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Abstract

Umami, the fifth basic taste, is elicited by the L-amino acid, glutamate. A unique characteris-
tic of umami taste is the response potentiation by 5’ ribonucleotide monophosphates, which
are also capable of eliciting an umami taste. Initial reports using human embryonic kidney
(HEK) cells suggested that there is one broadly tuned receptor heterodimer, T1r1+T1r3,
which detects L-glutamate and all other L-amino acids. However, there is growing evidence
that multiple receptors detect glutamate in the oral cavity. While much is understood about
glutamate transduction, the mechanisms for detecting the tastes of other L-amino acids are
less well understood. We used calcium imaging of isolated taste sensory cells and taste cell
clusters from the circumvallate and foliate papillae of C57BL/6J and T1r3 knockout mice to
determine if other receptors might also be involved in detection of L-amino acids. Ratio-
metric imaging with Fura-2 was used to study calcium responses to monopotassium L-glu-
tamate, L-serine, L-arginine, and L-glutamine, with and without inosine 5 monophosphate
(IMP). The results of these experiments showed that the response patterns elicited by L-
amino acids varied significantly across taste sensory cells. L-amino acids other than gluta-
mate also elicited synergistic responses in a subset of taste sensory cells. Along with its
role in synergism, IMP alone elicited a response in a large number of taste sensory cells.
Our data indicate that synergistic and non-synergistic responses to L-amino acids and IMP
are mediated by multiple receptors or possibly a receptor complex.

Introduction

The sense of taste provides vital sensory information to determine whether a particular food or
beverage will be ingested. It is integral for regulating normal ingestive decisions and is particu-
larly important to people experiencing any disease conditions such as obesity, diabetes, hyper-
tension, coronary artery disease, anorexia, and malnutrition [1-11]. Detection of taste stimuli
is mediated by the coordinated actions of distinct types of taste sensory cells (TSCs) housed in
taste buds of specialized papillae in the oral cavity. Taste receptors in TSCs that detect
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compounds eliciting sweet, salty, sour, bitter, and umami tastes are the key players in selecting
nutrients. One such example is amino acids that are an important part of one’s diet.

Each basic taste quality generally signals a fundamental type of nutrient. For example, sweet
taste is often considered a general signal for carbohydrates in food whereas umami taste is
thought to signal the presence of proteins and nucleotides. Umami taste is characterized by
two distinctive qualities: 1) a unique savory taste, and 2) synergism with 5" nucleotide mono-
phosphates, especially inosine 5> monophosphate (IMP) and guanosine 5 monophosphate
(GMP) [12, 13]. The prototypical compound that elicits umami taste in humans is monoso-
dium glutamate (MSG), a substance known to increase the palatability of food [14-16]. Recent
research has shown that fortification of meals with an appropriate amount of MSG may
improve food intake and therefore has potential for improving nutritional status and quality of
life in elderly and nutritionally deficient patients [16-19]. Thus, understanding the receptors
and transduction pathways that mediate umami taste could be beneficial in regulating the
intake of nutrients that are critical for clinical populations with dietary challenges.

Umami compounds are detected by receptors expressed in Type II TSCs [20-25]. A long
standing question concerning umami taste relates to whether umami and L-amino acids are
detected by one receptor or multiple receptors. Previous studies including in vitro receptor
expression, behavioral, nerve recording, and single cell recording experiments have suggested
that members of the T1r receptor family form a heterodimer, T1r1+T1r3, which is an umami
receptor in mice [23, 24]. Further support for its role as an umami receptor comes from studies
with knockout (KO) mice in which TasIrl or TasIr3 gene was selectively eliminated. Some of
these studies have shown that these mice lose all ability to respond to umami stimuli [25].
However, other studies with independently derived T1r1 and T1r3 receptor KO mice found
only partial taste loss for umami [22, 26, 27]. Additional studies have reported that other G-
protein coupled receptors (GPCRs) such as truncated variants of mGluR4 (taste-mGluR4) and
mGluR1 (taste-mGluR1), as well as the brain versions of mGluR4 and 1 may be involved in the
detection of umami compounds [20, 21, 28-30]. Moreover, there is evidence for expression of
mGluR2 and mGIuR3 in taste buds [31]. Together these studies argue for the involvement of
more than one receptor that can detect umami compounds.

While much is known about glutamate transduction, detection mechanisms of other L-
amino acids are less well understood. Understanding the receptor system and transduction
mechanisms for L-amino acids is noteworthy because L-amino acids function as the building
blocks of proteins and as metabolic fuel. Having more than one receptor for detecting these
compounds would be advantageous. One such candidate receptor is the T1r1+T1r3 heterodi-
mer. Transfected human embryonic kidney (HEK) cell expression data suggest that the murine
heterodimer T1r1+T1r3 is a broadly tuned L-amino acid receptor [24]. Behavioral data suggest
that one or more mGluR receptors may also detect some amino acids [32, 33]. Although IMP
potentiates the response for several L-amino acids in HEK cells, some L-amino acids could
elicit a response only in the presence of IMP [24]. Like umami, this property makes under-
standing L-amino acid detection mechanisms particularly important as they could be targets
for altering taste properties of food, making it more or less desirable.

If a single receptor is involved in the detection of all L-amino acids, then all L-amino acids
should have the same or very similar taste properties. However, not all L amino acids elicit the
same taste. Some L-amino acids are attractive to rodents, some are aversive. Human psycho-
physical studies have showed that at low concentrations, L-serine (Ser) and L-glutamine (Gln)
elicit a sensation that is mainly sweet, whereas L- arginine (Arg) is bitter. Further, at high con-
centrations, Ser and Gln elicit an umami taste [34, 35]. Additional studies with rats have shown
that rats are differentially sensitive to MSG, Ser, and Arg [33]. Collectively, these data suggest
the possibility of multiple L-amino acid receptors.
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In this study, we investigated TSCs from mice circumvallate and foliate papillae located at the
posterior portion of the tongue, to explore the nature of the responses and potential receptors
involved in detection of L-amino acids. We focused on the posterior portion of the tongue for
several reasons. First, the posterior portion of the tongue has been shown to generate a strong
response to umami and L-amino acid stimuli [36]. Second, the circumvallate and foliate papillae
are much richer in TSCs compared to the fungiform papillae. Third, the pattern of expression of
different receptors varies between the posterior and anterior portion of the tongue. Since this
might contribute to differences in response patterns, we chose to study TSCs in the posterior
part of the tongue to reduce potential sources of variability and enhance our ability to identify
response patterns across TSCs. We used calcium (Ca**) imaging of isolated TSCs and taste cell
clusters to determine if: 1) single TSCs are responsive to a set of four L-amino acids, with and
without IMP, and to IMP alone, 2) TSCs respond synergistically to the MIX of L-amino acid
+IMP, and 3) TSCs of T1r3 KO mice can detect L-amino acids and respond synergistically in
presence of IMP. We found that the response patterns elicited by L-amino acids varied signifi-
cantly across TSCs. L-amino acids other than glutamate also elicited synergistic responses in a
subset of TSCs. Along with its role in synergism, IMP itself also elicited a response in TSCs. Our
study suggests that in addition to the T1r1+T1r3 heterodimer, another receptor or possibly
receptor complex is/are involved in the detection of L-amino acids and IMP.

Materials and Methods
Ethical consideration

All experimental procedures were reviewed and approved by the University of Vermont’s Insti-
tutional Animal Care and Use Committee (IACUC protocol: 10-038). Mice were euthanized
by CO, asphyxiation followed by cervical dislocation. All efforts were made to minimize
suffering.

Animals

Male and female (>8 weeks old) C57BL/6] (WT) (Jackson labs), T1r3-GFP [37], and T1r3 KO
[22] mice were used in this study. T1r3-GFP mice express enhanced green fluorescent protein
(eGFP) under control of the Tas1r3 gene promoter and were generated on C57BL/6] back-
ground. The T1r3-GFP mice were primarily used in the early phases of the study to help iden-
tify isolated TSCs. T1r3KO mice were generated on C57BL/6] background, and all 6 exons for
the TasIr3 gene were eliminated [22]. Breeding stock for T1r3-GFP and T1r3 KO mice were
generously donated by Dr. Robert Margolskee [22, 37]. GFP expression and genetic deletion of
Taslr3 gene were verified by polymerase chain reaction (PCR). For clarity, throughout the
paper we are using T'1r1 and T1r3 to refer to the receptor proteins in mice. All mice were main-
tained on a 12-h light/12-h dark cycle with food and water provided ad libitum.

Solutions

Tyrode’s solution contained (in mM): NaCl 140, KCI 5, MgCl, 1, CaCl, 2, HEPES 10, Glucose
10, and Na pyruvate 1. High potassium (high K*) Tyrode's solution contained the same constit-
uents as regular Tyrode’s solution with the exception that 65 mM KCI was substituted for equi-
molar NaCl. Ca**/ Mg** free Tyrode’s contained (in mM): NaCl 140, KCI 5, HEPES 10,
Glucose 10, Na pyruvate 1, and EGTA 2. L-amino acids used as test solutions were (in mM):
L-Arg 10, L-Ser 20, L-Gln 10, and monopotassium L-glutamate (MPG) 10. MPG was used to
ensure that responses were not due to the sodium component of MSG. In many studies MPG
has been successfully used to reliably evoke taste responses to the glutamate moiety [38, 39].
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Additionally, 10mM of K" is not sufficient to cause the amount of depolarize required to acti-
vate L-type Ca>* channels expressed in TSCs. Di-sodium inosine 5 monophosphate (IMP) was
used at ImM. The addition of 2mM sodium associated with IMP was very small compared to
the amount of Na* (140mM) in the bath and thus unlikely to elicit any cellular responses.
Physiologically relevant stimulus concentrations for each substance were chosen from behav-
ioral and physiological data to ensure that each concentration was above recognition threshold
in rodents (mice and rats) [28, 36, 40, 41], but not high enough to cause any osmotic changes.
The artificial sweetener, SC45647 (2-[[[[4-(aminomethyl)phenyl]amino]-[[(1R)-1-pheny-
lethyl]amino]methyl]amino]ethane-1,1-diol) (100uM) was used as a sweet stimulus [42], and
denatonium (2mM) or a mixture of cycloheximide (20uM) and denatonium (2mM) was used
as a bitter stimulus. The L-amino acids, sweet, and bitter compounds were dissolved in Tyr-
ode’s solution and made fresh every day. When generating a mixture solution (MIX) of L-
amino acid+IMP, the concentration of each compound was the same as those used for the indi-
vidual compounds. In the MIX, ImM IMP was mixed with 10mM of either of MPG, Arg, Gln,
or 20mM of Ser. In the AA-MIX (L-amino acid-MIX), all four L-amino acids (MPG, Ser, Arg,
and Gln) were used at the same concentration as mentioned before. All solutions were adjusted
to approximately pH 7.4 using NaOH or HCL

Taste cell isolation

Taste cells from circumvallate and foliate taste buds were isolated using a protocol adapted
from Behe et al. [43] and Gilbertson et al. [44]. In short, mice were euthanized by CO, asphyxi-
ation followed by cervical dislocation. Tongues were removed and immersed in ice cold Tyr-
ode’s solution. The lingual epithelium was removed by injecting an enzyme cocktail containing
0.8 mg/mL collagenase A (Sigma, St. Louis, MO), 1.5 mg/mL dispase II (Roche, Indianapolis,
IN), 1 mg/mL trypsin inhibitor (Sigma, St. Louis, MO), and 0.05mg/mL elastase (Worthington,
Lakewood, NJ) directly under the epithelium. The tongue was then incubated in Tyrode’s solu-
tion for 20 min followed by incubation in Ca**/ Mg**-free Tyrode’s for another 20 min. In
both solutions, oxygen was supplied continuously. The epithelium was gently removed from
the underlying connective tissue and pinned flat with the epithelium surface down on a syl-
gard-lined petri dish. The tissue was incubated in the enzyme cocktail (without dispase II) for 5
min before being transferred to Ca>*/Mg”" free Tyrode’s solution for 20-25 min. Taste buds
and TSCs were removed from circumvallate and foliate papillae by gentle suction using fire
polished glass micropipettes. TSCs were plated into a shallow recording chamber with a glass
cover-slip pre-coated with Concanavalin A (Sigma, St. Louis, MO) to promote cell adherence.
This protocol enabled us to reliably obtain both isolated taste cells and clusters of taste cells.
Typically the cells were viable for 6-7 hours.

Calcium (Ca?*) imaging

Measurements of intracellular Ca** were obtained using the ratiometric fluorescent dye fura-2
AM (Molecular probes, Invitrogen Corporation, NY). Taste cells were incubated in 5uM fura-
2, AM and 0.05% pluronic F-127 dissolved in DMSO in Tyrode’s solution for 25-30min. The
recording session began after bath washing the cells in Tyrode’s solution for 10-20min. Images
were acquired using an inverted fluorescent Nikon TE2000S microscope and C4742-95 digital
camera. All solutions were bath applied using a gravity flow perfusion system. Stimuli were
applied for 30s before returning to Tyrode's solution. Application of stimuli was in random
order to avoid any systemic error. Sometimes a MIX of L-amino acid+IMP was applied after
the L-amino acid, and sometimes the MIX was applied before the L-amino acid. In both
instances we found some cells that elicited synergistic responses. Thus synergistic or non-
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synergistic responses were not dependent on the stimulus application sequence. At the end of
any stimulus application, cells were washed in Tyrode’s solution for 5 to 9 min. We performed
a desensitization study in which single cells were stimulated with the same stimulus 4 to 5
times with varying wash times in between. We found that a wash of 5 to 9 min between stimu-
lus applications was optimal for repeated responses of similar magnitude, although in some
cells desensitization occurred independent of an extended wash. If the final stimulus applica-
tion in the test sequence did not elicit a response, we stimulated the cell with a compound
which previously elicited a response to make sure that the cell was still alive. Images were cap-
tured every 3 s during stimulus application and every 5 to 15 s during wash. In order to mini-
mize cell damage during long wash periods, we limited image capturing during washes. After a
response, images were captured only until the Ca®* level went back to baseline (~2-3 min after
the start of stimulus application) and image capturing was resumed at least 1 min prior to next
stimulus application. Fura2 AM was doubly excited at 340nm and 380nm and its emissions
were recorded at 510nm. Simple PCI 6.0 software (Hamamatsu, Sewickley, PA) running on a
PC computer was used to capture images. Changes in Ca’" concentrations are reported as
F340/F380 plotted over time after background subtraction.

Quantification of calcium responses
Increases in intracellular Ca**evoked by stimulus application were calculated as follows:

F, —F, .
AF — Peak Baseline * 100%

Baseline

where AF is the percent change above baseline, Fp,, is the largest F340/380 ratio within 1 min
following the onset of a stimulus application, and Fp,gline is the average of the five sampled
F340/380 ratios immediately before stimulus application. Our criteria for considering AF a
response were: 1) the same stimulus elicited an increase in intracellular Ca** at least twice, and
2) each AF>5%. Furthermore, AF was considered a synergistic response when:

AF,,x > AF,, + AF,;;

where AFyx is the percent change above baseline following application of a MIX of L-amino
acid (where L-amino acid can be MPG, Ser, Arg, or Gln)+IMP, AF 4 4 is the percent change
above baseline following application of MPG, Ser, Arg, or Gln alone, and AFyp is the percent
change above baseline following application of IMP alone. Although peak Ca** is typically
used to identify synergistic responses, we recognized that synergy might appear as an increase
in duration of the signal instead of an increase in peak amplitude of the signal. To determine if
we missed a large subset of potential synergistic responses, we measured the area under the
curve of the responses classified as non-synergistic by peak amplitude. Only 2 cells from the
Arg set and 3 cells from the Gln set were identified as potentially synergistic using the inte-
grated response. Since these responses might also represent continued stimulation by residual
stimulus solution rather than synergy, they were excluded from the analyses involving synergy
in favor of the more reliable measure of peak amplitude.

Results
Single TSCs from WT mice respond to multiple, but not all L-amino acids

To better understand how TSCs respond to L-amino acids, and to determine if the T1r1+T1r3
heterodimer is the only receptor involved in L-amino acid detection, we investigated whether a
single TSC would show a Ca®* response to an array of L-amino acids with and without IMP.
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We isolated single TSCs and taste cell clusters from mouse circumvallate and foliate papilla.
Each TSC was stimulated with 9 different stimuli: (1) MPG, (2) Ser, (3) Arg, (4) Gln, (5) IMP,
(6) MPG+IMP, (7) Ser+IMP, (8) Arg+IMP, and (9) GIn+IMP. All test solutions were applied
regardless of whether the cell responded to any individual stimulus. A total of 600 out of 1217
(49%) TSCs were successfully tested with all 9 stimuli, where the cells were alive until the end
of the experiment. At least one stimulus was capable of eliciting a Ca** response (i.e. AF>5% in
response to stimulation) in 170 of 600 (28%) TSCs. Thus we focused our analysis on the 170
cells that had a Ca®* response to at least one stimulus.

Like previous studies [25, 36, 45], we found that TSCs responded to L-amino acids when
presented with IMP. Out of 170 responsive TSCs, 133 (78%) responded to MPG+IMP, 118
(69%) responded to Ser+IMP, 111(65%) responded to Arg+IMP, and 114 (67%) responded to
GIn+IMP. TSCs also responded to the L-amino acids MPG, Ser, Arg, and GIn when presented
individually (Table 1).

In previous research, HEK cells transiently transfected with the T1r1+T1r3 heterodimer,
exhibited Ca** responses to the umami compound L-glutamate, but only when IMP was pres-
ent. Notably, IMP alone had no effect on HEK cells [24]. In contrast, we found that MPG pre-
sented alone elicited Ca** responses in 78 of 170 (46%) responsive TSCs. The mean amplitude
of MPG (10mM) evoked Ca* response (AF) was 32.38+5.3% (Mean+SEM) above baseline
(Table 1; Fig 1A Cell 1 and Cell 3, Fig 1B). In addition, IMP presented alone elicited a Ca**
response of 19.20+1.48% (Mean+SEM) above baseline in 121 of 170 (71.17%) responsive TSCs
(Table 1; Fig 1A Cell 3, Fig 1B).

In our study, a single TSC when stimulated with 9 different stimuli, often responded to
more than one L-amino acid but did not necessarily respond to all of the test solutions. For
example, cell 1 in Fig 1A, responded to all 9 stimuli tested, whereas cell 2 in Fig 1A responded
to IMP and to the L-amino acids only when presented with IMP. Clearly, cell 2’s responses to
each of the L-amino acid+IMP-MIXes were not elicited solely by IMP, as response magnitudes
to the MIXes (35-45% above baseline) were much greater than the response magnitude to IMP
(5% above baseline) alone.

Table 1. Summary of responsive WT and T1r3 KO TSCs to the 9 stimuli.

WT T1r3 KO
Total number of cells successfully tested with all 9 stimuli: 600 Total number of cells successfully tested with all 9 stimuli:
154
Number of cells with response to any stimulus: 170 (28%) Number of cells with response to any stimulus: 24 (16%)
Stimulus  No. of Responsive cells out of 170 cells No. of Synergistic No. of Responsive cells out of 24 No. of Synergistic
(%) Cells cells Cells
IMP 121 (71) N/A 14 (58) N/A
MPG 78 (46) N/A 16 (67) N/A
MPG 133 (78) 87 21 (87) 9
+IMP
Ser 65 (38) N/A 24 (100) N/A
Ser+IMP 118 (69) 59 24 (100) 15
Arg 63 (37) N/A 18 (75) N/A
Arg+IMP 111 (65) 70 23 (96) 14
Gin 66 (39) N/A 18 (75) N/A
GIn+IMP 114 (67) 75 16 (67) 2

Values are number of cells. Values in parenthesis are percentages.

doi:10.1371/journal.pone.0130088.t001
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Only 10 of 170 (6%) TSCs, responded to all 9 stimuli, while the remaining TSCs responded
to some but not all stimuli. Moreover, TSCs did not always respond to L-amino acids when
presented with IMP (Table 1; Fig 1). Analyzing TSCs with responses to only L-amino acids,
irrespective of their responses to IMP or any MIX of L-amino acid with IMP, we found 21 of
170 (12%) TSCs responded only to MPG but not to any of the other three L-amino acids tested
(Ser, Arg, and Gln). Another 57 of 170 (33%) TSCs responded to MPG and to one or more of
the other three L-amino acids tested. On the other hand, 54 of 170 (31%) TSCs did not respond
to MPG but did respond to one or more of the other three L-amino acids. These results suggest
that all L-amino acid responsive cells do not necessarily respond to the prototypical umami L-
amino acid, glutamate. In addition, more than three-fourths of the TSCs responded to 1mM
IMP, suggesting that IMP may be detected by a mechanism that is independent of the T1r1
+T1r3 heterodimer.

In some but not all cases, L-amino acids elicit synergy when presented
with IMP

Synergy between 5 ribonucleotides (IMP and GMP) and L-glutamate is a defining characteris-
tic of umami taste. The basis for this effect begins in the TSC and the taste bud. Previous studies
[25, 36, 45] have shown that MPG elicited synergistic responses in TSCs when mixed with IMP
or GMP. In addition to increasing response intensity, GMP also increased the number of
responsive TSCs [45]. Similar to previous studies, we found a greater number of TSCs respon-
sive to the MIX of MPG+IMP. For example, 70% more TSCs responded to MPG in presence of
IMP than to MPG alone. In the same way, IMP also increased the number of cells responding
to other L-amino acids. For instance, 81%, 76%, and 72% more cells responded to Ser, Arg, and
Gln, respectively, in the presence of IMP compared to the L-amino acid alone (Table 1). We
next analyzed the peak amplitude of MIX (L-amino acid+IMP) responsive TSCs to determine
which Ca®* responses were synergistic and if L-amino acids other than glutamate also elicited
synergistic responses. Of the 170 TSCs, 133 (78%) TSCs responded to the MPG+IMP-MIX,
118 (69%) TSCs responded to the Ser+IMP-MIX, 111(65%) TSCs responded to the Arg+-
IMP-MIX, and 114 (67%) TSCs responded to the Gln+IMP-MIX.

For each of the L-amino acids tested, only a subset of MIX-responsive cells elicited synergis-
tic responses (Table 1; Fig 2). Approximately 50-65% of the MIX-responsive TSCs responded
synergistically to one or more of the amino acids. Of the 133 MPG+IMP-MIX-responsive
TSCs, 87 (65%) cells showed synergistic responses. Clearly, not all MPG+IMP-MIX-responsive
cells were synergistic (Table 1). For synergistic responses, the average increase in intracellular
Ca’" response to MIX was significantly greater than the sum of the responses to the individual
stimulus compounds (One way ANOVA; P<0.0001). In addition, the mean Ca’" increase for
synergistic responses of these cells was significantly greater than the MIX response of non-
-synergistic cells (One way ANOVA; P<0.0001) (Fig 2). We similarly analyzed the Ca**
responses to the MIXes of Ser+IMP, Arg+IMP, and GIn+IMP. Of the 118 Ser+IMP-MIX-
responsive cells, 59 (50%) cells exhibited synergistic responses. Likewise, 70 of 111 (63%) Arg+-
IMP-MIX-responsive cells, and 75 of 114 (65%) Gln+IMP-MIX-responsive cells showed syner-
gistic responses (Table 1). Like the MPG+IMP-MIX-responsive TSCs, the magnitudes of the
Ca®" responses of TSCs that responded synergistically to the MIX for each of the L-amino
acids were significantly greater than MIX responses of non-synergistic cells (Fig 2).

MIX-Responsive TSCs respond differently to IMP and L-Amino Acids

To further differentiate L-amino acid response patterns, we analyzed TSC responses to individ-
ual L-amino acid set, i.e., IMP and L-amino acid with and without IMP. Each L-amino acid set
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Fig 1. Representative Ca®* responses of TSCs from WT mice. Stimuli tested were IMP (1mM), 4 L-amino acids from different side-chain groups (MPG
(10mM), Ser (20mM), Arg (10mM), and Gin (10mM)), and L-amino acids with IMP. [A] Ca2* responses of 3 sample TSCs. Each cell was tested with all 9
stimuli. The responses of the three cells are examples of some of the different response patterns to the array of stimuli. The bar above each stimulus trace
represents stimulus application time (30 sec). [B] Mean+SEM amplitude of Ca®* increase above baseline for responsive cells only, i.e. cells with a change in

Ca?* >5%. Numbers in parenthesis are the number of cells.

doi:10.1371/journal.pone.0130088.g001

consisted of one of the four L-amino acids (MPG, Ser, Arg, and Gln), IMP, and the MIX (the
L-amino acid+IMP). Each set of MIX-responsive TSCs was subdivided according to their
responsiveness to the individual components of the MIX. For the MPG set (Table 2), which
consisted of MPG, IMP, and MPG+IMP stimuli, 133 of 170 (78%) TSCs responded to the
MPG+IMP-MIX. Of these 133 cells, a subset of 23 (17%) TSCs responded only to the MIX, but
not to MPG or IMP presented individually, and 100% (23 out of 23 cells) of those responses
were synergistic. On the other hand, another subset of 20 out of the 133 (15%) MIX-responsive
cells responded to MPG but not IMP, and 8 of those 20 (40%) cells exhibited synergistic
responses. Furthermore, another subset of 45 of the 133 (34%) MPG+IMP-responsive cells
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Fig 2. Some but not all TSCs generated synergistic response to the L-amino acid+IMP MiXes. Ca®*
responses of WT TSCs to the four L-amino acid sets are shown. Each L-amino acid set consisted of one of
the four different L-amino acids (MPG (10mM), Ser (20mM), Arg (10mM), or GIn (10mM), respectively), IMP
(1mM), and the MIX of L-amino acid+IMP. [A, D, G, J] Representative TSC responses where the magnitudes
of MIX responses were greater than the summation of individual L-amino acid and IMP responses, i.e., the
MIX responses were synergistic. [B, E, H, |] Representative TSC responses where the magnitudes of MIX
responses were greater than or equal to the responses of the L-amino acid or IMP individually, but not greater
than the summation of individual L-amino acid and IMP responses, i.e., the MIX responses were not
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synergistic. [C, F, |, L] A MeantSEM response for the L-amino acid sets exhibiting synergistic and non-
synergistic responses. For each L-amino acid set, the MIX responses generated by synergistic cells were
significantly greater than the calculated sum (Sum) of L-amino acid and IMP responses. For non-synergistic
cells, MIX responses were significantly smaller than the calculated sums of responses to L-amino acid and
IMP. MIX responses of synergistic cells were also significantly greater than the MIX responses of non-
synergistic cells. Numbers in parenthesis are the number of cells. One-way ANOVA followed by Bonferroni

post hoc tests were used for statistical comparisons. ***P<0.0001, **P<0.001.

doi:10.1371/journal.pone.0130088.9002

Table 2. Summary of WT MIX-responsive synergistic and non-synergistic TSCs.

Calcium Response
YES =+; No=-
MPG -/ IMP -
MPG -/ IMP +
MPG +/ IMP -
MPG +/IMP +
Total

Calcium Response
YES = +; No = -
Ser -/ IMP -
Ser-/IMP +

Ser +/IMP -

Ser +/IMP +
Total

Calcium Response
YES = +; No =-
Arg -/ IMP -

Arg -/ IMP +

Arg +/IMP -

Arg +/IMP +
Total

Calcium Response
YES =+; No=-
Gin -/ IMP -
Gin-/IMP +

Gin +/IMP -

Gin +/IMP +
Total

MPG+IMP-MIX-Responsive TSCs

Synergistic Non-Synergistic
Number of TSCs (%)

23 0

30 15

8 12

26 19

87 (65) 46 (35)
Ser+IMP-MIX-Responsive TSCs

Synergistic Non-Synergistic

Number of TSCs (%)

13 0

32 14

7 7

7 38

59 (50.0) 59 (50.0)
Arg+IMP-MIX-Responsive TSCs

Synergistic Non-Synergistic

Number of TSCs

15 2

36 16

3 5

16 18

70 (63) 41 (37)
GIn+IMP-MIX-Responsive TSCs

Synergistic Non-Synergistic

Number of TSCs

14 2

23 23

6 1

32 13

75 (65) 39 (34)

Total
23 (17)
45 (34)
20 (15)
45 (34)
133

Total
13 (11)
46 (39)
14 (12)
45 (38)
118

Total
17 (15)
52 (47)
8(7)
34 (31)
111

Total
16 (14)
46 (40)
7(6)
45 (40)
114

MIX-responsive TSCs responded differently to the individual components of each L-amino acid set. Values are number of cells. Values in parenthesis are
percentages. +, response;-, no response to the stimulus. Note: For 2 cells in the Arg set, and 2 cells in the GiIn set, MIX responses were not synergistic
even though IMP nor the L-amino acid alone elicited a response (their increases in Ca®* were <5% of baseline). For these cells, the increases in Ca®* in
response to IMP, and L-amino acids individually were between 2.5% and 3% above baseline, and thus were not considered to be responses. However,
the MIX elicited very small responses that were just above 5% of baseline Ca®*, but not larger than the added sum of individual responses. Thus, these
MIX responses were not synergistic. Since only around 2% of the cells showed this type of response, we did not include these cells in our discussion of

synergy.

doi:10.1371/journal.pone.0130088.1002
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responded to IMP but not to MPG alone. Of these 45 TSCs, 30 (66%) TSCs responded syner-
gistically. Lastly, a different subset of 45 TSCs of 133 MPG+IMP-responsive cells also
responded to both IMP and MPG when presented alone. Of these 45 cells, 26 (58%) cells dem-
onstrated a synergistic response to the MIX (Table 2). Similar response patterns were also
found for the other three L-amino acid (Ser, Arg, and Gln) sets (Table 2). In summary, some
TSCs responded to a MIX of an L-amino acid+IMP, but only a subset of those MIX-responsive
cells was synergistic. Moreover, MIX-responsive TSCs may or may not respond to the individ-
ual components of the MIX. Additionally, clustering of MIX-responsive TSCs by their response
to individual stimuli showed that almost all of the TSCs that did not respond to individual sti-
muli (i.e., L-amino acid or IMP), generated a synergistic response to the MIX.

Synergistic and non-synergistic responses are mediated by different
receptors

In recent years, evaluation of taste cell transduction mechanisms has focused mostly on
whether or not TSCs exhibit any Ca>* increase in response to stimulation, whereas much less
attention has been given to the intensity of these responses. Since changes in response intensity
related to synergy are likely to take place through mechanisms within the signal transduction
pathway, we compared the average Ca>* responses to the individual stimulus components of
the MIX of two groups of MIX-responsive cells: 1) non-synergistic and 2) synergistic cells.
Interestingly, increases in intracellular Ca** in response to IMP were significantly smaller for
synergistic cells compared to non-synergistic cells (Unpaired t-test; P<0.0001) (Fig 3). Simi-
larly, when stimulated with L-amino acids (MPG, Ser, or Arg), the intracellular Cat responses
to these L-amino acids were significantly smaller for synergistic cells compared to non-

Il Non-synergistic but MIX -responsive cells

[ Synergistic cells
I Non MIX-responsive cells
Non MIX-responsive cells, but only with

60- Ca?* increase (AF) > 5%

40- *kk

*kk

s Lk,

IMP MPG Ser Arg

AF (%)

Fig 3. Ca®>* responses to L-amino acids and IMP in MIX-responsive and non-MIX-responsive cells.
Bars represent Mean+SEM Ca®* responses. Average Ca* responses to the individual stimulus components
of the MIX were compared for two groups of MIX-responsive cells: 1) non-synergistic and 2) synergistic cells.
The increases in intracellular Ca?* in response to IMP and the L-amino acids were significantly smaller for
synergistic cells (gray bars) compared to non-synergistic (black bars) MIX-responsive cells. Cells that did not
respond to the MIX but responded to an L-amino acid (non-MIX-responsive cells; white bars) presented alone
also generated Ca®* responses with a similar magnitude as those of MIX-responsive non-synergistic cells
(gray bars). To eliminate bias by cells that may not have a receptor, only those cells with Ca®* responses
(AF>5%) to L-amino acids were analyzed (see results). For these cells, Ca?* responses to individual L-amino
acids were not significantly different from Ca?* responses of MIX-responsive, non-synergistic cells (patterned
bars). Unpaired t-test (for IMP), and One-way ANOVA followed by Bonferroni post hoc t-test (for L-amino
acids) were used for statistical comparison. ***P<0.0001, **P<0.001, *P<0.05.

doi:10.1371/journal.pone.0130088.g003
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synergistic MIX-responsive cells (One way ANOVA; P<0.0001) (Fig 3). These response pat-
terns suggest the involvement of more than one receptor. One possible scenario is that there
are two types of receptors. One type of receptor may be involved in synergistic responses with
no or small responses to individual components of the MIX. The second type of receptor may
respond to the individual components of the MIX (L-amino acids or IMP), and any reaction to
the MIX is solely a response to the components in the MIX.

Since synergistic TSCs had smaller responses to the individual components of a MIX than
non-synergistic TSCs, we asked whether cells that do not respond to the MIX but respond to
an L-amino acid (non-MIX-responsive cells) presented alone also generated Ca®* responses
with a similar magnitude as those of MIX-responsive non-synergistic cells. Surprisingly, for
non-MIX-responsive cells, Ca** responses to individual L-amino acids were also significantly
smaller than Ca®" responses of MIX-responsive, non-synergistic cells (Fig 3). Cells that
responded to IMP but not to the MIX or to the individual L-amino acid of the MIX may not
express any receptor for L-amino acid binding, thereby skewing the whole population of data
towards null responses. To avoid this problem, we considered only cells with Ca** responses
(AF>5%) to L-amino acids. As expected, these responses were not significantly different from
non-synergistic MIX-responsive cells (Fig 3). This further supports the possibility that different
receptors are probably involved in synergistic and non-synergistic responses.

Some TSCs were broadly tuned

To further characterize the response-specificity of TSCs we tested additional TSCs to deter-
mine if they responded to L-amino acids as well as KCI, bitter and/or sweet, stimuli. In total,
135 isolated TSCs were tested with the mixture of L-amino acids (AA-MIX), sweet, and bitter
stimuli. Of 135 cells, 13 (10%) cells responded to AA-MIX, 43 (31%) cells responded to bitter
stimuli, and 26 (19%) cells responded to the sweet stimulus. The mean amplitude of Ca**
increase (AF) for AA-MIX, bitter, and sweet stimuli were 40.26+15.13, 15.05+2.57, and 16.47
+5.61 (Mean+SEM) above baseline, respectively. Of the 13 AA-MIX-responsive cells, 10 cells
(77%) responded to the AA-MIX only (Fig 4A). The other 3 AA-MIX responsive TSCs also
responded to sweet, bitter, or both of the stimuli (Fig 4B, 4C and 4D). Additionally, we tested 9
of these TSCs with the high-K* solution to see if they were also responsive to high-K*. Of these
9 cells, only 1 isolated cell (11%) responded to high-K* (Fig 4C). This cell was also responsive
to sweet stimuli. Tomchik et al. [46] proposed that this cell type may be a pre-synaptic cell. On
the other hand, Dando and Roper suggested that this type of response may be the result of cell-
to-cell communication between Type Il and Type III cell [47]. However, in our case the record-
ing was obtained from an isolated cell, thus the response elicited by this cell cannot be influ-
enced by another cell. It should also be noted that none of the cells that responded only to
AA-MIX, responded to a high-K™ solution.

Although our focus was on the AA-MIX-responsive cells, we also evaluated these cells from
the perspective of bitter and sweet responsiveness. Of the 43 bitter responsive cells, 24 cells
(57%) responded to only bitter (Fig 4E), and of 26 sweet responsive cells, 7 cells (27%)
responded to only sweet stimuli (Fig 4F). These data suggest that while some cells are narrowly
tuned to a specific type of stimulus, at least a small proportion cells are broadly tuned to multi-
ple types of taste stimuli. Our data are in agreement with previous studies, which also reported
the presence of broadly tuned and narrowly tuned TSCs [46, 48, 49].

TSCs from T1r3 KO mice responded to different L-amino acids

The taste receptor T1r1+T1r3 heterodimer functions as an umami and L-amino acid receptor
in mice. To determine if T1r3 is an obligatory component for L-amino acid responses, TSCs
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Fig 4. Representative Ca®* responses elicited by TSCs during stimulation with 4 different stimuli. Cells were stimulated with 4 different stimuli,
L-amino acid MIX (AA-MIX) (MPG (10mM), Ser (20mM), Arg (10mM), and Gin (10 mM)), sweet (SC45647 (100uM)), bitter (denatonium (2mM) or
cycloheximide (20uM)+denatonium (2mM)), and high-K* (65mM) solution. The bar above each stimulus trace represents the 30 s stimulus application period.
[A] A TSC that responded only to AA-MIX. [B] A TSC that responded to bitter and sweet stimuli. [C] A TSC that responded to AA-MIX, sweet, and high-K*
solution. AA-MIX elicited a very small increase in cytosolic Ca* compared to sweet stimulus. The high-K* solution elicited very large increase in cytosolic
Ca?*, suggesting the presence to voltage-gated calcium channels. Note: A different Y axis scale was used for the high-K* response as the high-K* elicited
response was much larger compared to AA-MIX or sweet responses. [D] This TSC responded to both AA-MIX and bitter stimuli. AA-MIX elicited a very small
increase in cytosolic Ca®* compared to bitter stimulus. [E] This TSC responded only to bitter stimuli. [F] This TSC responded only to sweet stimuli.

doi:10.1371/journal.pone.0130088.g004
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Fig 5. Representative Ca®* responses of TSCs from T1r3 KO mice. Stimuli tested were IMP (1mM), 4 different L-amino acids (MPG (10mM), Ser (20mM),
Arg (10mM), and GIn (10mM)), and L-amino acids with IMP. [A] Ca2* responses of 2 sample TSCs. Each cell was tested with all 9 stimuli. The responses of
these cells are examples of some of the different response patterns elicited by the array of stimuli. The bar above each stimulus trace represents the stimulus
application time (30 sec). [B] MeantSEM amplitude of Ca* increase (AF%) above baseline for responsive cells only, i.e. only cells with a change in baseline
Ca?*>5%. Numbers in parenthesis are the number of cells.

doi:10.1371/journal.pone.0130088.9005

from circumvallate and foliate papillae of T1r3 KO mice were tested with the same stimuli used
to test TSCs from WT mice. We screened a total of 320 TSCs of T1r3 KO mice for responses
and successfully tested 154 cells with all 9 stimuli. Ca®" responses were detected from 24 of 154
(16%) cells. As a control, we compared the high-K" induced responses of TSCs of WT and
T1r3 KO mice. The incidence and magnitude of these responses were not significantly different
between WT and T1r3 KO mice (WT, n =20 out of 56 cells (36%); T1r3 KO, n = 23 out of 61
cells (38%); Unpaired t-test, P = 0.87).

TSCs from T1r3 KO mice not only responded to L-glutamate but also responded to other L-
amino acids (Table 1; Fig 5). Of the 24 responsive cells, MPG elicited an increase in Ca" of
14.6+4.9% (Mean+SEM) above baseline in 16 (67%) TSCs (Table 1; Fig 5). Ser, Arg, and GIn
also elicited responses in 24 (100%), 18 (75%), and 18 (75%) TSCs, respectively, although the
populations of responsive cells were not identical. Like TSCs of WT mice, L-amino acids
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elicited a response in some but not all TSCs when presented with IMP (Table 1; Fig 5). Addi-
tionally, IMP presented alone elicited Ca>* responses in 14 of the 24 (58%) responsive TSCs.
The magnitude of responses to IMP was 32.6%+6.2 (Mean+SEM). The results from TSCs of
T1r3 KO mice lacking one component of the T1r umami receptor show that many of these
TSC:s are still capable of responding to different L-amino acids. Interestingly, when we com-
pared the percentage of responsive cells between WT and T1r3 KO mice, we found there were
significantly fewer responsive cells for the T1r3 KO mice compared to the WT mice (Chi
square test; P<0.01) but the proportion of TSCs that responded to each L-amino acid (except
for MPG) was significantly larger for T1r3 KO mice (Chi square test; P<0.05). This may reflect
the involvement of multiple receptors in the detection of L-amino acids. The absence of one
receptor appears to decrease the number of L-amino acid responsive cells. However, the cells
that are still capable of detecting an L-amino acids, are utilizing fewer receptor types and conse-
quently making their responses more homogenous. This further supports the hypothesis that
although T1r1+T1r3 receptor is involved in L-amino acid transduction, it is not the only recep-
tor involved in L-amino acid taste.

Receptor(s) other than T1r1+T1r3 may be involved in synergistic
responses

We next analyzed responses for each L-amino acid set to determine if TSCs from T1r3 KO
mice also showed any synergistic responses. For each L-amino acid set, a subset of MIX
responses was greater than the sum of the responses to individual components of the MIX
(Table 1; Fig 6). Of 21 MPG+IMP-MIX-responsive cells, 9 (43%) cells exhibited synergistic
responses. Likewise for Ser, Arg, and Gln sets 63%, 61%, and 13% of the MIX-responsive cells
showed synergistic responses, respectively (Table 1). In addition, similar to WT responses, syn-
ergistic MIX responses of the KO mice were significantly greater than the calculated summed
responses for MPG, Ser, and Arg set (One way ANOVA; P<0.05) (Fig 6). We further com-
pared the percentage of MIX-responsive cells between WT and T1r3 KO mice. The percentage
of cells responding to the MIX for each L-amino acid was not different between WT and T1r3
KO mice (Chi square test; P>0.05). However, for the Ser and Arg sets, the percentages of syn-
ergistic cells were significantly greater in T1r3 KO mice (Chi square test; P<0.05). These results
further suggest that receptor(s) other than T1r1+T1r3 heterodimer are involved in L-amino
acid detection and that other receptors can also elicit synergistic responses.

Clustering of MIX-responsive cells of WT mice to evaluate their responses to individual sti-
muli showed that almost 100% of the cells that did not respond to one or the other of the indi-
vidual stimuli i.e., L-amino acid or IMP, responded synergistically to the MIX (Table 2).
Interestingly, only three TSCs from T1r3 KO mice exhibited similar response patterns (2 for
MPG, 1 for Gln set (Table 3)). Additionally, a more direct comparison of the synergistic
responses by TSCs of WT and T1r3 KO mice revealed that the mean amplitude of responses
generated by T1r3 KO cells were significantly smaller for MPG+IMP, and Arg+IMP (Unpaired
t-test; P<0.05; Fig 7). However, Ser+IMP synergistic responses of T1r3 KO cells were not dif-
ferent from WT cells. Moreover, the mean amplitude of synergistic MIX responses by T1r3 KO
cells for the Ser set was significantly greater than non-synergistic MIX responses (Fig 6F).
These data suggest that, while the T1r1+T1r3 heterodimer is important for synergistic
responses, other receptors also play a role in eliciting synergistic responses.

TSCs in Clusters

In our experiments isolated TSCs and TSCs in clusters were examined. TSCs in clusters are
more stable, and stayed healthy for longer periods, thus allowing longer imaging time. One
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Fig 6. TSCs from T1r3 KO mice can also elicit synergistic responses. Ca®* responses of T1r3 KO TSCs
to the four L-amino acid sets are shown. Each L-amino acid set consisted of one of the four L-amino acids
(MPG (10mM), Ser (20mM), Arg (10mM), or GIn (10mM), respectively), IMP (1mM), and the MIX of L-amino
acid+IMP. [A, D, G, J] Representative TSC responses when the magnitudes of MIX responses were greater
than the summation of individual L-amino acid and IMP responses, i.e., the MIX responses were synergistic.
[B, E, H, 1] Representative TSC responses where the magnitudes of MIX responses were greater than or
equal to the response of the L-amino acid or IMP individually, but not greater than the summation of the
individual L-amino acid and IMP responses, i.e., the MIX responses were not synergistic. [C, F, I, L] Mean
+SEM response for the L-amino acid sets exhibiting synergistic and non-synergistic responses. We were
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unable to conclude anything about Gin set as only 2 cells responded synergistically to GIn+IMP. Numbers in
parenthesis are the number of cells. Mann Whitney test was used for statistical testing. ***P<0.001,
**P<0.01, ¥*P<0.05.

doi:10.1371/journal.pone.0130088.g006

drawback of using clusters of cells, however, can be indirect activation of some TSCs in direct
contact with another cell. There are two possible models through which an L-amino acid taste
stimulus can activate a second-messenger-dependent (inositol triphosphate, IP;) calcium wave
that propagates between adjacent TSCs: (1) IP; may traverses through gap junctions and initi-
ates the release of intracellular calcium stores in neighboring Type II or III cells (as found in
different cellular systems) [50], (2) a Type II cell releases ATP that acts on a Type III (presyn-
aptic) cell to increase intracellular Ca** which e.g., could lead to release of neurotransmitter
stored in vesicles [47, 51-53]. In either case, adjacent cells could generate similar response

Table 3. Summary of T1r3 KO MIX-responsive synergistic and non-synergistic TSCs.

Calcium Response
YES =+; No=-
MPG -/ IMP -
MPG -/ IMP +
MPG +/ IMP -
MPG +/ IMP +
Total

Calcium Response
YES = +; No = -
Ser-/IMP -
Ser-/IMP +

Ser +/IMP -

Ser +/IMP +
Total

Calcium Response
YES = +; No =-
Arg -/ IMP -

Arg -/ IMP +

Arg +/IMP -

Arg +/IMP +
Total

Calcium Response
YES = +; No=-
GIn-/IMP -
Gin-/IMP +

Gin +/IMP -

Gin +/IMP +
Total

MPG+IMP-MIX-Responsive TSCs

Synergistic Non-Synergistic
Number of TSCs Total
1 0 1(5)
0 4 4 (19)
5 2 7 (33)
3 6 9 (43)
9 (43) 12 (57) 21
Ser+IMP-MIX-Responsive TSCs
Synergistic Non-Synergistic
Number of TSCs Total
0 0 0 (0)
0 0 0 (0)
9 1 10 (42)
6 8 14 (58)
15 (63) 9 (37) 24
Arg+IMP-MIX-Responsive TSCs
Synergistic Non-Synergistic
Number of TSCs Total
0 0 0 (0)
1 4 5(22)
9 0 9 (39)
4 5 9 (39)
14 (61) 9 (39) 23
GIn+IMP-MIX-Responsive TSCs
Synergistic Non-Synergistic
Number of TSCs Total
1 0 1(6)
1 0 1(6)
0 8 8 (50)
0 6 6 (38)
2(12) 14 (88) 16

Values are number of cells. Values in parenthesis are percentages. +, response; -, no response to the stimulus.

doi:10.1371/journal.pone.0130088.t003
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Fig 7. Comparison of amplitude of synergistic responses between WT and T1r3 KO mice. Bars
represent Mean+SEM for synergistic responses (i.e., responses to the MIX that were greater than the sum of
individual responses) of TSCs from WT and T1r3 KO mice. The amplitude of responses elicited by MPG+IMP
and Arg+IMP was significantly smaller in T1r3 KO cells than those of WT cells (Unpaired t-test). *P<0.05.

doi:10.1371/journal.pone.0130088.g007

patterns within our imaging procedures. To identify cells that might be responding indirectly,
we analyzed the response patterns of cells adjacent to each other. Of the 170 cells, 19% of the
cells were close enough together for one of the cells to potentially be activated by another.
Some of the adjacent cells in a cluster generated Ca>" response patterns with comparable time
courses and amplitudes. For example, cells 1 and 2 in Fig 8A responded to all 9 stimuli with
very similar increases in intracellular Ca**. Furthermore, both cells generated synergistic
responses to all four L-amino acid+IMP MIXes (Fig 8A). Similarly, cell 1 and cell 2 in Fig 8B
generated comparable Ca®" response patterns to all 9 stimuli but in this case the response
amplitude of cell 2 was around 50% of cell 1, and their responses were non-synergistic to all the
four L-amino acid+IMP MIXes. In another instance, while one cell generated a synergistic
response to the L-amino acids+IMP MIXes, the responses of the adjacent cell were non-syner-
gistic (Fig 8C). Thus, even though adjacent cells might appear to have similar response patterns
to a stimulus, they often did not generate responses with the same temporal and intensity char-
acteristics. In other cases, adjacent cells did not have comparable response patterns. For exam-
ple, Fig 8D shows Ca”* responses of a pair of cells that had quite different response patterns to
the 9 stimulus compounds. Conversely, none of the response patterns of adjacent cells were
unique when compared to those of isolated cells, but rather they generated responses that were
generally indistinguishable from isolated TSCs. When we eliminated 50% of these adjacent
cells (assuming half of the cells responded to L-amino acid stimuli, and the rest demonstrated a
Ca®* increase due to indirect activation) from their respective data sets, there was a small
reduction in the number of cells per group but no change in the overall findings from our
experiments. Similar observations were made for TSCs of T1r3 KO mice.

Discussion

Although much is known about the receptor systems and transduction mechanisms involved
in the detection of L-glutamate, the prototypical umami L-amino acid, the mechanisms for
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Fig 8. Representative Ca®* responses of adjacent WT TSCs in clusters. Cells were stimulated with 9 different stimuli: IMP (1mM) 4 different L-amino
acids (MPG (10mM), Ser (20mM), Arg (10mM), and GIn (10mM)), and L-amino acid+IMP. The bar above each stimulus trace represents the stimulus
application time (30 sec). [A] Cells 1 and 2, adjacent TSCs in a cluster, generated Ca®* responses similar in temporal and amplitude to each stimulus,

including synergistic responses to all the L-amino acid+IMP MiXes. [B] These cells were adjacent TSCs in a cluster, exhibited similar non-synergistic Ca*
responses to all the L-amino acid+IMP MIXes, but the response amplitudes of cell 2 was 50% of cell 1. [C] Cells 1 and 2 were adjacent TSCs in a cluster that
responded to the same stimuli. However, one cell responded synergistically to the MIXes whereas the other cell responded non-synergistically. [D] Cells 1
and 2 were adjacent TSCs. Each cell exhibited different response patterns to the array of test stimuli.

doi:10.1371/journal.pone.0130088.g008

detecting other L-amino acids are not well understood. In general, detection of L-amino acids
by the taste system has been linked closely to detection of umami stimuli through a presumed
common taste receptor and through interactions with 5’-ribonucleotides. The impetus for this
connection was strengthened considerably by the discovery that most L-amino acids appear to
be able to activate T1r1+T1r3 receptors in HEK cells, especially when they were mixed with
IMP, and by a number of subsequent studies [23-25]. There is growing evidence, however, that
other receptors may contribute to umami taste sensations, including taste-mGluR4, taste-
mGluR1 and possibly others [20, 29, 30, 54, 55]. If a single receptor is responsible for detecting
all L-amino acids, then they should induce responses in the same TSCs and elicit the same or
similar taste qualities, including synergistic responses when they are mixed with 5’-ribonucleo-
tides. However, conditioned taste aversion and discrimination studies in rats and mice have
shown that L-amino acids do not elicit the same taste qualities [33, 55, 56]. Similarly, psycho-
physical studies have shown that humans perceive Ser and Gln as sweet at low concentrations
and umami at high concentrations but they perceive Arg as bitter [34, 35]. The results of these
experiments appear to be more in consistent with the hypothesis that the sensations elicited by
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each L-amino acid may be the product of the combined contributions of multiple L-amino acid
receptors rather than a single receptor.

To more directly evaluate this hypothesis, Ca®* imaging of isolated mouse TSCs and taste
cell clusters were performed with a panel of four L-amino acids (MPG, Ser, Arg, and Gln). Our
aim was to determine if single TSCs are responsive to all or a subset of L-amino acids and
whether these cells showed evidence of synergy when mixed with IMP. We observed a wide
range of response patterns of single TSCs tested in isolation or in clusters with all 9 stimuli but
only a few TSCs responded to all 9 stimuli (10 out of 170 cells; 6%). Mixing IMP with L-amino
acids elicited synergy for all 4 L-amino acids tested, but not every MIX-responsive cells
responded synergistically. In addition, TSCs from T1r3 KO mice showed response patterns
comparable to those of WT mice.

Since we bath applied stimuli, some responses may be due to activation of glutamate recep-
tors expressed in the basolateral membrane of the cells. Several neurotransmitters have been
proposed to function in the taste buds, including glutamate, serotonin, gamma amino butyric
acid, norepinephrine, acetylcholine, ATP, CCK, and neuropeptide Y [57-74], but only seroto-
nin, norepinephrine, and ATP have been unambiguously identified and shown to be released
in response to stimulation [60, 61, 64-66]. Studies suggesting glutamate as a potential neuro-
transmitter are mainly based upon the expression of ionotropic and metabotropic glutamate
receptors in the lingual tissue, including taste buds, and the expression of glutamate transporter
GLAST in Type I taste cells [20, 21, 47, 58, 67, 72, 75]. Vandenbeuch et al. [72] found vesicular
glutamate transporters, VGLUT1 and 2, expressed in the afferent nerve fibers, but not in taste
bud cells. Thus glutamate may be released by afferent nerve fibers, and may modulate taste
function [58, 62, 72, 75]. However, to date there is no report that directly shows the release of
glutamate in taste buds, or any modulatory function of glutamate in the taste buds. Neverthe-
less, we realize this may be a limitation of our protocol, and that there may be glutamate recep-
tors at the basolateral end of the TSCs. If so, some of the responses will not be normal taste
responses.

Multiple receptors and/or transduction mechanisms are involved in L-
amino acids and IMP taste

In our experiments, TSCs of WT mice often responded to more than one L-amino acid, but
not all L-amino acids elicited a response in the same TSC (Table 1; Fig 1). Some but not all L-
amino acid responsive cells responded to glutamate, the prototypical umami taste stimulus.
When TSCs were stimulated with the MIX of an L-amino acid and IMP, a diverse array of
response patterns were found. For example, 1) the MIX for each L-amino acid elicited a
response in some TSCs, 2) cells that responded to the individual components of a MIX did not
always respond when the MIX was applied, and 3) a subset of MIX-responsive TSCs did not
respond to the individual components of the MIX (Table 2; Fig 2). Prior recording studies of
the chorda tympani (CT) and glossopharyngeal (GL) nerve fibers of rats and mice have shown
that 5’-ribonucleotides or glutamate alone can elicit measurable responses. Although many
nerve fibers responded to IMP, GMP, and glutamate, some responded to only 5’-ribonucleo-
tides or glutamate. In addition, only a subset of fiber responses to a glutamate+5’ ribonucleo-
tide-MIX was synergistic [44, 76-82]. Similar response patterns were also seen in patch clamp
recordings and Ca®" imaging experiments. Lin et al. [44] using taste cells isolated from rat fun-
giform papillae showed that a subset of TSCs responded to glutamate or GMP alone, and only
a subset of glutamate+GMP-MIX-responsive cells showed synergy. Further, behavioral dis-
crimination studies have shown that rats could positivity distinguish between MSG and IMP
or GMP, suggesting that MSG and these 5" ribonucleotides possess at least some unique taste
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qualities [83]. Our Ca®" imaging results are consistent with these previous studies and suggest
that TSCs may respond to IMP and the L-amino acids with different receptors and/or trans-
duction pathways.

Our findings with isolated or clustered TSCs did not recapitulate response trends seen
withT1r1+T1r3 heterodimer expressing HEK cells [24]. These HEK cells showed no Ca®*
increase when stimulated with the prototypical umami compound MSG (50mM). However, in
our study 46% of the responsive TSCs responded to 10mM MPG presented alone. These differ-
ences in cellular responses might be due to the experimental model (in vivo versus in vitro) in
which the receptor heterodimer is expressed, but it is also plausible that receptors other than
T1r1+T1r3 are involved in L-amino acids and IMP detection.

In posterior tongue, receptor(s) other than T1r1+T1r3 can generate
synergistic responses

Comparison of TSCs from WT and T1r3 KO mice revealed some very interesting findings,
especially when IMP was a part of the stimulus solution. Synergy between 5’-ribonucleotides
and glutamate is a defining characteristic of umami taste. In HEK cells expressing T1r1+T1r3,
several L-amino acids exhibited this synergistic characteristic in the presence of IMP [24],
often responding to an L-amino acid only when IMP was present. A previous study reported
that some TSCs responded synergistically to glutamate+IMP but had only small or no
responses to glutamate or GMP alone [44]. Our analysis of the WT TSC responses to the 9 sti-
muli (IMP, 4 L-amino acids, with and without IMP) revealed an interesting cluster of 40 (24%)
cells which responded to L-amino acids only in presence of IMP, and showed little or no
response to IMP alone. We also identified a subset of synergistic WT cells that had no detect-
able response to the individual components of the MIX for all four L-amino acids tested. This
resulted in a noticeable increase in the number of cells responsive to L-amino acids in presence
of IMP (Table 1). Interestingly, we did not find any such response patterns for TSCs of T1r3
KO mice. In the WT experiments, all 4 L-amino acid sets elicited synergistic MIX responses
that had significantly higher peak amplitudes than non-synergistic MIX responses (Fig 2C, 2F,
2I'and 2L). In contrast, T1r3 KO cells responded synergistically to the MIXes but the responses
to 2 of the 3 sets were not significantly larger than the non-synergistic MIX responses (Ser
+IMP was the exception) (Fig 6C, 6F and 6I). We were unable to conclude anything about the
Gln set, as only 2 cells responded synergistically to GIn+IMP. These findings suggest that there
is a different response mechanism that is dependent upon the L-amino acid ligand. This con-
clusion is further supported by synergistic responses of T1r3 KO cells. The responses of these
cells to MPG+IMP and Arg+IMP-MIXes were significantly smaller than responses of WT cells
(Fig 7), whereas responses to Ser+IMP were not different from WT TSCs (Fig 7). Collectively,
these results suggest that although the T1r1+T1r3 heterodimer plays an important role in gen-
erating synergistic responses to these L-amino acids, it is not the only receptor capable of elicit-
ing a synergistic response.

The characteristics of single fiber and whole-nerve responses to stimulation by L-amino
acids vary considerably between CT and GL nerves [78, 80]. Ninomiya and colleagues identi-
fied taste fibers in the mouse GL nerve that responded to umami compound MSG, including
fibers showing synergistic responses to MSG in the presence of 0.5mM GMP [84, 85]. The
importance of the GL nerve in umami taste was further established when Ninomiya and Funa-
koshi showed that mice with bilateral section of the GL nerve could not discriminate between
MSG and NaCl [84, 85]. Moreover, the posterior part of the tongue is more sensitive to umami
than the anterior tongue [86, 87]. On the other hand, whole nerve responses to umami are
much greater in the CT than in the GL and synergy is detectable in the response of the CT but
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not the GL [88]. In addition, the sweet taste inhibiting peptide gurmarin inhibited the umami
signal and synergistic responses preferentially in the CT of C57BL/6] mice, but had no detecti-
ble effect on GL nerve recordings. Thus there may be a different set and/or proportion of recep-
tors that elicit umami taste in the posterior portion of the tongue. Even though whole nerve
studies found minimal synergistic responses from the posterior portion of the tongue, in this
study we found a heterogeneous group of cells in circumvallate and foliate taste buds that
showed synergistic responses to L-amino acids and IMP stimuli.

Recently the Venus fly trap domain of the T1r1 subunit of the T1r1+T1r3 heterodimer was
proposed to be critical for umami synergism [89, 90]. We found an unexpectedly high propor-
tion of TSCs from T1r3 KO mice, like those of WT mice, responded not only to L-glutamate
but also to other L-amino acids, with or without IMP. Some of these KO cells also exhibited
synergistic responses when L-amino acids were mixed with IMP (Table 1; Fig 2). The combina-
tion of these findings suggests that there is likely another receptor at least in the posterior
region of the tongue that is capable of eliciting synergistic responses. In circumvallate papillae,
the majority of the T1r3 expressing cells also express T1rl, but only around 50% of the T1rl1
expressing cells co-express T1r3 [91]. Thus it is possible that T1r1 may homodimerize or form
heterodimers with other receptors, but at present there is little evidence supporting this possi-
bility. Additionally, the expression of the T1r1+T1r3 heterodimer is not uniform throughout
the different taste papillae and is lower in the posterior portion of the tongue [91-96]. Taste-
mGluR4 has been proposed to be an alternate receptor involved in umami taste. The action of
L-AP4, an agonist of taste-mGluR4, has been shown to be enhanced in the presence of IMP
[96, 97]. Thus, taste-mGluR4 alone or with other receptor complexes may be involved in medi-
ating synergistic responses.

IMP alone elicits responses in TSCs

Our finding that IMP alone can elicit a response in a large number of TSCs was surprising
since Lin et al. [44] reported finding far fewer fungiform TSCs in the rat that responded to
GMP. This might be due to the difference in the species and the papillae from which the cells
were isolated. However, the receptor involved in the detection of 5’-ribonucleotides remains
unclear. An IMP binding site has been proposed to be located in the N-terminal domain of the
T1rl subunit [90], but the lack of IMP-induced Ca** responses in HEK cells expressing T1r1
or the heterodimer T1r1+T1r3 raises questions about its role as an IMP receptor. In our study,
there was no difference between WT and T1r3 KO mice in the percentage of IMP responding
cells. IMP responses by TSCs of T1r3 KO mice further support the hypothesis that receptor(s)
other than the T1r1+T1r3 heterodimer can be activated by IMP. Studies with GPCRs and their
agonists have shown that a single compound can act as either an agonist or an allosteric mod-
ulator, depending on receptor binding [98-100]. It is possible that IMP might act as either an
agonist where IMP itself can elicit significant Ca®* responses without enhancing the response
to another substance such as an L-amino acid, or as an allosteric modulator where it facilitates
L-amino acid responses such as when IMP induces a synergistic response. Thus, it is possible
that synergistic responses elicited by L-amino acids in presence of IMP are mediated primarily
but not exclusively by the T1r1+T1r3 heterodimer, where L-amino acids act as umami com-
pounds and IMP acts as an allosteric modulator. Other TSCs may have receptors that mediate
non-synergistic responses to individual L-amino acids or IMP.

Although the specific receptors involved in detection of L-amino acids and IMP cannot be
identified from these data, there may be several possibilities. Besides the T1r1+T1r3 heterodi-
mer, it seems likely that mGluR receptors, including brain and truncated taste versions of
mGluR4 and mGlIuR1 and possibly mGluR2 and mGluR3, may be potential candidates [20,
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29-32, 54, 55]. Recently, the Ca®* sensor CaSR and the class C GPCR, GPRC6A, which can
also detect L-amino acids, were localized to Type I and III taste cells [101, 102]. However,
whether these Ca®* sensors can generate synergistic responses is yet to be determined. One
very intriguing possibility is that taste-mGluR4 or some other receptor may form a complex
with each other or with T1rs that responds to L-amino acids as well as generate synergistic
responses. However, further investigation is needed to examine this hypothesis.

Conclusions

In summary, we report for the first time the response patterns of single TSCs to IMP and four
L-amino acids (from different classes) with and without IMP. Our data strongly suggest that,
in addition to T1r1+T1r3, one or more receptor(s) other than T1rs contribute to the tastes of
IMP and L-amino acids, as well as to synergistic interactions between IMP and L-amino acids.
In particular, using Ca>* imaging we showed that response patterns elicited by L-amino acids
varied significantly across isolated TSCs. IMP and all four L-amino acids elicited Ca*"
responses in TSCs, although each cell typically responded to multiple, but not all L-amino
acids. Moreover, in the presence of IMP, L-amino acids other than glutamate were able to elicit
synergistic responses. Along with its role in synergism, IMP alone was capable of eliciting Ca**
responses in TSCs of WT and T1r3 KO mice. We also found that TSCs from T1r3 KO mice
can respond to L-amino acids and at least some are capable of synergistic responses in the pres-
ence of IMP. These results suggest that multiple receptors are involved in IMP and L-amino
acid detection, as well as in generating synergistic responses.
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