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SUMMARY
The sense of taste generally shows diminishing sensitivity to prolonged sweet stimuli, referred to as sweet
adaptation. Yet, its mechanistic landscape remains incomplete. Here, we report that glia-like type I cells pro-
vide a distinct mode of sweet adaptation via intercellular crosstalk with chemosensory type II cells. Using the
microfluidic-based intravital tongue imaging system, we found that sweet adaptation is facilitated along the
synaptic transduction from type II cells to gustatory afferent nerves, while type I cells display temporally de-
layed and prolonged activities. We identified that type I cells receive purinergic input from adjacent type II
cells via P2RY2 and provide inhibitory feedback to the synaptic transduction of sweet taste. Aligning with
our cellular-level findings, purinergic activation of type I cells attenuated sweet licking behavior, and
P2RY2 knockout mice showed decelerated adaptation behavior. Our study highlights a veiled intercellular
mode of sweet adaptation, potentially contributing to the efficient encoding of prolonged sweetness.
INTRODUCTION

Sensory systems often show diminishing sensitivity to prolonged

or repeated sensory stimuli, a phenomenon known as sensory

adaptation.1,2 Starting from the sensory end organs, sensory

adaptation occurs at multiple levels by diverse molecular and

cellular mechanisms and contributes to the efficient coding of

a wide range of dynamic sensory inputs.3–6 For example, retinal

photoreceptor cells in the visual system undergo photopic adap-

tation on amillisecond scale to maintain their sensitivity across a

wide range of luminance levels.7 Similarly, olfactory sensory neu-

rons in the nasal epithelium rapidly desensitize when exposed to

an odorant over a prolonged period to tune the olfactory sensi-

tivity toward novel odorants in the environment.8 In the skin,

Merkel cells express slowly adapting mechanoreceptors for en-

coding sustained pressure, while Pacinian corpuscles equip

rapidly adapting mechanoreceptors for sensing mechanical vi-

bration.9,10 These sensory adaptation phenomena are evolution-

arily conserved in animals and humans.11–13

Likewise, the taste system also displays sensory adaptation. A

well-known example is sweet adaptation revealed by psycho-

physics studies on human subjects, showing that pre-exposure

to sweet compounds led to a significant reduction in subsequent

perception of sweetness.14–16 Consistent observations of taste

adaptation in gustatory nerve recordings on diverse animal
All rights are reserved, including those
models were reported subsequently.17,18 Later, the identification

of a mammalian sweetener receptor, a heterodimer of T1R2 and

T1R3,19–21 expressed on sweet-sensing cells in various or-

gans,22 led to the finding that the receptors can be gradually de-

sensitized in response to repeated or prolonged sweet stimuli,

mediating sweet adaptation.23 This receptor-mediated adapta-

tion, conceivably occurring in chemosensory cells in the taste

bud, has long been regarded as the primary mechanism of pe-

ripheral sweet adaptation.24–26

The taste bud comprises not only chemosensory cells (type II

for sweet, bitter, and umami; type III for sour) but also glia-like

cells (type I), which are the most abundant cell type in the taste

bud.27–34 Despite their abundance, type I cells have long been

considered merely as supporters or bystanders in the taste

transduction pathway, primarily due to their lack of taste recep-

tors and anatomical connectivity to gustatory afferents.35,36

Nonetheless, a line of histological and functional studies con-

ducted particularly in the context of bitter and salty stimuli has

raised intriguing speculations on their active role in taste infor-

mation processing.37–40

Here, we report a mode of sweet adaptation mediated by

intercellular interactions between type II and type I cells. First,

we established an optical approach for visualizing individual

functional elements in the taste bud in vivo, including type II

cells, extracellular adenosine triphosphate (ATP) release,
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Figure 1. Cellular-subtype-specific functional dynamics within the taste bud during prolonged sweet stimuli in vivo

(A) Experimental setup. The mTongue system provides programmable tastant delivery. Functional dynamics within a taste bud is volumetrically recorded using a

piezo z-scanning.

(legend continued on next page)
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afferent nerves, and type I cells. Second, harnessing the in vivo

imaging approach, we comprehensively screened their func-

tional activities in the context of sweet adaptation, revealing

cellular-subtype-specific functional dynamics in the taste

bud. Third, we identified the molecular mediators for the inter-

cellular interactions including the purinergic receptor subtype

in type I cells. Moreover, we revealed that functional activation

of type I cells provides reliable inhibitory modulation to periph-

eral sweet information. Finally, we demonstrated that the func-

tional activity of type I cells influences the perception of

sweet taste.

RESULTS

Facilitation of sweet adaptation in the taste bud
To investigate peripheral sweet adaptation in vivo, we employed

the microfluidics-based tongue imaging chamber (mTongue) to

cell-type-specific reporter mice with either intracellular calcium

or extracellular neurotransmitter sensors41–44 (Figure 1A).

Through the embeddedmicrofluidic channel of the mTongue sys-

tem, we programmatically delivered a sweet tastant (30mMace-

sulfame potassium [AceK]) to the dorsal surface of the tongue in

phasic (5 times 10-s exposureswith 20-s intervals) or tonic (a sin-

gle 160-s exposure) stimulus protocols to induce sweet adapta-

tion in a physiological context. To visualize the sweet transduc-

tion pathway, we used PIRT-GCaMP-tdTomato mice, which

label chemosensory type II and III taste cells, along with their

downstream geniculate neurons (Figures 1B and S1). Through

real-time volumetric imaging of the taste bud, we concurrently

visualized intracellular calcium activities of sweet-responding

taste cells and axonal arbors of the afferent nerves in the taste

bud. Since our protocol resulted in mostly segregated sweet-

and sour-responsive cell populations, we attributed sweet-

responsive cells to type II cells (specificity = 94%, n = 16 cells;

Figure S1).42 Although afferent nerves are in close proximity

with type II cells to form unconventional synapses,45 we were

able to unambiguously distinguish the sweet-evoked signal of

type II cells from that of afferent nerves since they are spatially

segregated to the apical and basolateral domains, respectively

(Figures 1B, S1G, and S1H). Consistently, after bilateral transec-

tion of chorda tympani nerves innervating the fungiform taste

buds, the basolateral responses corresponding to the afferent

nerves were selectively abolished, whereas the apical type II

cell responses remained preserved (Figures S1I–S1K).
(B) Mouse models. PIRT-GCaMP-tdTomato mouse (left) labels both type II cells a

extracellular ATP. GAD2-GCaMP-tdTomato mouse (right) labels glia-like type I c

(C) Representative calcium activity in the apical side of type II cells (top) and basol

s) in a PIRT-GCaMP6-tdTomato mouse. Scale bar, 10 mm.

(D) Representative calcium activities of type II taste cells (dark green) and affere

30 mM AceK stimulus. t1/e indicates the response duration of which DF/F is grea

(E) Heatmap for type II cells (n = 30 cells) and afferent nerves (n = 38 nerves).

(F–H) Extracellular ATP release in response to tonic sweet stimuli measured in G

sorted by the hierarchical clustering analysis. The two major clusters are indicate

(I–K) Type I cell activity in response to tonic sweet stimuli measured in GAD2-GC

(L) Summarized functional responses of type II cells (dark green), on-time ATP re

sweet stimuli.

(M–O) Quantitative comparison of response delay (Dt), time to peak, and respon

See also Figures S1, S2, S3, and S4.
Using PIRT-GCaMP-tdTomato mice, we first investigated the

synaptic transmission of sweet information from type II cells to

afferent nerves during tonic and phasic sweet stimuli. As ex-

pected by the known receptor-mediated adaptation, the calcium

activities of type II cells showed a gradual decline during phasic

and tonic sweet stimulus (Figures 1C–1E and S2; Videos S1 and

S2). The response of the downstream afferent nerves also

showed a decline; however, their adaptation kinetics notably ex-

ceeded that of type II cells in both phasic and tonic stimulus con-

ditions. For example, in response to the tonic stimulus of 160 s,

the 1/e response durations (t1/e) were significantly decreased

from 120.2 ± 8.6 s in type II cells to 71.9 ± 4.7 s in afferent nerves

(n = 30 for type II cells and n = 38 for afferent nerves; p < 0.0001,

unpaired t test; Figure 1O), indicating facilitation of adaptation ki-

netics. In the phasor diagram representing the functional rela-

tionship between type II cells and afferent nerves, both phasic

and tonic conditions exhibited apparent facilitated adaptation

along a common trajectory (Figure S2M). Moreover, we

confirmed that this phenomenon is not only limited to acesul-

fame K but also in other sweet compounds such as fructose,

saccharine, and sucralose, all of which consistently exhibit facil-

itated adaptation kinetics at the levels of gustatory afferents and

geniculate neurons (Figures S2N and S2O). We also observed

similar facilitated adaptation at the afferent nerve level with bitter

and umami tastants but not with sour and salty tastants, sug-

gesting that the facilitated adaptation is selective to taste quali-

ties transduced by type II cells (Figure S3). This finding of facili-

tated adaptation from type II cells to afferent nerves implies

that an alternative mechanism of sweet adaptation exists within

the taste bud, beyond the previously recognized receptor-medi-

ated adaptation.

To visualize the transmitter released from the type II cells,46,47

we adopted the P2Y1 receptor-based fluorescent sensor,

GRABATP, expressed under the GAD2 promoter48 (Figure 1B).

Owing to the inherent sensitivity of the P2Y1 receptor,

GRABATP detects both ATP and ADP. However, the ATP trans-

mitter released by type II cells is rapidly hydrolyzed into ADP,

AMP, and adenosine and is timely cleared from the extracellular

space to ensure temporally defined transduction of taste signal

and microenvironmental homeostasis.49,50 Thus, ADP kinetics

largely follow ATP kinetics, and consequently, GRABATP recapit-

ulates the dynamics of ATP release by type II cells. The dynamics

of ATP release measured by GRABATP mice in response to tonic

sweet stimuli exhibited the two major kinetic clusters composed
nd afferent nerves in the taste bud. GAD2-GRABATP mouse (middle) visualizes

ells. Scale bar, 10 mm.

ateral afferent nerves (bottom) during a tonic sweet stimulus (AceK 30 mM, 160

nt nerves (light green) in (A). The shaded gray area represents the duration of

ter than 1/e (�36.8%) of the maximal response.

AD2-GRABATP mice. n = 36 synaptic foci from 11 mice in (H). The data in (H) is

d as adapting (n = 23 foci) and prolonged (n = 13 foci). Scale bar, 10 mm.

aMP6f-tdTomato mice. n = 18 cells from 5 mice in (K). Scale bar, 10 mm.

lease (purple), afferent nerves (light green), and type I taste cells (red) to tonic

se duration (t1/e). One-way ANOVA test.
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of ‘‘adapting’’ and ‘‘prolonged’’ (Figures 1F–1H; n = 23 foci for

adapting, n = 13 foci for prolonged by hierarchical clustering

analysis). The adapting kinetics showed gradual desensitization

with minimal response delays and largely resembled the func-

tional dynamics of afferent nerves rather than that of type II cells,

suggesting that facilitated adaptation occurs at the level of type II

cells. The prolonged kinetics, however, showed significantly de-

layed response onsets by 6.0 ± 6.4 s, and the response durations

were prolonged compared with the adapting kinetics. Intrigu-

ingly, the prolonged kinetics was absent in both type II cells

and afferent nerves, implicating that this ATP kinetics might

serve a distinct function beyond the conventional synaptic trans-

mission from type II cells to afferent nerves.

Distinct temporal kinetics of type I cells during sweet
adaptation
We next studied the functional dynamics of glia-like type I cells

during sweet adaptation using GAD2-GCaMP-tdTomato

mice51 (specificity = 74% and sensitivity = 94%; Figures 1B

and S1A–S1D; Video S3). Of note, in response to tonic sweet

stimuli, type I cells displayed a significantly delayed sweet-

evoked response of 18.0 ± 13.8 s (n = 18 cells), which was in

stark contrast with the canonical taste transduction pathway

from type II cells to afferent nerves responding nearly on time

upon the arrival of a stimulus (Figures 1I–1M). The time to peak

of type I cells was also distinctively slow compared with the ca-

nonical pathway (Figure 1N). The response duration (t1/e) of type I

cells was prolonged often beyond the cessation of the sweet

stimuli (8 out of 18 cells), which was never observed in type II

cells and afferent nerves (0 out of 30 cells and 0 out of 38 nerves;

Figure 1O). These distinctive kinetic features were consistently

observed with other stimulus conditions, such as a phasic sweet

stimulus or a single 20-second exposure to other basic taste

qualities (Figure S2).52 The kinetic parameters of type I cells

resembled the prolonged kinetics observed in extracellular

ATP (Figures 1M–1O), although its causal relationship with type

I cells remains to be verified.

The functional distinction between type I and type II cells was

also apparent in their stimulus-response relationship (Figure S4).

With increasing duration of sweet stimuli (0–30 s of 30mMAceK),

type I cells showed a large supralinear rise in their integrated re-

sponses, whereas type II cells showed a moderate sublinear

relationship (Figures S4A and S4B). In response to the increasing

concentrations of sweet stimuli (0–80 mM AceK), type I cells

showed a progressive increase in the number of responding

cells, primarily through propagation to neighboring type I cells.

By contrast, type II cells showed saturable responses conceiv-

ably defined by the expression levels of sweet receptors

(Figures S4C and S4D). In agreement with the gradual spreading

of type I cell response, a portion of extracellular ATP also

showed spatially spreading dynamics during phasic and tonic

sweet stimuli, which were classified as prolonged kinetics

(Figures S4E–S4H). These distinctive response characteristics

of type I cells imply that they are preferentially activated in the

context of prolonged or intense taste stimuli.

To summarize, our functional screening revealed that the

sweet adaptation kinetics is facilitated along the synaptic trans-

duction at the downstream of taste receptors, suggesting the
4 Cell 188, 1–16, January 9, 2025
presence of an alternative adaptation mechanism other than

the known receptor-mediated mechanism. Intriguingly, type I

cells display delayed and prolonged responses, seemingly nega-

tively correlated with the adapting kinetics. Thus, we subse-

quently investigated the underlying mechanism of the type I

cell response and its functional outcome.

Purinergic signaling from type II to type I cells via P2Y2
receptors
As type I cells do not express any sweet taste receptors, we

reasoned that their sweet-evoked responses are mediated by

sweet-sensing type II cells. To verify this, we investigated type

I cell responses in PLCb2 knockoutmice lacking sweet and bitter

reception53,54 (Figures 2A–2D). Contrary to the wild-type mice

showing broad responsiveness to sweet, bitter, and salty stimuli,

sweet- and bitter-evoked calcium responses in type I cells were

selectively abolished in PLCb2 knockout mice. This result sug-

gests that sweet-evoked responses of type I cells are mediated

by intercellular interactions with sweet-sensing type II cells.

We next questioned if ATP released by type II cells mediates

the functional interaction with type I cells. First, we examined

sweet-evoked responses of type I cells in the presence of a pu-

rinergic receptor inhibitor. After intravenous delivery of suramin,

the sweet-evoked type I cell calcium responses were signifi-

cantly attenuated (Figures 2E and 2F). Second, we observed

that type I cells were broadly responsive to intravenously admin-

istered ATP (Figures 2G and 2H). Lastly, to determine if sweet-

responsive type I cells are positioned adjacent to sweet-sensing

type II cells, we conducted correlative imaging by serially per-

forming in vivo calcium imaging and post-mortem mRNA in situ

hybridization (FISH) on the same taste bud. Indeed, in all fungi-

form taste buds we observed (n = 4 taste buds), the sweet-

responsive type I cells in GAD2-GCaMP-tdTomato mice were

positioned adjacent to the sweet-sensing type II cells marked

by the TAS1R2 probe (Figures 2I–2K). These results collectively

indicate that ATP released by type II cells is the major paracrine

mediator for the sweet-evoked responses of type I cells.

In order to identify the specific receptor subtype responsible

for the purinergic signaling from type II to type I cells, we

screened a panel of purinergic agonists on type I cells in vivo

(Figure 3). In our initial screening with ATP, adenosine diphos-

phate (ADP), uridine triphosphate (UTP), uridine diphosphate

(UDP), 30-O-(4-benzoylbenzoyl) ATP (BzATP), and ATP-

gamma-S (ATPgS), only ATPgS, the non-hydrolyzable analog

of ATP, was shown to be effective when topically applied on

the tongue (Figure 3A), conceivably due to the high level of

ATPase within the taste bud (e.g., ENTPDase in type I cells).49

Thus, we carried out the next screening with hydrolysis-resistant

analogs, including ATPgS (P2 receptor agonist), UTPgS (P2RY2

andP2RY4 agonist), diquafosol (P2RY2 agonist), and 2-MeSATP

(P2X receptors, P2RY1, P2RY6, P2Y11, and P2Y13

agonist).55–61 We found that ATPgS, UTPgS, and diquafosol

were potent stimuli when topically applied on the tongue

(Figures 3B and 3C; Video S4). Based on the receptor subtype

specificities of these ligands, we identified the P2Y2 receptor

as the primary functional receptor in type I cells. Diquafosol pri-

marily activated the apical side of type I cells, and the dose-

response relationship measured in vivo yielded an EC50 value
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Figure 2. Sweet-evoked calcium response of type I cells is mediated by ATP released from type II cells

(A–D) Functional responses of type I cells to five basic tastes inGAD2-GCaMP5g-tdTomatomice (n = 171 cells for PLCb2+/+ and n= 56 cells for PLCb2�/�). Gray

curves indicate individual trials (n = 3) and the dark curves indicate the averaged traces.

(E and F) Inhibition of purinergic receptors. Intravenous delivery of 1 mM suramin led to attenuation of type I cell responsiveness to sweet stimuli (30 mM AceK,

shaded in gray). p = 0.037 by paired t test.

(G and H) Functional responses of type I cells to ATP. ATP (5 mM, 100 mL) was intravenously injected using a retro-orbital catheter.

(I–K) Correlative in vivo-ex vivo imaging. Sweet-evoked functional responses (30 mM AceK) of type I cells were recorded in (I) and (J), and subsequently the same

taste bud underwent FISH with TAS1R2 probe in (K).
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of �407 mM, which was several orders of magnitude higher than

the EC50 value reported in vitro, likely due to the tight junction

barriers at the apical pore62 (Figures 3D–3F). The calcium activ-

ities of diquafosol-responsive type I cells were inhibited by

mucosal delivery of P2RY2 selective antagonist, AR-C

11892563 (Figures 3G and 3H). Additionally, we confirmed that

diquafosol did not evoke any notable calcium responses in

sweet-responsive type II cells or sour-responsive type III cells

(Figures S5A and S5B). Among the topically potent candidates,

we chose diquafosol for the following studies since it has excel-
lent specificity to P2RY2 and is clinically approved for use as an

ophthalmic solution.64

Next, to verify the presence of P2RY2 in type I cells, we per-

formed multiplexed FISH in fungiform taste buds with six

mRNA probes, including P2RY2 and cell-type markers (type I

cell: ENTPDase2 and GAD2; type II sweet cell: TAS1R2 and

TAS1R3, type III cell: CAR4). Given the morphological

complexity of type I cells with their lamellar processes enwrap-

ping other taste cells, we only counted P2RY2 signals located

within the nuclei demarcated by DAPI labeling. We observed
Cell 188, 1–16, January 9, 2025 5
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Figure 3. P2RY2 mediates the purinergic signaling from type II to type I cells

(A–C) Calcium responses of type I cells to topically delivered purinergic agonists (n = 4 cells each). Only the non-hydrolyzable analogs (150 mM ATPgS, 150 mM

UTPgS, and 1 mM diquafosol) with P2RY2 sensitivity evoked robust responses.

(D and E) Spatial profile of type I cell response to topically delivered non-hydrolyzable ATP analogs. The response was predominantly observed only on the apical

side. Scale bar, 10 mm.

(F) Dose-response relationship of the type I cell activity at the apical pore to diquafosol.

(G and H) Pharmacological inhibition of P2RY2. Submucosal injection of AR-C 118925 (10 mM,�4 mL) abolished the type I cell response to 5mMdiquafosol (n = 5

cells). p = 0.0029 by paired t test.

(I) Multiplexed FISH data on cell-type markers and P2RY2. Cell-type markers: GAD2 and NTPDase2 for type I cells, TAS1R2 for sweet-sensing type II cells, and

CAR4 for type III cells.

(J and K) Quantitative analyses of P2RY2 transcripts for each cell type. A cell was classified as P2RY2-positive if it contained two ormore P2RY2 transcripts within

its nucleus. p = 0.0004 by Mann-Whitney unpaired t test (n = 157 cells from 2 mice).

(L and M) Calcium responses in type I cells in response to diquafosol (5 mM, 20 s), AceK (30 mM, 20 s), and intraperitoneal oxytocin (0.1 mg/kg) in a P2RY2�/�;

GAD2-GCaMP mouse.

See also Figure S5.
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that P2RY2 transcripts were predominantly distributed within the

type I cells (Figure 3I). By contrast, P2RY4, the alternative target

of diquafosol with compromised sensitivity,59 was rarely

observed within the fungiform taste buds (Figures S5C and
6 Cell 188, 1–16, January 9, 2025
S5D). Considering the limited selectivity of the P2RY2 probe,

we conservatively defined P2RY2-positive taste cells as cells

possessing two or more P2RY2 transcripts within their nuclei

(Figures S5E and S5F). The resulting P2RY2-positive cells were



ll

Please cite this article in press as: Park et al., Glia-like taste cells mediate an intercellular mode of peripheral sweet adaptation, Cell (2025),
https://doi.org/10.1016/j.cell.2024.10.041

Article
20.3% for type I cells (n = 126 type I cells), 3.8% for type II sweet

cells (n = 26 cells), and 0% for type III cells (n = 8 cells; Figures 3J

and 3K). Immunohistochemistry consistently supported the

expression of P2RY2 proteins in the fungiform taste buds (Fig-

ure S5G). Analysis of spatial distribution among cell types using

the multiplexed FISH data showed that the TAS1R2/3-positive

sweet cells were preferentially positioned close to the P2RY2-

positive type I cells compared with other cell types, suggesting

taste modality-specific influence of type I cells (Figures S5H–

S5K). Additionally, we confirmed that the P2RY2 transcript is

negligible in geniculate neurons innervating the fungiform taste

buds by performing mRNA FISH on the isolated geniculate gan-

glion (Figures S5L and S5M) and by reanalyzing the published

transcriptome data from Dvoryanchikov et al.65 (Figures S5N

and S5O).

Finally, we investigated if P2RY2 is necessary for sweet-

evoked type I cell responses employing the P2RY2 knockout

model. To observe the functional responsiveness of type I cells

in the P2RY2 knockout model, we generated P2RY2�/�;

GAD2-GCaMP mice by crossbreeding the P2RY2 knockout

line with GAD2-cre and flex-GCaMP reporter lines (Figure 3L).

In stark contrast to the wild-type control, type I cells in P2RY2

knockoutmice lost their responsiveness to AceK and diquafosol,

suggesting that P2RY2 is the major receptor subtype mediating

the purinergic crosstalk with type II cells (Figures 3L and 3M).

Oxytocin-evoked type I cell responses, mediated independently

by the oxytocin receptors, remained intact.66

In short, our functional screening, pharmacological and ge-

netic interventions, and mRNA imaging results unanimously

point to P2RY2 as the purinergic receptor subtypemediating pu-

rinergic signaling from type II to type I cells.

Inhibitory modulation of sweet taste information by type
I cells
Given that sweet adaptation is facilitated over time and type I

cells show prolonged functional activities by receiving purinergic

inputs from type II cells, we hypothesized that type I cells may

offer inhibitory feedback as a result of their activation to mediate

facilitated sweet adaptation. To investigate the functional conse-

quence of purinergic activation of type I cells, we examined the

effects of synthetic activation or deactivation of these cells on

peripheral sweet information transduction.

First, we pre-exposed diquafosol on the tongue dorsum for a

duration of 15 s to induce purinergic activation of type I cells

and quantified ATP release of type II cells and calcium activity

of afferent nerves in response to sweet stimuli (Figures 4A–4F).

The inter-trial interval with artificial saliva washout was set to

>5 min to avoid any potential influence of prior trials. In control

trials with pre-exposure of artificial saliva, we did not observe

any trial-by-trial differences in sweet-evoked ATP releases

(p = 0.396 by Wilcoxon paired t test) or nerve activities

(p = 0.082 by Wilcoxon paired t test), indicating non-significant

inter-trial influence in our protocol (Figures S6A–S6D). By

contrast, pre-exposure to diquafosol resulted in significant re-

ductions of sweet-evoked ATP releases by �43% (AUC,

p < 0.0001 by Wilcoxon paired t test) and sweet-evoked nerve

activities by �18% (AUC, p = 0.002 by Wilcoxon paired t test;

Figures 4A–4F and S6E–S6I). The sweet inhibitory effect of di-
quafosol was abrogated in P2RY2 knockout mice (Figures S6J

and S6K). In other taste modalities, the pre-activation of type I

cells via diquafosol resulted in a taste modality-specific influ-

ence. The bitter responses exhibited a significant reduction

akin to the impact observed in sweet-responsive nerves,

whereas the sour- and salty-responsive nerves remained unaf-

fected (Figures S6L–S6W). Although statistically non-significant,

umami-responsive nerves also displayed a moderate decrease.

Second, based on the prior histological report on the oxytocin

receptor specifically expressed in type I cells,66 we used oxytocin

to induce specific functional activation of type I cells bypassing

the purinergic signaling. In GAD2-GCaMP-tdTomato mice, we

confirmed that oxytocin administration via an intraperitoneal cath-

eter robustly induced intracellular calcium activities in type I cells

over several minutes (Figure 4G). Following oxytocin administra-

tion, sweet-evoked ATP releases in GAD2-GRABATP mice and

afferent nerve responses in PIRT-GCaMP-tdTomato mice were

significantly attenuated by �39% and �36%, respectively

(p < 0.0001 by Wilcoxon paired t test; Figures 4H–4N; Video S5).

We estimate that the stronger type I cell activation by oxytocin

compared with diquafosol resulted in a more pronounced inhibi-

tion of peripheral sweet information. This result aligns with a pre-

vious behavior study demonstrating decreased sweet preference

in mice pre-injected with oxytocin.67

Third, to decouple the purinergic interaction between type II

and type I cells, we introduced P2RY2 knockout mice and genet-

ically labeled their afferent nerves through intravenous delivery of

AAV-PHP.S::GCaMP6f68 (Figure 5A). We measured afferent

nerve activities in response to tonic sweet stimuli in both wild-

type control and P2RY2 knockout mice. Individual afferent

nerves in both groups showed diverse adaptation kinetics, at

least in part due to the heterogeneity in durations of receptor-

level adaptation (Figures 5B–5D). Thus, we sorted the data

with respect to the response duration (t1/e) and statistically

compared the group differences in probability distributions.

Notably, P2RY2 knockout mice (n = 57 nerves in 5 mice) showed

more prolonged response durations (t1/e), compared with the

wild-type control group (n = 50 nerves in 7 mice) in their cumula-

tive distribution functions (p = 0.034, unpaired t test). Other ki-

netic parameters, such as response delay and time to peak,

did not show significant differences (Figures 5E–5H). Interest-

ingly, the probability density function of the response duration

in wild-type mice showed a bi-gaussian distribution composed

of �32% of rapidly adapting (t1/e < 41.2 s) and �68% of slowly

adapting (t1/e > 41.2 s) subgroups (Figures 5I–5L). By contrast,

the probability density function in P2RY2 knockout mice showed

a unimodal gaussian distribution, predominantly consisting of

the slowly adapting subgroup. Our pharmacological activation

and genetic inactivation results collectively suggest that the pu-

rinergic input to type I cells via P2RY2 receptors facilitates pe-

ripheral sweet adaptation, leading to generate afferent nerves

with more rapidly adapting kinetics.

Additionally, we performed a computational decoding study to

evaluate the functional consequences of the distinct kinetics in

nerve responses mediated by P2RY2. To address this, we

trained the hidden neural network (HNN) decoder to predict the

duration of taste stimuli using the experimentally measured dura-

tions of nerve responses as input and compared the decoding
Cell 188, 1–16, January 9, 2025 7
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Figure 4. Functional activation of type I cells provides inhibitory modulation to peripheral transduction of sweet taste
(A–C) Inhibitory modulation of sweet-evoked ATP release by diquafosol. Before traces in gray were acquired with exposure to 30 mM AceK for 20 s in PIRT-

GRABATP mice. Diquafosol traces in red were acquired with pre-exposure to 5 mM diquafosol for 15 s (pink), followed by exposure to 30 mM AceK for 20 s

(n = 31 foci from 11 mice). p < 0.0001 by paired t test in (C).

(D–F) Inhibitory modulation of sweet-evoked nerve response by diquafosol. Using the same stimulus protocol used in (A)–(C), the afferent nerve activity was

measured in PIRT-GCaMP-tdTomato mice (n = 32 nerves from 6 mice). p = 0.002 by paired t test in (F).

(G) Experimental setup for observing type I cell response during oxytocin administration via an intraperitoneal catheter.

(H–J) Inhibitory modulation of sweet-evoked ATP release by oxytocin. Before traces in gray were acquired with exposure to 30 mM AceK for 20 s in PIRT-

GRABATP mice. Oxytocin traces in red were acquired at least 1 min after intraperitoneal administration of oxytocin (n = 26 foci from 7 mice). p < 0.0001 by

paired t test in (J).

(K–M) Inhibitory modulation of sweet-evoked nerve response by oxytocin. Using the same stimulus protocol used in (H)–(J), the afferent nerve activity was

measured in PIRT-GCaMP-tdTomato mice (n = 30 nerves from 7 mice). p < 0.0001 by paired t test in (M).

(N) Summary of the data in (A)–(M). **p < 0.01, ****p < 0.0001 by ordinary one-way ANOVA test.

See also Figure S6.
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performance at varying stimulus durations for the wild-type and

P2RY2 knockout mice (Figure 5M). Contrary to the HNN decoder

trained with the wild-type data, the decoder trained with P2RY2

knockout data exhibited a selectively impaired ability to predict

the durations of shorter stimuli (< 60 s), conceivably attributed

to the loss of rapidly adapting nerves (Figure 5N). Consistently,

comparison of the Shannon entropy between wild-type and
8 Cell 188, 1–16, January 9, 2025
P2RY2 knockout groups resulted in higher entropy in the

P2RY2 knockout group, signifying the heightened unpredict-

ability or randomness of the provided durations (Figure 5O).

These results imply that the functional interaction between

type II and type I cells via P2RY2 contributes to efficiently encod-

ing a broader range of kinetic information in the context of pro-

longed sweet stimuli.
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Figure 5. P2RY2 knockout leads to decelerated sweet adaptation

(A) Viral labeling of geniculate neurons and their afferent nerve fibers via intravenous administration of AAV.PHP.S::CAG-GCaMP6. Functional calcium responses

(DF) of afferent nerves and somas in the geniculate ganglion were acquired in response to the exposure to 30 mM AceK. tg, trigeminal nerves.

(B) Functional responses of afferent nerves during tonic sweet stimuli in wild-type (left, n = 50 nerves in 7mice) and P2RY2 KOmice (right, n = 57 nerves in 5mice).

Data are sorted by the response duration (t1/e) in ascending order.

(C and D) Probability density and cumulative distribution functions with respect to the response duration (t1/e) in log scale. WT, wild-type mice (gray). KO, P2RY2

KO mice (red). p = 0.034 by Kolmogorov-Smirnov test.

(E–H) Inter-group comparison of kinetic parameters including response delay (E), time to peak (F), response duration (G), and area under curve (H). p = 0.255 in (E),

p = 0.605 in (F), p = 0.023 in (G), and p = 0.028 in (H) by Mann-Whitney unpaired t test.

(I and J) Histogram of the response duration of afferent nerves (t1/e) under tonic sweet stimuli (n = 50 nerves for wild-type and n = 57 nerves for KO). The dis-

tributions are fitted to the bi-gaussian model (mean: ‘‘rapid’’ = 32.0 s and ‘‘slow’’ = 72.3 s). The dashed line at ‘‘t1/e = 41.7 s’’ indicates the threshold.

(K) Cumulative density function for the duration time (t1/e) in wild-type and P2RY2 KO mice.

(legend continued on next page)
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Perceptual influence of type I cells
Given themodulatory role of type I cells in peripheral sweet infor-

mation, we questioned whether the activation of type I cells

could also affect sweet perception. To this end, we first conduct-

ed a mouse behavior study using the Davis Rig lickometer to

measure the influence of diquafosol-elicited type I cell activation

on sweet licking behavior. Water-deprived mice of either wild-

type or P2RY2 knockout were blindly pre-exposed to either

0.85% saline or 38 mM diquafosol and were subsequently given

brief access to a randomized sequence of 0, 10, 20, or 30 mM

AceK for 5 s (Figures 6A and 6B; refer to STAR Methods for de-

tails). The number of licks during each brief access was recorded

to obtain the averaged dose-response curves with and without

pre-exposure to diquafosol. In both wild-type and P2RY2

knockout mice, diquafosol did not affect the licking behavior

for water as shown in the saline control (Figures 6C–6F). Howev-

er, pre-exposure to diquafosol significantly suppressed the

following sweet licking behavior by �15% (p < 0.0001), which

is consistent with our prior observations in the taste bud (Fig-

ure 4N). Such an inhibitory effect of diquafosol in sweet licking

behavior was not observed in P2RY2 knockout mice

(Figures 6E and 6F). These results indicate that P2RY2-mediated

activation of type I cells provides inhibitory modulation to sweet

perception.

Finally, we investigated the impact of P2RY2-mediated inter-

cellular crosstalk on sweet adaptation behavior (Figures 6G–

6J). To quantify behavioral sweet adaptation, we preconditioned

water-deprived wild-type or P2RY2 knockout mice by exposing

them to 0, 10, 20, or 30 mM AceK in a randomized sequence us-

ing the Davis Rig lickometer (Figure 6G). Each trial consisted of a

5-s access to the bottle with an inter-trial interval of 10 s. For

initial trials, the water-deprived mice typically exhibited near-

maximal licking behavior regardless of AceK concentrations,

indicative of binge drinking behavior driven primarily by thirst.

However, typically within 25 trials, their licking behavior transi-

tioned to exhibit a preference for sweeter solutions over water.

Once preconditioned to exhibit a higher number of licks to-

ward sweeter solutions, we proceeded to the subsequent ses-

sion for quantifying sweet adaptation behavior involving 15

consecutive trials of repeatedly exposing them to either 10, 20,

or 30 mM AceK (Figure 6G). Reminiscent of peripheral sweet

adaptation, wild-type mice showed a gradual decline in the lick

rate over trials in a concentration-dependent manner, with

sweeter solutions leading to more accelerated adapting kinetics

(Figure 6H–6J). To validate if this decline in lick rate is driven by

sweet adaptation rather than quenching of thirst, we repeated

the sweet adaptation session with a 2-min interval. In the second

session, near-maximal lick rates re-emerged in the first trial, and

similar adapting kinetics were observed (Figures 6K–6M). These

observations suggest that the decline in lick rate during the

consecutive AceK trials was primarily driven by sweet adaptation

rather than quenching of thirst.
(L) Pie charts on rapid- and slow-adapting afferent nerves.

(M) Confusion matrices representing the performance of the HNN decoder train

ground truth.

(N) The mean squared error of each trained decoder. p < 0.0001 by unpaired t te

(O) Shannon entropy of each group’s duration data. Smaller Shannon entropy in
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Although P2RY2 knockout mice also showed robust behav-

ioral sweet adaptation, presumably due to the intact other

modes of adaptation (e.g., receptor-level adaptation), their

adaptation kinetics were significantly slower compared with

those observed in wild-typemice (Figures 6H–6J). Themost pro-

nounced difference was observed at 30 mM AceK, exhibiting

over two-fold slower adaptation kinetics compared with the

wild-type control. The stronger influence of P2RY2 knockout at

higher concentrations agrees well with our functional imaging

data showing that type I cells are preferentially activated at

higher concentrations (Figures S4C and S4D). Functionally acti-

vated type I cells at higher concentrations would facilitate sweet

adaptation only in wild-type mice, resulting in significantly faster

adaptation kinetics compared with knockout mice. These results

indicate that purinergic crosstalk from type II to type I cells mod-

ulates sweet licking behavior in the context of prolonged expo-

sure to intense sweet stimuli.

DISCUSSION

Exploiting our microfluidics-integrated intravital tongue imaging

system,41,42 we unveiled the intercellular mode of peripheral

sweet adaptation mediated by the functional crosstalk between

glia-like type I cells and chemosensory type II cells. We revealed

the purinergic signalingmechanism from synaptic ATP release in

type II cells to P2Y2 receptors in type I cells, leading to inhibitory

modulation of peripheral sweet information. We further demon-

strated at the behavioral level that oral exposure to a clinically

applicable P2RY2 agonist, diquafosol, decreases sweet licking

behavior, and P2RY2 knockout led to decelerated sweet adapta-

tion. Contrary to the traditional perception of glia-like type I cells

as supporting cells,27,49,69,70 our findings provide direct experi-

mental evidence that these cells can actively exert inhibitory

modulation on the peripheral transduction of taste information

in a taste modality-specific manner (i.e., sweet and bitter).

Conversely, our work aligns well with the report by Rodriguez

et al. introducing the concept of tripartite synapse in the taste

bud by revealing purinergic signaling from bitter-sensing type II

cells to type I cells.38 Considering the abundance and diversity

of type I cells,39 we believe that there are numerous yet-veiled

functional roles of them in taste information processing.

Our study revealed that extracellular ATP released from type II

cells can trigger calcium response in type I cells through P2RY2,

and the functionally activated type I cells provide negative feed-

back to type II cells. However, the molecular mediator of the

feedback regulation by type I cells remains to be identified.

One compelling hypothesis is GABAergic signaling, the major

inhibitory neurotransmitter in the nervous system. Type I cells

possess GABA synthesized by GAD65, and type II cells express

GABA receptors.71,72 Although type I cells lack synaptic vesi-

cles,33 non-vesicular release mechanisms—presumably medi-

ated by GABA transporters and channels (e.g., GAT and
ed with the duration data shown in (B). The dotted diagonal lines indicate the

st.

dicates a more informative dataset. p < 0.0001 by unpaired t test.
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Bestrophin-1)—may contribute to the GABA release as reported

in astrocytes in the brain.73,74 Moreover, the potential involve-

ment of type III cells should not be ruled out. Type III cells

express P2Y receptors and release serotonin in an activity-

dependent manner, which may provide inhibitory modulation

to sweet-sensing type II cells.75,76 Further investigation is

required to identify the molecular mediator and its downstream

pathway leading to the inhibitory modulation of sweetness.

The origin of the delayed onset observed in type I cells war-

rants further investigation. The release of ATP by type II cells at

the synapse is an immediate process, considering no notable

delay in postsynaptic responses of the afferent nerve arbors.

Meanwhile, type I cell responses triggered by the ATP released

by type II cells showed significant delays of 18.0 ± 13.8 s (Fig-

ure 1M). This temporal discrepancy may be explained by the

distinct kinetics observed in extracellular ATP signals composed

of adapting and prolonged responses. The majority of ATP foci

classified as adapting exhibited minimal response delay and

gradually desensitizing kinetics comparable to calcium re-

sponses in the afferent nerves (Figures 1E and 1H). On the other

hand, the remaining ATP foci classified as prolonged displayed

notably delayed and prolonged kinetics similar to the calcium re-

sponses of type I cells (Figures 1H and 1K). We estimate that

these delayed and prolonged kinetics may arise from the ex-

tra-synaptic ATP spillover, which may serve as the temporally

delayed and spatially extended purinergic input to the adjacent

type I cells. In agreement with our conjecture, we observed

spatially diffusing ATP signals in response to both phasic and

tonic sweet stimuli conditions (Figures S4G and S4H). In parallel,

the slow kinetics of metabotropic P2Y2 receptors would, at least

in part, contribute to the delayed response.77,78 Alternatively, hy-

drolyzed forms of ATP, such as ADP or adenosine, may also

contribute to the delayed onset or prolonged response duration.

Efficient encoding of massive sensory inputs from the external

world is a hallmark of sensory systems.79,80 To be computation-

ally ‘efficient’, the sensory system is required to dynamically tune

its sensitivity to match the statistical distribution of external in-

puts.81 Thus, sensory adaptation—decreasing the allocation of

neural resources to the relatively static input over time—is

considered an efficient coding strategy. External inputs, howev-
Figure 6. Functional activity of type I cells influences perceived sweet

(A and B) Experimental design for evaluating the effect of functionally activated t

saline or diquafosol (‘‘pre-exposure’’) prior to the exposure to a ‘‘test’’ solution co

Rig lickometer (n = 25 trials). The lickometer counts licks for the duration of 5 s aft

(C) Dose-response curves of AceK concentration versus lick rate in wild-type mi

(D) Inter-group comparison of lick rates for each AceK concentration in wild-type

and quartiles, respectively. p = 0.127 in 0 mM, p = 0.087 in 10 mM, p = 0.001 in

(E) Dose-response curves of AceK concentration versus lick rate in KO mice.

(F) Inter-group comparison of lick rates for each AceK concentration in KOmice (s

p = 0.161 in 30 mM by unpaired t test.

(G) Experimental design for evaluating sweet adaptation behavior. Preconditioni

(H) Heatmap representation of lick rates at 30 mM AceK in wild-type (n = 10) and

(I) Quantification of the lick rates over 15 trials in wild-type and P2RY2 KOmice (n =

in the first trial. Solid lines represent the linear regression lines. p = 0.1165 in 10

(J) Comparison of adaptation rates in (I) between wild-type and P2RY2 KO mice.

simple linear regression. The dotted curves indicate the least-squares fit to the o

(K) Re-emergence of sweet adaptation and recovery of maximal licks in the first

session consists of 15 consecutive trials of 5-s exposures to 30 mM AceK.

(L andM) Comparison of lick counts and adaptation rate in the first 5-s trial in the fir
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er, vary over a wide range of timescales frommilliseconds to mi-

nutes, necessitating variousmolecular and cellular machinery for

sensory adaptation.8,82,83 In this regard, the generation of rapid

and slow adaptation kinetics through the receptor- and type I

cell-mediated mechanisms aligns well with the concept of effi-

cient coding, enabling encoding of a wider range of timescales

observed in physiological ingestive behaviors, spanning from

seconds to minutes. Conversely, the loss of rapidly adapting ki-

netics observed in P2RY2 knockout mice would compromise the

efficient coding of prolonged input stimuli. Indeed, our computa-

tional study demonstrated that the rapidly adapting nerve signals

mediated by type I cells contribute to decoding the stimulus

duration for short timescale. To conclude, the rapidly adapting

kinetics mediated by type I cells contribute to the efficient en-

coding of shorter timescales, thereby enhancing the ability to

encode temporal information across a wider range of

durations.84

Our multiplexed mRNA imaging, as well as diquafosol-evoked

type I cell activity, indicated that not all but a subset of type I cells

possess P2Y2 receptors. Consistently, our functional imaging

study on knockout mice demonstrated that P2RY2 is primarily

responsible for generating rapidly adapting kinetics, constituting

approximately 30% of afferent nerves. These findings also align

with our correlative in vivo-ex vivo imaging result, showing that

sweet-evoked responses of type I cells were spatially confined

near the sweet-sensing type II cells. Since a certain level of facil-

itated adaptation was globally observed from type II cells to

afferent nerves, we anticipate the existence of alternative adapt-

ing mechanisms, which require further investigation. Addition-

ally, we observed that bitter-sensing type II cells also receive

inhibitory modulation from the same purinergic crosstalk, sug-

gesting that intercellular crosstalk between type I and type II cells

may also contribute to cross-adaptation or mixture discrimina-

tion between sweet and bitter taste qualities.38,85

Limitations of the study
First, while our study focused on the sensory adaptation of sweet

taste using several types of sweet compounds (Figures S2N and

S2O), it is important to acknowledge that other sweet com-

pounds may not exhibit identical results. Previous
ness

ype 1 cells on sweet licking behavior. Each mouse is blindly exposed to either

ntaining either 0, 10, 20, or 30 mM AceK in a randomized order using the Davis

er the initial lick. The shutter limits the duration of licking to 5 s. DQ, diquafosol.

ce. p < 0.0001 by unpaired t test.

mice (saline versus DQ). Solid and dotted lines in violin plots indicate medians

20 mM, p = 0.019 in 30 mM by unpaired t test.

aline versus DQ). p = 0.776 in 0 mM, p = 0.6851 in 10 mM, p = 0.125 in 20 mM,

ng session prior to testing the sweet adaptation behavior.

P2RY2 KO (n = 8) groups.

8 to 10 for each group). Licks in each trial are normalized by the number of licks

mM, p = 0.3812 in 20 mM, p = 0.0147 in 30 mM by unpaired t test.

The adaptation rate is defined as the absolute value of the slope acquired from

ne-phase association. p = 0.0160 by unpaired t test.

trial of the subsequent session conducted 2 min after the prior session. Each

st and second sessions. p = 0.365 in (L) and p = 0.9632 in (M) by unpaired t test.
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psychophysics studies suggested that high-potency sweeteners

display a higher degree of sweet adaptation in comparison to

natural sugars.86 While we confirmed similar adapting kinetics

with fructose (Figure S2N), our experiments are largely con-

strained to high-potency sweeteners because the high refractive

index of most natural sugars introduces severe optical aberra-

tions to the mTongue system.87 Integration of adaptive optics

to the imaging module would resolve this technical limitation.

Second, our results show that the inhibitory modulation exerted

by type I cells is taste modality-specific (i.e., sweet and bitter);

however, the detailed mechanism remains to be investigated.

For instance, it is unclear why umami taste rarely elicits calcium

responses in type I cells despite sharing the same purinergic

neurotransmission mechanism with sweet and bitter taste. The

spatial association of specific cellular subtypes may underlie

this taste modality-specific influence, which requires further

investigation. Third, although intracellular calcium widely serves

as a surrogate marker for cellular activity, further studies utilizing

electrophysiology or genetically encoded voltage indicators are

required to validate our findings at the level of membrane poten-

tials.88 Lastly, this study is conducted on mouse models, and as

such, we cannot preclude the possibility that the same mecha-

nism may not be preserved in other species, including humans.

As we identified the clinically applicable agonist for type I cells

(i.e., diquafosol), we believe psychophysics studies on human

subjects will address this issue in the near future.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse model
All mice were housed in groups of two to five per cage under a reversed 12:12-hour light/dark cycle where temperature (22–23�C) and
humidity (40–60%) were maintained. They were given ad libitum access to food and water. Both sexes of mice older than at least

7 weeks were used in experiments. There was no significant difference between male and female mice. All animal experiments

were performed in compliance with institutional guidelines and approved by the subcommittee for research animal care at Seoul Na-

tional University.

For the studies involving wild-type mice, 8- to 12-week-old C57BL/6 mice (Orient Bio and Saeron Bio) were used. For the studies

involving type II/III cells and gustatory afferent nerves labeled by a genetically-encoded calcium indicator, Pirt-GCaMP6f-tdTomato

mice were bred by crossing Pirt–Cre mice (provided by Xinzhong Dong at Johns Hopkins University) and CAG-floxed-GCaMP6f-

tdTomato mice (#031968, Jackson Laboratory). For the studies involving type I cells expressing genetically encoded calcium

indicators, GAD65-GCaMP6f-tdTomato mice were bred by crossing GAD65-Cre mice (#010802, Jackson Laboratory) and CAG-

floxed-GCaMP6f-tdTomato mice (#031968, Jackson Laboratory). For the studies measuring intragemmal ATP level, either Pirt-

Cre mice or GAD65-Cre mice were crossed with LSL-cATP1.0-iP2A-jRGECO1 mice (created by the Yulong Li Lab at Peking Univer-

sity), producing Pirt-cATP1.0-iP2A-jRGECO1 mice and GAD65-cATP1.0-iP2A-jRGECO1 mice. These reporter mice were also used

in experiments at the age of 7-20 weeks. For the studies investigating calcium activities from the gustatory afferent nerve, mice with

the desired genetic background (e.g., P2RY2 knockout mice) were infected with AAV.PHP.S-CAG-GCaMP6f-WPRE-SV40 virus via

the intravenous route. The virus was assembled using plasmids encoding the viral capsids of AAV.PHP.S serotype (pUCmini-iCAP-

PHP.S; #103006, Addgene) and the cargo (pAAV-CAG-GCaMP6f-WPRE-SV40; #100836, Addgene) and it was concentrated to a

titer of �3.631013 genome copies/mL (IBS Virus Facility). In 4–6-week-old mice the virus was administered through intravenous in-

jection via a retro-orbital route (50 ml corresponding to �1.831012 viral genome copies) using a 31G insulin syringe. The mice were

then used for afferent taste nerve imaging approximately 3 weeks after the injection.

For the studies investigating type I cells in mice lack of sweet reception, Plcb2 KO mice (#018064, Jackson Laboratory) were

crossed with CAG-floxed-GCaMP5g-tdTomato mice (#024477, Jackson Laboratory) resulting in a heterogeneous F1. By F1 cross-

breeding, homogeneous CAG-floxed-GcaMP5g-tdTomato-Plcb2KO mice were born. The same procedure was done on Plcb2 KO

mice and GAD65-Cre mice, giving birth to GAD65-Cre-Plcb2KO mice. In turn, GAD65-GCaMP5g-tdTomato-Plcb2KO were bred by

crossing CAG-floxed-GCaMP5g-tdTomato-Plcb2KO mice and GAD65-Cre-Plcb2KO mice. Similarly, P2RY2 KO GAD2-GCaMP6f-

tdTomato mice were generated by crossing P2RY2 KO mice (#009132, Jackson Laboratory) with CAG-floxed-GCaMP6f-tdTomato

mice (#031968, Jackson Laboratory).
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METHOD DETAILS

Tastant
Artificial saliva was prepared by mixing 2 mM NaCl, 5 mM KCl, 3 mM NaHCO3, 3 mM KHCO3, 0.25 mM CaCl2, 0.25 mM MgCl2,

0.12 mM K2HPO4, 0.12 mM KH2PO4, and 1.8 mM HCl, and pH was adjusted to 7.4–7.6 by adding 0.1N HCl. Tastant solutions

were prepared by adding solute to the artificial saliva (sweet: 10–80 mM AceK, 22.6 mM sodium saccharin, and 20 mM sucralose;

bitter: a mixture of 5 mM quinine, 5 mM denatonium, and 0.05 mM cycloheximide; salty: 150 mM NaCl. sour, 10 mM citric acid;

umami: 150 mM MPG and 1 mM IMP).91

Pharmacological agonist and antagonist
Agonists and antagonists were prepared by adding solutes to phosphate-buffered saline (PBS) for intravenous and submucosal in-

jection or artificial saliva for oral delivery on the tongue. Topically delivered purinergic agonists to the tongue include 1mMATP, 1mM

ADP, 1 mM UTP, 1 mM UDP, 1 mM BzATP, 150 mM ATPgS, 150 mM UTPgs, 1 mM 2-MeSATP, and 1 mM diquafosol. Intravenously

delivered agonists include 5 mMATP, 5 mMATPgS, 5 mMUTP, and 38mM diquafosol with an injection volume of 100 ml each. Intra-

peritoneal delivery was used for oxytocin (0.1 mg/kg). Submucosal injection was used for P2RY2 antagonist AR-C (10 mM, 4 ml).

In vivo imaging of the taste bud
The mTongue system was used for the controlled delivery of tastants of interest to the dorsal surface of the tongue.41,42 In brief,

mTongue was assembled by gluing the top and bottom pieces together with a thermoplastic resin to form a microfluidic channel,

where tastants can be infused. The 8-channel fluidic delivery system (Octaflow II, ALA Scientific) was connected to the input port

of the microfluidic channel via an 8-port manifold (MPP-8, Harvard Apparatus). The outlet of the microfluidic channel was connected

to a syringe pump to maintain the flow rate at�300 ml/min. The reliability of tastant delivery on the fungiform taste bud was confirmed

intermittently by perfusing a fluorescent solution.

For imaging, themouse was anesthetized by intraperitoneal injection of ketamine (100mg/kg) along with either xylazine (10mg/kg)

or dexmedetomidine (1 mg/kg). The depth of anesthesia was monitored intermittently using a toe pinch reflex. After removing the

scalp and periosteum, a custom head fixer was affixed to the cranium with super glue and dental resin. The mouse head was affixed

using the head fixer in a supine position, and then the tongue was withdrawn carefully by a set of cotton tips. The ventral side of the

tonguewas affixed on ametal fixative using a tissue adhesive. During the preparation, the dorsal surface of the tonguewas immersed

with artificial saliva to prevent dehydration. After setting up the mTongue system, a twisted tissue paper was placed at the posterior

side of the tongue to prevent the risk of suffocation by the leaked solution. TRITC-dextran (3%w/v in saline, 500 kDa; #52194, Sigma-

Aldrich) was intravenously injected through the retro-orbital sinus to confirm the intact blood perfusion as well as to easily locate the

taste buds.

Cell type identification
Cell types were discerned based on the spatial segregation of calcium responses along the axial axis of the taste bud. Calcium ac-

tivity in sweet-sensing type II cells manifested predominantly at the apical tip, while afferent nerve calcium responses were confined

to the depths of >12 mm from the apical tip (Figures S1G and S1H). Additionally, distinct from type II cells, type I cell responses

demonstrated whole-cell cytoplasmic responses across the apical to basal plane. This spatial distinction allowed for unambiguous

identification of type I cell responses in the basolateral planes, even with non-specific labeling of type II cells in GAD2-GCaMP-

tdTomato mice. For additional verification of the cell type, oxytocin (0.1 mg/kg) was administered intraperitoneally to selectively acti-

vate type I cells (Figures S4I and S4J).

Image acquisition
For functional imaging of intracellular calcium and extracellular ATP dynamics, time-series images were acquired by an upright spin-

ning disk confocal microscope, unless otherwise indicated. The spinning disk unit (CSU-W1, Yokogawa; CMCI at Seoul National Uni-

versity) equips with a dual sCMOS camera (Prime BSI, Teledyne Photometrics) for simultaneous acquisition of GCaMP (green) and

tdTomato (red) channels. The spinning disk unit is coupled to a multi-line fiber-coupled laser comprising 405, 488, 561, and 640 nm

lasers (iChrome MLE, Toptica Photonics), and is connected to the motorized upright microscope body (Ni-U, Nikon). The maximum

laser power at the objective back aperture was measured to be 5–10 mW each. The objective z-piezo stage with a 40X water-immer-

sion objective lens (MRD07420, Nikon; NA = 0.8, working distance = 3.5 mm) was used for multi-slice acquisition of individual taste

buds (typically, 3-4 slices per taste bud at a volume rate of �5 Hz). The image acquisition was controlled by the NIS-Elements soft-

ware. Some data was acquired by a two-photon microscope (Bergamo II, Thorlabs) coupled to a 920 nm femtosecond fiber laser

(FemtoFiber Ultra 920, Toptica Photonics). The laser was scanned via a pair of galvanometric mirrors, and emission was captured

by GaAsP photomultipliers. The laser power at the objective back aperture was set to <25 mW to avoid phototoxicity. The image

was acquired at a frame rate of �5 Hz at a fixed axial position, which was controlled by the ThorImageLS software.
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Multiplex fluorescence in situ hybridization
The anterior portion of themouse tongue was excised under deep anesthesia with ketamine and xylazine. The tongue and geniculate

ganglion were frozen in a frozen sectionmedia (FSC 22, Leica), and sliced by a cryostat (#CM1860, Leica) at a thickness of 10 mm. The

sections were mounted on a pre-coated glass slide (22-037-246, Fisher Scientific), dehydrated at -20�C for 1 h, and stored at -80�C
freezer for up to 3months. For mRNA labeling, a multiplexed RNAscope assay with P2RY2, P2RY4, TAS1R2, TAS1R3, CAR4, GAD2,

and ENTPdase2 probes was performed according to the vendor’s protocol (RNAscope HiPlex, ADCBio). The mounted sections of

the tongue were fixed by immersion in a 10% neutral buffered formalin solution (HT5012, Sigma Aldrich) for 1 h at room temperature

and then washed three times with phosphate-buffered saline (10010, Thermo Fisher Scientific). The sections were dehydrated and

permeabilized through sequential immersion with 50%, 70%, and 100% ethanol. After drying the sections for 5 minutes, protease III

was applied for �20 minutes to further increase permeabilization. Subsequently, the mRNAs were labeled by hybridization with the

probes and the hybridized signals were amplified. Following amplification, up to three types of target fluorophores (Alexa fluor 488,

Dylight 550, Dylight 650) and DAPI were applied for each round to label the target mRNAs and nuclei, respectively. Fluorescence

images of the samples were acquired using a spinning-disk confocal microscope (CSU-W1, Nikon). For the next round, the tail re-

gions of the probe and the mounting media were removed and then a new set of fluorescent probes was applied to label other hy-

bridized mRNAs. Images from different rounds were registered with DAPI images by using the HiPlex Image Registration Software

v2.0.1. For quantification of the mRNA signals, Big-Fish-Quant v2 software was used to extract the spatial distribution of the mRNA

signals.92 The number of mRNA transcripts was counted for each DAPI-labeled nucleus using the VAST software.93

Immunohistochemistry
After deep anesthesia, the mouse was transcardially perfused with 4�C saline, followed by 4% paraformaldehyde. The extracted

tonguewas immersed in the 4%paraformaldehyde at 4�C for 12 hours and subsequently in 30%sucrose solution for 3 days for dehy-

dration. The dehydrated tongue was frozen in a frozen-section media (FSC 22, Leica) and sliced by a cryostat (#CM1860, Leica) at a

thickness of 10 to 40 mm. The primary antibodies used were goat anti–mCA4 (1:250; AF2414, R&D Systems), guinea pig anti–

mTRPM5 (1:1000; Taste Research Center, Yonsei University), rabbit anti–mNTPDase2 (1:250; ectonucleotidases-ab.com),69 and

rabbit anti-P2RY2 (1:250; APR-010; Alomone Labs). Secondary antibodies used were Alexa Fluor 647 donkey anti–rabbit IgG (A-

31573, Thermo Fisher Scientific), Alexa Fluor 633 donkey anti–goat IgG (A-21082, Thermo Fisher Scientific), Alexa Fluor 647 goat

anti–guinea pig (ab150187, Abcam), and Alexa Fluor 488 goat anti-rabbit (ab150077, Abcam).

Correlative in vivo – ex vivo imaging
After functional imaging on mTongue, the anesthetized mouse was perfused transcardially with 4% paraformaldehyde. The excised

tongue was mounted under a multi-photon microscope for near-infrared branding (NIRB) near the taste bud imaged in vivo.94 The

tongue was sliced en face using a vibratome at a thickness of �140 mm, incubated in 70% ethanol at room temperature for an

hour, and labeled with a TAS1R2 FISH probe. In vivo imaging data was aligned with ex vivo FISH data by applying a rigid registration

algorithm in ImageJ.

Geniculate ganglion surgery
For imaging geniculate neurons, the geniculate ganglion was surgically accessed following the previous report by Fowler et al.95

Briefly, a PIRT-GCaMP-tdTomato mouse was anesthetized with ketamine and xylazine (100 mg/kg and10 mg/kg, respectively)

and mounted in a supine position with the cranium affixed to a custom-built head fixer. A tracheotomy was conducted to maintain

physiological respiration. Fine forceps were used to expose the geniculate ganglion by opening the tympanic bulla. Tastant solutions

were administered to the externalized tongue at a constant flow rate of �300 ml/min via the Octaflow system, while geniculate neu-

rons were concurrently imaged using a widefield fluorescence microscope with a long working distance objective lens (Nikon, 10X,

0.3 NA).

Mouse behavior
The behavior studies were conducted using the Davis Rig lickometer (MED-DAV-160M, Med Associates), which provides sequential

access to 16 different sipper bottles to a mouse in a programmable manner (Figures 6A and 6B). The positioning of the sipper bottles

and the opening of the shutter were fully motorized and were controlled by the software (SOF-770, Med Associates). While the sipper

bottle was moving into a position, the shutter remained closed preventing the mouse from interacting with the bottle prematurely.

When the target bottle was in place, the shutter opened, permitting the mouse to lick the bottle for a duration of 5 s. The capacitive

touch sensor (i.e., lickometer) recorded each lick event over time in millisecond precision. Each mouse was trained for 2 days

(‘training session’) prior to the ‘testing session’. A total of 10 wildtype mice of both sexes (8 male and 2 female) were used for the

study with diquafosol (Figures 6C and 6D), and an additional 7 P2RY2 knockout mice of both sexes (5 male and 2 female) were

included for the study on P2RY2 (Figures 6E and 6F). All mice went through the same training and testing sessions for days 1–7,

and the testing sessions on days 8–10 were additionally performed for the study with diquafosol.

For day 1 of the training session, a mouse deprived of water for 24 hours prior to the session was given access to the sipper bottle

containing water for 20 minutes to get familiarized with the experimental context in the Davis Rig. After completion of each session,

the mouse was given ad libitumwater access for 30 minutes before returning to the water-deprived home cage. On day 2, the mouse
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was allowed sequential brief access to six sipper bottles all containingwater in a randomized sequence (5 trials per bottle, a total of 30

trials). Each trial consisted of opening the shutter, waiting for the first lick for up to 20 s, 5 s of access to a water bottle, and closing the

shutter for 10 s (15–35 s per trial, depending on the timing of the first lick). If the mouse did not lick for the waiting period of 20 s, the

trial is closed andmoved on to the next trial. Typically, each training session involving 30 trials was completed in 30min. This protocol

maintained the mice’s body weights at �90% of the controls.

For the next 5 days of the testing sessions (days 3–7), all trained mice (n = 17 mice; 10 wild-type and 7 knockout mice) were

randomly given four sipper bottles each containing 0 mM, 10 mM, 20 mM, or 30 mM AceK. Each trial was conducted with the

same protocol as the training session: opening the shutter, waiting for the first lick for up to 20 s, 5 s of access to a bottle, and closing

the shutter for 10 s. To minimize the impact of the sequence, six randomly selected permutations for the 4 bottles were presented for

each session (63 4 = 24 trials per session) ensuring that no bottles were presented twice in a row. In addition, one trial was followed to

cover all possible neighboring binary sequences twice (i.e., a total of 25 trials).

For the diquafosol study (Figures 6A–6F; n = 10 mice), the additional testing sessions on days 8–10 proceeded. The mouse was

pre-exposed to either diquafosol (38mM in saline) or saline control during the initial three ormore trials until the lick count exceeds 50.

Subsequently, with the same protocol as the prior testing sessions, the mouse was randomly given four sipper bottles each contain-

ing 0mM, 10mM, 20mM, or 30mMAceK for 25 trials (Figures 6A and 6B). The diquafosol and control sessions were repeated in turn

on days 8–10.

The sweet adaptation study (Figures 6G–6M) consisted of two parts: the preconditioning session and themain test session. During

the preconditioning session, mice were exposed to a randomized sequence of solutions containing 0, 10, 20, and 30 mM AceK. This

session continued until the mouse exhibited a reduced number of licks to water, defined as fewer than 10 licks per 5-s access period.

This criterion ensured that mice were not excessively thirsty and demonstrated a preference for AceK solutions over water, establish-

ing a baseline for assessing sweet taste adaptation, wherein a decrease in the number of lickswould indicate a perceived reduction in

sweetness. Once themouse demonstrated a discernible preference for the sweetened solutions over water, it proceeded to themain

test session. In themain test session, eachmouse underwent 15 trials with repeated access to a single concentration of AceK (10, 20,

or 30 mM). The number of licks for each 5-s trial was quantified.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis
The image analysis pipeline was implemented based on Matlab- or Python-based open-source algorithms developed for calcium

imaging data (CaImAn).96,97 First, the motion artifact was corrected with a non-rigid motion correction algorithm, NoRMCorre.

Next, the calcium traces with corresponding ROIs were extracted using the constrained nonnegative matrix factorization algorithm,

CNMF-E, which effectively decomposed cellular ROIs based on spatiotemporal calcium dynamics.98,99 The calcium traces were

converted to DF/F (i.e., the change in fluorescence divided by the baseline fluorescence). For visualization, image brightness and

contrast were linearly adjusted in ImageJ (NIH) or Photoshop (Adobe).

Transcriptome analysis of published datasets
Single-cell FASTQ files for the geniculate ganglion deposited by Dvoryanchikov et al. were obtained from NCBI Gene Expression

Omnibus (GSE102443).65 Raw reads were processed by filtering, scaling, mapping, and quantification. Hierarchical clustering anal-

ysis, scaled to each geniculate neuron, was used for further characterization.

Statistical Analysis
The Prism 9 software (GraphPad) and R (R Foundation for Statistical Computing) were used for statistical analysis. Parameters for

statistical analyses such as the response delay (Dt), peakDF/F, area under curve (AUC), or 1/e duration (t1/e) were acquired byMatlab

(Mathworks). The heatmaps presenting processed trace data were created with R. The data in heatmaps were either sorted by a

parameter (e.g., Dt for Figure 1K) or by the hierarchical clustering analysis using the Ward’s method (‘Ward.D2’ in R; e.g., Figure 1H).

For statistical comparison of a parameter between two groups, either paired (Wilcoxon matched-pairs signed rank) or unpaired

(Mann-Whitney) t test were used as indicated. For statistical comparison of a parameter among more than two groups, one-way

ANOVA was used. The Kolmogorov-Smirnov test was used for statistical comparison between cumulative distribution functions.

All the tests were two-sided and the p-values lower than 0.05 were considered statistically significant.
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Figure S1. Characterization of mouse models, related to Figure 1

(A and B) Representative fluorescence images of GAD2 and PIRT reporter mice showing NTPDase2 (type I cell marker), TRPM5 (type II cell marker), and Car4

(type III cell marker). Scale bar, 10 mm. (n = 2 mice).

(C–F) Specificity and sensitivity of the reporter mice.

(G and H) Axial profile of the sweet-evoked calcium responses in the taste bud (30 mM AceK) of a PIRT-GCaMP-tdTomato mouse (magenta: tdTomato, green:

calcium response in DF).

(I) Validation of the nerve response on the basolateral side. The puncta-like calcium responses in the basolateral region completely disappeared 24 h after surgical

transection of the chorda tympani nerve. Scale bar, 10 mm.

(J) Depth profile of functional responses to 30 mM AceK. Afferent nerve response and synaptic ATP release occurred at depths of �20 mm, in contrast with the

type II cell responses localized to the apical tip.

(K) Spatial correspondence of ATP and afferent nerve responses. The afferent nerve is labeled by intraperitoneal injection of FM4-64 (0.2 mg/mL) to a GAD2-

GRABATP mouse, 24 h prior to the imaging.
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Figure S2. Cellular-subtype-specific functional dynamics in response to phasic sweet stimuli, related to Figure 1

(A) Representative calcium activity in type II cells (top) and afferent nerves (bottom) within a taste bud during a phasic sweet stimulus. The first column is the

baseline fluorescence (F). The pseudocolored images represent the change in GCaMP fluorescence intensity (DF) in response to the repeated 30 mM AceK.

(B) Representative calcium activities of type II taste cells (dark green) and afferent nerves (light green) in (A). The shaded gray area represents the phasic AceK

stimulus (10 s duration, 20 s interval, 5 repeats).

(C) Heatmap of functional calcium responses of type II cells (n = 47 cells) and afferent nerves (n = 70 nerves) during phasic sweet stimuli.

(D–F) Extracellular ATP release in response to phasic sweet stimuli measured in GAD2-GRABATP mice. n = 46 synaptic foci in (F). The data in (F) are sorted by the

hierarchical clustering analysis. The three major clusters are indicated as adapting (n = 22 foci), non-adapting (n = 16 foci), and ramping (n = 8 foci).

(G–I) Type I cell activity in response to phasic sweet stimuli measured in GAD2-GCaMP6f-tdTomato mice (n = 64 cells in I).

(legend continued on next page)

ll
Article



(J) Summarized functional responses of type II cells (dark green), ATP release (purple), afferent nerves (light green), and type I taste cells (red) to phasic sweet

stimuli, shaded in light gray.

(K) Comparison of the fifth responses in type II cells and afferent nerve, showing facilitated adaptation. p = 0.0049 by unpaired t test.

(L) Comparison of response delay (Dt) of type II cell, ATP release, afferent nerve, and type I cell. p < 0.0001 by one-way ANOVA test.

(M) Phase diagram illustrating the functional relationship between type II cell and afferent nerve responses during phasic and tonic sweet stimuli. The dotted line at

‘‘y = x’’ represents equi-adaptation, where the functional activity of a type II cell is equal to that of an afferent nerve. Both stimulus conditions consistently showed

facilitated adaptation (shaded area; lower right side of the equi-adaptation line) with similar kinetics.

(N) Sweet adaptation to different sweet compounds. Afferent nerves in fungiform taste buds showed adapting kinetics to sucralose (20mM), saccharine (23 mM),

and fructose (400 mM), as well as AceK (30 mM). The sweet-responsive nerves did not respond to citric acid (10 mM). n = 7 cells from 2 mice.

(O) Sweet adaptation in the geniculate ganglion neurons to tonic stimulation of AceK (30 mM), sucrose (600 mM), and sucralose (10 mM).
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Figure S3. Comprehensive screening on other taste qualities, related to Figure 1

(A and B) Representative calcium responses of glia-like type I (GAD2-GCaMP-tdTomatomice) and chemosensory type II/III cells (PIRT-GCaMP-tdTomato mice).

Sweet: 40 mM AceK. Bitter: 5 mM quinine, 5 mM denatonium, and 0.05 mM cycloheximide. Salty: 400 mM NaCl. Sour, 10 mM citric acid. Umami: 150 mMMPG

and 1 mM IMP. Scale bar, 10 mm.

(C–F) Proportion of responses to single- and multi-tuned responses of taste bud cells. n = 66 type I cells for (C) and (D) and n = 53 type II/III cells for (E) and (F).

(G–J) Quantification of response delay in type I and type II/III cells. Note that the overall responses of type I cells are significantly delayed compared with those of

type II/III cells. p < 0.0001 in sweet, bitter, salty; p = 0.006 in sour, n.s. in umami in (I) by unpaired t test.

(K) Heatmaps of taste cell and afferent nerve calcium responses to tonic stimuli (160 s) of tastant stimulation (bitter, umami, sour, and salty).

(L) Taste cell and afferent nerve activity (mean ± SEM) traces in response to tonic stimulation of other taste modalities.

(M) Quantitative analysis of mean dF/F values in normalized responses at time span of 100 to 160 s in taste cells and afferent nerves in other tastes (bitter, umami,

sour, and salty).

(N) Quantitative analysis ofmean dF/F values in normalized responses at time span of 100 to 160 s in afferent nerves for each taste (sweet, bitter, umami, sour, and

salty).

(O) ATP release activity (mean ± SEM) in response to tonic stimulation of other taste modalities.

(P) Quantitative analysis of durations of prolonged responses in ATP release activity in tastes releasing ATP (sweet, bitter, umami, and salty).
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Figure S4. Type I cells show distinctive spatiotemporal dynamics deriving from extra-synaptic ATP input released by type II cells, related to

Figure 1

(A and B) Sweet-evoked calcium responses of type II cells (left, n = 11 cells in 2 mice) and type I cells (right, n = 6 cells in 3 mice) in response to increasing duration

of AceK stimulus (5, 10, 20, and 30 s). The area under curves in (B) are normalized to the Ca2+ response at 5 s. Type I cells show a distinctive progressive increase

in the duration-response curve in (B).

(C and D) Number of responsive cells (type II: n = 6 buds, type I: n = 33 buds) with increasing AceK concentration.

(E) Spatial spread of type I cell calcium activity during phasic sweet stimulation at each stimulus. Dormant type I cell becomes active starting from the fifth stimulus.

(F) Spatial spread of ATP release at synaptic foci during phasic sweet stimulation at each stimulus, showing an expanding region of activity as stimuli accumulate.

(G) Spatial spread of type I cell calcium activity following 1 (middle) and 2 (right) min.

(H) Spatial spread of ATP release at synaptic foci following sweet stimulation of 1 (middle) and 2 (right) min of tonic sweet stimulation.

(I) Example case of leaky expression observed in PIRT-GCaMP6f-tdTomato mouse, demonstrating type I cell identification validation using intraperitoneal

oxytocin (0.1 mg/kg) injection.

(J) Calcium response traces of individual cells in the PIRT-GCaMP6f-tdTomato taste bud. Region of interest (ROI) 1 shows robust responses to AceK with no

response to oxytocin, while ROI 2 exhibits delayed and ramping response to AceK stimulation, also activated by oxytocin.

Scale bar, 10 mm in (C) and (E)–(I).
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Figure S5. Specificity of P2RY2 in fungiform taste buds, related to Figure 3

(A) Calcium responses of taste cells observed in PIRT-GCaMP-tdTomato mice (n = 13 cells from 6 taste buds in 3 mice). Gray lines indicate the stimuli, including

5 mM diquafosol, 200 mM ATPgS, 30 mM AceK, 10 mM citric acid, and intraperitoneal oxytocin (0.1 mg/kg). Data are sorted by hierarchical clustering analysis.

(B) Principal-component analysis (PCA) using the area under curves of responses in (A).

(C) Representative images of a fungiform taste bud labeled with DAPI and mRNA FISH of P2RY2 and P2RY4.

(D) Quantification of mRNA puncta counts of P2RY2 and P2RY4 per taste bud slice (n = 2 mice).

(E) Representative image of a taste bud in P2RY2 knockout mouse, labeled with mRNA FISH of NTPDase2 and GAD2 (yellow), TAS1R2 (cyan), CAR4 (magenta),

and P2RY2 (green).

(F) Quantification of mRNA signals of P2RY2 compared with wild-type (n = 2 mice) and P2RY2 knockout (n = 1 mouse) mouse models.

(G) Immunohistochemistry on DAPI (blue), P2RY2 (green), and TRPM5 (magenta) in a taste bud of a wild-type mouse.

(H) Image of taste bud labeled with DAPI and P2RY2 (green). Cell types were identified with NTPDase2+ as type I, TAS1R2+ and/or TAS1R3+ as type II, and

CAR4+ as type III. Quantification of intercellular distances among taste bud cells. The intercellular distance was measured based on the center of mass of nuclei

stained with DAPI.

(I and J) Probability density functions of intercellular distance between P2RY2+ type I cells and other cell types.

(K) Cumulative density function of distance to P2RY2+ type I cells. p = 0.020 for sweet cells, p = 0.995 for umami cells by Kolmogorov-Smirnov test.

(L) A representative mRNA FISH image of the geniculate ganglion with P2RY2 (yellow), P2RX2 (cyan), and Phox2b (magenta) probes.

(M) Quantification of detected mRNA spot counts in (L) by Airlocalize.

(N) Heatmap representation of raw reads fromDvoryanchikov et al.65 scRNA-seq data. Single-cell RNAseq dataset available fromGSE102443. Heatmap showing

transcription level of cluster markers described in chemosensory and somatosensory neurons of the geniculate ganglion from Dvoryanchikov et al.65

(O) Quantification of the number of mRNA transcripts in chemosensory geniculate neurons in (N).
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Figure S6. Purinergic activation of type I cells modulates taste information in a taste-modality-specific manner, related to Figure 4

(A and B) Robust ATP release (mean ± SEM) in response to the repeated 30 mM AceK trials (duration = 20 s, inter-trial interval = 10 min, gray bar). n.s. by paired t

test in (B).

(C and D) Robust afferent nerve activity (mean ± SEM) in response to the repeated 30mMAceK trials (duration = 20 s, inter-trial interval = 10min, gray bar). n.s. by

paired t test in (D).

(E–H) Histograms of fold change in ATP release (PIRT-GRABATP) or nerve response (PIRT-GCaMP6-tdTomato) by diquafosol or oxytocin pre-treatments.

(I) Dose-response curve of afferent nerve calcium responses showing the control group and diquafosol group.

(J and K) The inhibitory effect of diquafosol was abolished in P2RY2 KO mice (n = 15 nerves in 5 mice). n.s. by Wilcoxon matched paired t test in (K).

(L–W) Inhibitory modulation of bitter-evoked nerve responses by diquafosol (5 mM). The influence of purinergic activation of type I cell on taste-evoked afferent

nerve responses was measured in mice of which the gustatory afferents were labeled with AAV-PHP.S::CAG-GCaMP6. Note that only bitter taste showed

significant inhibitory modulation by diquafosol (p = 0.0007 by paired t test); umami, sour, and salty tastes were not significantly affected (n.s. by paired t test).
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