Drucker 2007). Both immunohisto-
chemical and real-time PCR analysis of CV tissue shows that
little or no dipeptidyl peptidase 4 is expressed in taste buds
(Fig. 6a and b), though it is present in ileum controls (Fig. 6b
and c). Thus, the half-life of GLP-1 in taste tissue should be
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Fig. 7 Altered sweet taste responses of GLP-1R KO mice in brief
access taste tests. (a—c) Taste responses, expressed as taste/water
lick ratios and as a function of stimulus concentration, of GLP-1R KO
(red) and WT (black) to denatonium benzoate (DB) (a), citric acid (CA)
(b), and NaCl (c). (d and e) Taste responses of GLP-1R KO (red) and
WT (black) to sucralose (d) and sucrose (e). (f) GLP-1R KO and WT

high, ensuring sufficient concentrations within the taste bud
to stimulate the GLP-1R.

To determine how GLP-1 signaling in the taste bud
impacts taste function, we tested the ability of GLP-IR KO
mice (Scrocchi et al. 1996) to detect taste stimuli. KO mice
showed no gross taste bud abnormalities and expressed GLP-
1 in TCs (Fig. S5), though GLP-1R immunoreactivity was
absent as expected (Fig. 5¢). Mice were tested in a computer-
controlled gustometer using a brief-access procedure that
minimizes post-ingestive effects (Nelson ef al. 2003).
Although there were no significant differences between the
responses of KO and age-matched WT controls (n = 8 for
each genotype) for the bitter-tasting DB, the prototypical salt
NaCl or the sour-tasting CA, there was a trend towards
hypersensitivity of KO mice to these three aversive stimuli
(Fig. 7a, b, and c). This suggests that GLP-1 signaling plays
a subtle modulatory role for responses to these taste stimuli,
possibly through its expression in broadly tuned Type III
cells. Indeed, there was a significant genotype X concentra-
tion interaction [two-way aNova: F(5,70) = 5.5, p < 0.0003]
for CA, with independent #-test indicating that the KO
animals showed greater lick avoidance to CA at the 10 and
30 mM levels (both p < 0.03) relative to WT controls.

In contrast, KO mice displayed significantly reduced
sensitivity to two sweeteners, sucralose and sucrose, when
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mice exhibit equivalently robust responses to high concentrations of
sucrose (400 mM: no significant effect of genotype). Points are ex-
pressed as mean + SEM. Curves were fit as described in Materials
and methods, except for the sucrose WT and KO histograms, which
were not fitted to a function.

compared with WT (Fig. 7d and e). KO mice were
unresponsive to sucralose up to 10 mM. As analyzed by
two-way ANOVA, there was a significant main effect of both
genotype [F(1,13) = 6.0, p <0.03] and concentration
[F(4,52) =23.0, p <0.00001], as well as a significant
interaction [F(4,52) = 9.5, p <0.00001] for sucralose.
Separate one-way ANovAa for each genotype revealed that
only the WT mice showed a significant monotonically
increasing concentration—response function [F(4,24) = 23.8,
p < 0.00001]. For sucrose, there was also a significant main
effect of both genotype [F(1,13)=13.1, p <0.004] and
concentration [F(4,52) =36.9, p < 0.00001] and a signifi-
cant interaction [F(4,52) = 12.5, p < 0.00001]. Separate one-
way ANOVA for each genotype revealed that both displayed a
significant monotonically increasing concentration—response
function for sucrose [WT: F(4,24) = 30.9, p < 0.00001; KO:
F(4,28) = 5.5, p <0.003], though only WT mice showed
significantly greater lick responses to sucrose than to water
B0 mM: t> 4.2, p <0.006; 100 mM: 7> 5.8, p <0.001).
KO mice were not sweet ageusic, as they responded to high
concentrations of sucrose as robustly as WT mice (Fig. 7f).
Rather, the KO mice exhibit a diminished sensitivity to
sweeteners. Together, these results clearly show that GLP-1
signaling plays an important role in modulating taste
sensitivity in the gustatory system.
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Discussion

We found that GLP-1 is expressed in two populations of
TCs: a subset of a-gustducin-expressing/T1R3-expressing
cells, and a subset of serotonergic cells (Figs 1 and 2 and
Table 1). This divergent expression may provide insights into
distinct functional roles of GLP-1 within the taste bud.
Indeed, GLP1-R KO mice exhibit reduced taste sensitivity to
both nutritive and non-nutritive sweeteners, but display
hypersensitivity to CA (Fig. 7). The differential responses of
GLP-1R KO mice to preferred (sucrose and sucralose) and
aversive (CA) taste stimuli may reflect the differential effects
of GLP-1 secreted from subsets of Type II and Type III cells.
These two cell types display numerous molecular and
physiological differences, including breadth of tuning
(Tomchik et al. 2007), and are therefore likely to play
distinct roles in peripheral taste coding (Roper 2006). The
results described here suggest that Type II and Type III cells
may provide distinct sites for modulation of taste coding, as
well.

Type II and Type III cells not only differ from each other,
but represent heterogeneous cell populations (Roper 2006).
The functional diversity of Type II cells correlates reasonably
well with the differential tuning of sweet-, bitter-, and
umami-sensitive cells: Type II cells appear to exclusively
express either T1Rs or T2Rs, only some of which express o~
gustducin. Restriction of GLP-1 to a subset of TIR3-
positive/a-gustducin-positive Type II cells is consistent with
this functional classification, and with the dramatic reduction
in taste sensitivity to sweet, but not bitter, stimuli in GLP-1R
KO mice. The majority of Type III cells in the mouse and rat
CV are serotonergic, though a second subset that does not
accumulate 5-HT but expresses PGP 9.5 has been reported
(Yee et al. 2001; Ma et al. 2007). Interestingly, all Type III
cells express the polycystic kidney disease 2-like 1
(PDK2L1) channel subunit (Kataoka et al. 2008), which is
a candidate sour taste receptor (Huang et al. 2006; Ishimaru
et al. 2006; LopezJimenez et al. 2006). Indeed, nerve
responses to acid stimuli are nearly abolished in mice where
PKD2L1-expressing cells have been genetically deleted
(Huang et al. 2006). However, it remains unresolved if all
PKD2L1-expressing TCs are acid sensors. The expression of
GLP-1 in only a subset of serotonergic Type III TCs is
surprising, and highlights a greater functional diversity in this
population than was previously understood. As GLP-1R KO
mice appear hypersensitive to CA, it may be that GLP-1-
expressing Type III cells play a particularly important role in
sour taste.

Many physiological processes are regulated by GLP-1,
including insulin secretion and biosynthesis, gastric empty-
ing, neuronal survival, and cardiac contractility (Drucker
2006). While we cannot rule out a contribution of these other
GLP-1 signaling systems to the modulation of taste sensi-
tivity, several lines of evidence strongly suggest that the taste

GLP-1 signaling modulates taste behavior | 461

phenotype we observed in GLP-1R KO mice results from a
deficit in GLP-1 signaling within the taste bud. First, the
brief-access behavioral assay minimizes post-ingestive
effects (Nelson ef al. 2003), indicating that the changes
observed are likely ones of orosensory sensitivity, not post-
oral nutrient response. Second, we observed altered taste
sensitivity to stimuli of a preferred (sweet) and an aversive
(sour) taste quality (Fig. 7), indicating that there was not an
overall effect on taste function. Third, the WT responses of
GLP-1R KO mice to bitter or salt stimuli is consistent with
specific effects on sweet and sour taste and also clearly
demonstrate that the KO mice had no difficulty learning or
completing the task. Fourth, GLP-1 is specifically co-
localized with putative sweet- and sour-sensitive TCs,
consistent with the specific behavioral changes. Fifth, the
opposite effects of GLP1-R deletion on sweet (reduced) and
sour (enhanced) taste sensitivity shows a specificity of the
functional loss depending on cell type. Thus, we conclude
that the most parsimonious interpretation of our findings is
that GLP-1 signaling within the taste bud modulates taste
sensitivity.

The presence of gut hormones in the taste bud highlights
an interesting parallel between the gustatory and intestinal
epithelia. A number of recent studies in rodent and human
have shown that many taste transduction molecules, includ-
ing TIR and T2R taste receptors, a-gustducin, phospholipase
C-B2 and the transient receptor potential M5 channel, are
expressed in subsets of cells in the stomach and intestine.
Some of these cells have been identified as enteroendocrine L
cells, which secrete GLP-1 in a TI1R3- and a-gustducin-
dependent manner in response to stimulation with sweeteners
(Jang et al. 2007). Our observation that a subset of TCs
expressing both TIR3 and a-gustducin (as well as phospho-
lipase C-B2 and transient receptor potential M5; Chandr-
ashekar et al. 2006) also express and secrete GLP-1 suggests
that they may share other molecular mechanisms or physio-
logical roles.

Other hormones and hormone receptors are expressed in
the taste bud, suggesting that the peripheral gustatory
apparatus is subject to endocrine and paracrine modulation.
The neuropeptides cholecystokinin, vasoactive intestinal
peptide, and neuropeptide Y are produced in TCs, where
they may act as local transmitters or modulators (Herness
et al. 2002; Shen et al. 2005; Zhao et al. 2005). However,
while cholecystokinin and neuropeptide Y both modulate K*
conductances in some TCs (Herness et al. 2002; Zhao et al.
2005), their effects on taste transduction, taste coding, and
behavior remains unknown. Although leptin is produced
outside the taste system, leptin receptors are expressed in
TCs (Kawai et al. 2000; Shigemura et al. 2004). Mice
lacking these receptors (db/db mice) show enhanced
responses to sweet stimuli (Shigemura et al. 2004), and i.p.
injection of leptin in lean mice suppressed taste responses to
sweeteners (Kawai ef al. 2000; Shigemura et al. 2004),
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suggesting that this hormone may help to suppress ingestive
behavior through the peripheral suppression of sweet taste
function. Interestingly, the effects of leptin contrast with
those of GLP-1. First, GLP-1 is expressed in taste tissue,
indicating a paracrine rather than endocrine action. Second,
reduced sweet taste sensitivity in GLP-1R KO mice suggests
that local GLP-1 signaling normally acts to maintain or
enhance sweet taste sensitivity. In this light, the taste bud
may serve as an important target for positive and negative
modulators of taste sensitivity, thus providing a peripheral
mechanism for the regulation of ingestive behaviors in the
context of an animal’s metabolic state.
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