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TRPM4 and PLCβ3 contribute to normal behavioral 
responses to an array of sweeteners and carbohydrates 
but PLCβ3 is not needed for taste-driven licking for glucose
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The peripheral taste system is more complex than previously thought. The novel taste-signaling proteins TRPM4 and PLCβ3 appear to function 
in normal taste responding as part of Type II taste cell signaling or as part of a broadly responsive (BR) taste cell that can respond to some or all 
classes of tastants. This work begins to disentangle the roles of intracellular components found in Type II taste cells (TRPM5, TRPM4, and IP3R3) 
or the BR taste cells (PLCβ3 and TRPM4) in driving behavioral responses to various saccharides and other sweeteners in brief-access taste 
tests. We found that TRPM4, TRPM5, TRPM4/5, and IP3R3 knockout (KO) mice show blunted or abolished responding to all stimuli compared 
with wild-type. IP3R3 KO mice did, however, lick more for glucose than fructose following extensive experience with the 2 sugars. PLCβ3 KO 
mice were largely unresponsive to all stimuli except they showed normal concentration-dependent responding to glucose. The results show that 
key intracellular signaling proteins associated with Type II and BR taste cells are mutually required for taste-driven responses to a wide range of 
sweet and carbohydrate stimuli, except glucose. This confirms and extends a previous finding demonstrating that Type II and BR cells are both 
necessary for taste-driven licking to sucrose. Glucose appears to engage unique intracellular taste-signaling mechanisms, which remain to be 
fully elucidated.
Key words: taste, sweet, glucose, starch, TRPM4, PLCβ3.

Introduction
Taste receptor cells (TRCs) use a variety of receptors and 
signaling mechanisms to transmit information about the 
chemical properties of foods and fluids, which are then used 
to increase or decrease ingestive motivation accordingly. 
Traditionally, Type II TRCs are thought to be responsible 
for G-protein-coupled receptor-based transduction of bitter, 
umami, and sweet (BUS) stimuli. For example, sugars, low 
calorie sweeteners, and some proteins and amino acids bind to 
the heterodimer receptor made up of T1R2 and T1R3, which, 
in turn, activates phospholipase C, isoform β2 (PLCβ2), 
cleaves phosphatidylinositol 4,5-biphosphate (PIP2), and pro-
duces 1,3,4-inositol triphosphate (IP3) in sequence. IP3 then 
binds to IP3 receptor Type III (IP3R3) causing the release of 
calcium (Ca2+) from internal stores. For many years, it was 
thought that Ca2+ initiated the influx of sodium into Type 
II cells via a single channel, the transient receptor potential 
melastatin 5 (TRPM5) channel, but we recently demonstrated 

that transient receptor potential melastatin 4 (TRPM4) is also 
found in TRCs, and contributes to sweet taste transduction 
(Dutta Banik et al. 2018, 2020).

Type III TRCs are traditionally thought to contribute to the 
sensing of salts and acids. However, in a recent study, we de-
scribed a subset of what appear to be Type III cells that are 
required for normal BUS taste responses. These TRCs respond 
to acid and membrane depolarization with a Ca2+ signal that 
identifies the presence of voltage-gated Ca2+ channels in Ca2+ 
imaging preparations, as would be expected for Type III cells. 
These TRCs express phospholipase C isoform 3 (PLCβ3) 
as opposed to the PLCβ2 expression in Type II cells (Dutta 
Banik et al. 2020). While individual Type II cells respond to 
a single quality of taste stimuli (e.g. bitter, sweet, or umami 
stimuli), the PLCβ3-expressing cells respond to multiple taste 
qualities. Therefore, we designated this subset of taste cells as 
“broadly responsive” (BR) (Dutta Banik et al. 2020). Loss of 
function of either the Type II cells (through a knockout [KO] 
of IP3R3) or the BR cells (through a KO of PLCβ3) resulted in 
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mice that treated BUS stimuli like water in brief-access taste 
tests (Dutta Banik et al. 2020).

To date, the involvement of these 2 novel taste-signaling 
proteins, TRPM4 and PLCβ3, have only been investigated 
with a select number of representative stimuli, including a 
limited array of carbohydrates. Carbohydrates are chem-
ically, metabolically, and, in some cases, perceptually, diverse. 
Glucose, in particular, is a unique stimulus. Multiple lines of 
evidence now suggest that rodents and humans may employ 
multiple mechanisms to detect glucose, including a pathway 
that is T1R2/3 receptor independent. For instance, glucose 
can elicit a cephalic-phase insulin release (CPIR) even in 
mice that lack T1R3 (Glendinning et al. 2015). Furthermore, 
in 1-min, 1-h, and 24-h 2-bottle preference tests, T1R3 KO 
mice lick more for glucose over fructose (Sclafani et al. 
2020). Although one cannot exclude the possibility that 
T1R2 alone could contribute to some signaling, these data 
suggest that the T1R2/3 heterodimer is not necessary for 
glucose responding. Others have suggested that even though 
glucose sensing does not require T1R3 in this context, it may 
still depend on signaling in Type II cells (Glendinning et al. 
2017). Additionally, previous work has found that genetic-
ally modified mice that lack a functional T1R2/3 receptor 
or the TRPM5 channel are still able to discriminate between 
glucose and fructose after having had extensive experience 
associating oral with postoral effects of each respective 
sugar (Schier and Spector 2016; Schier et al. 2019; Ascencio 
Gutierrez et al. 2022). Together, these data indicate that the 
signaling pathways used by other monosaccharides, disac-
charides, and artificial sweeteners may not be the only ones 
used to detect glucose.

Starch is a general term referring to oligo- and poly-
saccharides, composed of chains of bonded glucose units. 
Many of the starches used in food production or sensory 
testing are actually maltodextrins, or commercially pro-
duced starch hydrolysis products of varying chain lengths. 
Rodents prefer many of these compounds to water, but 
do not necessarily treat them as having the same per-
ceptual quality as sugars and sweeteners (Sclafani 1987, 
1988; Sclafani et al. 1987; Elizalde and Sclafani 1988; 
Ramirez 1991; Lapis et al. 2014, 2016; Smith and Spector 
2017). Recent research has demonstrated that humans 
can discriminate maltodextrin from tasteless gum, sug-
gesting that texture is not necessarily a discriminant 
factor (Lapis et al. 2014, 2016). Multiple lines of evi-
dence suggest that larger carbohydrates may be detected 
in a way that is distinct from mono-, di-, and trisacchar-
ides. Maltodextrin administration elicits different neural 
response patterns in the rat nucleus of the solitary tract 
compared with sucrose (Giza et al. 1991) and genetic 
deletion of T1R3 in mice diminishes motivated behav-
iors for sucrose, with only minor consequences for malto-
dextrin (Treesukosol et al. 2009; Zukerman et al. 2009, 
2013; Treesukosol and Spector 2012). Furthermore, hu-
mans can taste maltooligosaccharides, and this detection 
is independent of hT1R2/hT1R3 (Pullicin et al. 2017; 
Andrewson et al. 2023). Interestingly, loss of TRPM5 
disrupts maltodextrin preference in mice, suggesting that 
although the canonical sweet receptor is not necessary 
for response to oligo- or polysaccharides, it does rely on 
some of the signaling machinery typically found in Type 
II cells (Zukerman et al. 2013).

The goal of this work is to investigate the role of these newly 
described signaling components in sugar and maltodextrin 
taste in mice. We tested IP

3R3 KO, PLCβ3 KO, TRPM4 KO, 
TRPM5 KO, TRPM4/5 double (D) KO, and multiple types 
of wild-type (WT) mice on a range of sugars, sweeteners, and 
maltodextrins to determine if carbohydrates engage heter-
ogenous signaling mechanisms to instigate their unique mo-
tivational features. Please note that references to BUS, or the 
individual taste qualities themselves {e.g. “bitter,” “sweet,” 
“umami,” etc.} are flawed when discussing animal work. We 
can never be sure that the perceptual experience of a rodent is 
identical to that of the human experience described by these 
adjectives. 

General methods
Subjects
Both sexes were used for all experiments, and mice ranged 
in age from 2 to 12 mo. The colony room was maintained 
at 20 ± 2 °C with a 12:12-h light/dark cycle. All training 
and testing were performed during the lights-on phase. Mice 
were group housed throughout the experiments in standard 
polycarbonate cages (7.5″ × 11.5″ × 5″). All mice had ad lib-
itum access to water and rodent chow (Envigo 2018, Inotiv, 
Indianapolis IN), except when water deprivation is indicated 
for experimental purposes. Animals were cared for in compli-
ance with the University at Buffalo Institutional Animal Care 
and Use Committee.

Mouse lines
The PLCβ3 KO mouse was generously provided by Dr. Sang-
Kyou Han (Han et al. 2006) and was generated in a 129SV 
agouti mouse strain that was crossed with CD1 mice (Xie 
et al. 1999). The IP3R3 KO mouse model was generated in 
a C57BL/6 background and was obtained from the Mutant 
Mouse Resources and Research Center (MMRRC:032884-
JAX) (Hegg et al. 2010). TRPM4 KO, TRPM5 KO, and 
TRPM4/TRPM5 DKO were generated on a C57BL/6 back-
ground. TRPM4 KO mice were generated by Dr. Marc Freichel 
(Dutta Banik et al. 2018). TRPM5 and TRPM4/TRPM5 DKO 
transgenic mice were generously provided to Dr. Kathryn 
Medler by Dr. Robert Margolskee of Monell Chemical Senses 
Center. All mice were bred at the University at Buffalo.

Brief-access licking methods
Apparatus (Davis rig)
To determine whether any of the signaling proteins of interest 
affected taste responding, we recorded licking responses to 
varying concentrations of stimuli in the Davis rig (Davis MS80 
Rig; DiLog Instruments and Systems, Tallahassee, FL, and 
Med Associates MED-DAV-160, Fairfax, VT) (Smith 2001). 
Mice are placed in a Plexiglas chamber with a wire grid floor. 
At the front of the chamber, there is a small opening where 
the animal can access one of sixteen spill-proof drinking tubes 
that reside on a sliding platform. Access to these bottles is 
controlled via a mechanical shutter in between the cage and 
bottle. The computer-controlled shutter opens and closes to 
allow the mouse access to one of the tubes for a user-specified 
length of time. During testing, the shutter is opened at the 
beginning of a trial and kept open (allowing access to the 
presented bottle) until the animal chooses to lick at the bottle. 
Once the animal starts licking, it is allowed 10 s access to the 
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bottle, after which the trial ends, the shutter occludes access 
to the bottle, and the sliding platform moves to a different 
bottle, as decided by the program. Following this, the next 
trial begins as the shutter opens. The intertrial interval (ITI) 
is 10 s for all experiments except when noted otherwise. A 
computer controls the movement of the platform, order of 
tube presentation, opening and closing of the shutter, dur-
ation of tube access, and the interval between tube presenta-
tions. Each individual lick is detected by a contact lickometer 
and recorded on a computer via DavisPro collection software 
(DiLog Instruments and Systems and Med Associates).

Brief-access sugar training
Mice were adapted to the test chamber and trained to drink 
from the sipper tubes for 5 consecutive days as previously de-
scribed (Torregrossa et al. 2014; Martin et al. 2018). During 
training, mice were 20-h water deprived. On the first day of 
training, mice were presented with a single stationary bottle 
of water for 30 min, and the total number of licks to that 
bottle was recorded. In order to move forward in the training 
procedure, mice were required to lick a sufficient number of 
times (200 licks) at the stationary bottle, indicating that they 
were able to find the stimuli presented.

On the second day, the Davis rig was outfitted with 8 tubes 
containing 0.25 M sucrose. A single tube containing sucrose 
was presented, and mice were given 180 s to initiate licking. 
Once licking was recorded, mice were allowed 30 s access to 
the tube. At the conclusion of either the 30 s access or the 
180 s limit, the shutter closed for 10 s. This repeated until 
each of the 8 tubes was presented 3 times.

During the remaining 3 d of training, the mice were 
given 30 min to initiate licking to one of 8 tubes of sucrose. 
However, unlike training day 2, the mice were exposed to a 
series of sucrose concentrations. The presented tube remained 
until the mice initiated licking, or the program ended. Once 
the mice began licking, they were given 10 s to lick, after 
which the trial concluded. The shutter closed for a 10-s ITI 
while a new bottle was chosen at random. At the conclusion 
of the ITI, the shutter opened.

Brief-access corn-oil training
A subset of the mice trained using the corn-oil method because 
our first studies (experiment 1) suggested that the KO mice 
were not responsive to sweet stimuli. Although all mice ap-
peared trained and initiated trials, we were surprised by some 
of our findings (discussed later) and therefore, we switched to 
a fat training stimulus just to be sure that potential percep-
tual differences during training were not contributing to our 
findings. Mice were adapted to the test chamber and trained 
to drink from the sipper tubes for 7 consecutive days. During 
training, mice were 20-h water deprived. On day 1 through 4 
of training, mice were presented with a single stationary bottle 
of water for 30 min, and the total number of licks to that 
bottle was recorded. In order to move forward in the training 
procedure, mice were required to lick a sufficient number of 
times (200 licks) at the stationary bottle, indicating that they 
were able to find the stimuli presented. On days 5 and 6 of 
training, mice were presented with a single stationary bottle of 
4.5% corn-oil emulsion (w/v; 4.5% Mazola corn oil and 0.6% 
Tween 80 in tap water) and again were required to lick a suf-
ficient number of times before moving on to the testing phase. 
On day 7, mice were trained in a brief-access taste test with 

water bottles. Animals were fed ad lib during training except in 
experiment 4 where animals were trained while food restricted. 
This is noted below in the description of those experiments.

Brief-access testing
During brief-access testing, animals were placed in the Davis 
rig as described during training but were allowed to complete 
as many trials as possible in 30 min. Each stimulus was pre-
sented in randomized blocks on Monday, Wednesday, and 
Friday in a single week. There is 1 exception to the schedule: 
in experiment 4 animals were tested before and after single-
sugar access training and this procedure is described in more 
detail later.

Data analysis
We used lick correction factors to standardize for individual 
differences in lick rate and/or water need. For example, an 
animal that drinks a lot of water likely will also lick more 
sugar than an animal that drinks little water. This increase 
in sugar licking is likely not related to taste-driven behavior 
but is due to differences in motivation. In cases where licks to 
water are high, we use a lick ratio. Lick ratios are calculated 
by dividing the average number of licks at each concentration 
by the average number of licks to water. In cases where licks 
to water are few, we used a lick score. Lick scores are cal-
culated by subtracting the average number of licks to water 
from the average number of licks at each concentration. We 
saw high variation across our experiments on water licking 
(discussed later), so we had to choose between using a stand-
ardized correction throughout the paper or using the correc-
tion factor that best suited each experiment. We chose the 
latter as a misused lick ratio could be very misleading (e.g. an 
animal with 70 licks to sucrose but 1 to water would have a 
ratio of 70, while an animal with the same sucrose behavior 
but 2 licks to water would have a ratio of 35. This second 
animal did drink twice as much water, but it is misleading 
to imply they were half as interested in sucrose). Likewise, 
when water licking is quite high, lick scores can be difficult to 
understand (e.g. negative values). Therefore, lick ratios were 
calculated for experiments when the animals were water de-
prived and when licks to water per trial exceeded 20 licks. 
Lick scores were calculated for experiments with fewer than 
20 licks to water. All corrections and statistical analyses were 
done within experiments, so there are no comparisons pre-
sented across lick scores and lick ratios.

Licking behaviors were compared by repeated measures 
ANOVA with genotype as a between factors variable and 
concentration as repeated measures within factor variable. 
ANOVAs were conducted using Systat 13.

Experiments
Experiment 1: the role of PLCβ3 and TRPM4 in taste 
responding
PLCβ3 KO (n = 8), IP3R3 KO (n = 8), TRPM4 KO (n = 10), 
TRPM5 KO (n = 10) mice, and C57Bl/6 (n = 7) mice were ex-
posed to a series of sugars and maltodextrins in the Davis 
rig to determine the relative contributions of each of these 
signaling pathways to behavioral responsivity to saccharides. 
Animals were trained using the sugar-training method and 
were tested while 22-h water deprived. Data were calculated 
into lick scores.
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Stimuli
All training and testing stimuli were prepared daily with tap 
water and presented in random order at room temperature. 
Mice were tested on sucrose (0.0625, 0.125, 0.25, 0.5, and 
1 M), fructose (0.0625, 0.125, 0.25, 0.5, and 1 M), glucose 
(0.125, 0.25, 0.5, 1, and 2 M), maltose (0.0625, 0.125, 0.25, 
0.5, and 1 M), and 3 differently sized maltodextrins (dex-
trose equivalent [DE]: 16.5 to 19.5, Sigma-Aldrich #419699; 
DE: 13 to 17, Sigma-Aldrich #419680; DE: 4 to 7, Sigma-
Aldrich #419672; 1.25%, 2.5%, 5%, 10%, and 20%), which 
were tested in this order, consecutively, with 1 tastant pre-
sented each consecutive week. Sucrose was commercial grade 
(Walmart). All other chemicals were reagent grade from 
Sigma-Aldrich (St. Louis, MO). It is important to note that 
commercially available maltodextrins are not characterized in 
terms of chain length, so we do not know what chain lengths 
of maltodextrin are in each product. A general rule of thumb 
dictates that DE × chain length = 120, but this is not highly 
precise. Therefore, each maltodextrin product tested will 
overlap such that the largest DE in 1 stimulus solution may 
appear as one of the smaller DEs in the next stimulus e.g. one 
of the maltose stimuli is made up of DE units 13 to 17, while 
another is made up of 16 to 19 DEs.

Experiment 2: are TRPM4 and TRPM5 required for 
saccharide taste?
To follow up on the findings of experiment 1 (TRPM4 and 
TRPM5 lick responses were attenuated but not abolished—see 
results), TRPM4/5 DKO mice (n = 8) and C57Bl/6 WT mice 
(n = 7) were tested on a series of sugar and maltodextrin so-
lutions. Brief-access training and testing, stimuli, and data 
analysis are identical to those from experiment 1. Mice were 
trained using the sugar-training method. Data are presented as 
lick scores.

Stimuli
All training and testing stimuli were prepared daily with 
tap water and presented at room temperature. Mice were 
tested with sucrose (0.0625, 0.125, 0.25, 0.5, and 1 M), glu-
cose (0.125, 0.25, 0.5, 1, and 2 M), maltose (1, 0.5, 0.25, 
0.125, 0.0625, 0.125, 0.25, 0.5, and 1 M), and maltodextrin 
(Maltrin QD DE ~15 to 19.9; 1.25%, 2.5%, 5%, 10%, and 
20%). Maltrin QD was commercial grade (Grain Processing 
Corporation).

Experiment 3: replicating sucrose and glucose 
curves in PLCβ3 KO mice
We were surprised by the findings in experiment 1 (all sweet 
stimuli except glucose were blunted by the loss of PLCβ3—see 
results). The goal of experiment 3 was to confirm our findings 
from experiment 1, that PLCβ3 KO mice could still respond 
to glucose but not sucrose and to extend them to determine 
if these mice treated non-caloric sweeteners in the same way 
as sugars. In our previous work, we saw no difference in re-
sponding to sucrose and Ace-K between C57Bl/6 WT mice and 
the mixed genetic background mouse the PLCβ3 KO was bred 
into (Dutta Banik et al. 2020); therefore, experiment 1 relied 
on the C57Bl/6 WT as a control group. The main goal of ex-
periment 3 was to rerun the glucose and sucrose stimuli using 
PLCβ3 KOs and the mixed genetic background mouse that 
PLCβ3 was knocked out of (MGB WT) as a control to confirm 
our finding was not due to differences in the background strain. 

We also included the C57Bl/6 and the IP3R3 KO. Additionally, 
we included a group of artificial sweeteners in this cohort, to 
estimate whether the glucose finding was unique or if other 
sweet stimuli act independently of PLCβ3.

Brief-access training and testing
Mice (MGB WT: n = 11, PLCβ3 KO: n = 12, C57Bl/6: n = 6, 
IP3R3 KO: n = 8) were trained using the corn-oil training 
paradigm under chronic food- and acute water-deprived con-
ditions. Data were calculated as lick scores.

Stimuli
All training and testing stimuli were prepared daily with 
tap water and presented at room temperature. Mice were 
tested on sucrose (0.0625, 0.125, 0.25, 0.5, and 1 M), glu-
cose (0.125, 0.25, 0.5, 1, and 2 M), and 3 artificial sweet-
eners: SC45647 (0.01, 0.03, 0.1, 0.3, and 1 mM), saccharin 
(0.5, 1, 5, 10, and 50 mM), and sucralose (1.25, 2.5, 5, 10, 
and 20 mM), which were tested in this order, consecutively, 
with 1 tastant presented each consecutive week. Saccharin 
and sucralose were reagent grade and purchased from Sigma-
Aldrich (St. Louis, MO), SC45647 is described in Bachmanov 
et al. (2001).

Experiment 4: does IP3R3 contribute to glucose/
fructose differentiation?
Experiments 1 and 3 suggested that the PLCβ3 KO mice re-
sponded normally to glucose but the IP3R3 KO mice did not 
(see results). Licking to stimuli in the brief-access taste test is 
affected by detection of the stimulus and the hedonic value of 
the stimulus. Therefore, changing how pleasant a sugar tastes 
would reduce licking in the same way that altering the concen-
tration would. We decided to follow up the reduced responding 
in IP3R3 KO mice with a more complex task where we ask the 
animal to differentiate 2 sugars. Glucose/fructose differenti-
ation is an additional method to ask if an animal in a state of 
need can determine which solution contains metabolically 
needed glucose instead of the less valuable fructose (Schier and 
Spector 2016). In order to test whether IP3R3 contributed to 
glucose/fructose differentiation, IP3R3 KO and B6 WT mice re-
ceived extensive exposure to various concentrations of glucose 
and fructose. Baseline and conditioned taste-guided responses 
were measured before and after sugar exposure in brief-access 
taste tests.

Stimuli
Reagent-grade glucose (0.316, 0.56, and 1.1 M) and fructose 
(0.316, 0.56, and 1.1 M) (Sigma-Aldrich) were prepared fresh 
with tap water as needed.

Food and water deprivation procedures
Mice were trained in the Davis rig using the corn-oil training 
paradigm while food and water deprived. Four types of de-
privation states were used to motivate mice to lick from the 
sipper tube and initiate trials in the single-access exposure 
phase and brief-access tests: acute and chronic water depriv-
ation and acute and chronic partial food deprivation. During 
acute water deprivation, home cage water bottles were re-
moved ~22 h prior to testing and returned ~30 min after 
the testing session ends. During chronic water deprivation, 
home cage water bottles were removed, and fluid access was 
limited to the 30-min training session on each day. Mice 
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that fell below 85% of their ad libitum body weight were 
provided supplemental water (1 to 2 mL) in the home cage 
after the daily session. Acute food deprivation consisted of 
removing chow from the home cage ~22 h before the test 
session and returning chow ~30 min after the test session. 
Chronic partial food deprivation consisted of gradually re-
ducing mice to 85% of their ad libitum body weight through 
daily chow rationing.

Single- and brief-access testing
During the brief-access taste tests, mice were presented with 
6 sugar stimuli (0.316, 0.56, and 1.1 M glucose and fructose) 
and water in randomized blocks of 10-s trials (7.5-s ITI) in a 
30-min session starting with 0.56 M glucose. This paradigm 
was run in 2 pretest series, once water deprived and once 
food restricted (acute). During the water-deprived pretest, 
mice were chronically water deprived and water was returned 
~30 min after the session. After a 2-d break with ad libitum 
food and water, mice were then food restricted for ~22 h for 
the second brief-access pretest. Both pretests used the same 
session parameters.

Following the 2 brief-access pretests, mice were given a 
2-d break with ad libitum food and water and then began 
the single-bottle exposure phase. The single-bottle ex-
posure provided the animals the opportunity to associate 
the orosensory properties of each sugar with its postoral 
consequences and was designed as four 6-d blocks. The ani-
mals were chronically water deprived for blocks 1 and 2 and 
chronically food deprived for blocks 3 and 4. During the 

6-d blocks, mice received 30-min access to one of the stimuli 
concentrations used in the brief-access test (0.316, 0.56, and 
1.1 M glucose and fructose) with each sugar concentration 
presented 1 time per block. Half of the mice started with 
0.56 M glucose and the other half started with 0.56 M fruc-
tose (presentation order shown in Table 1). The order of 
sugar presentation was replicated from a previous paper (see 
Schier and Spector 2016). During the single-access exposure 
phase, the shutter of the Davis rig is opened at the beginning 
of the testing session and kept open for 30 min. After the 
first 2 blocks, mice were given a 2-d break with ad libitum 
food and water and then chow was removed to reduce mice 
to 85% of their ad libitum body weight through daily chow 
rationing. Once mice were at a reliable 85% (±3%) ad lib 
body weight, the single-access phase continued for 2 more 
blocks while food deprived. Chow rations were provided 
~30 min after each session. At the conclusion of the single-
bottle training, all mice were given a 2-d break with ad 
libitum food and water before brief-access testing resumed. 
The brief-access posttest was conducted while the mice were 
acutely food restricted and chow was returned ~30 min after 
testing.

Data analysis
Licking behavior is expressed as lick scores. For the single-
access sugar phase, total licks were collapsed across concen-
tration for each sugar and calculated as average total licks 
by sugar for each block. Total licks were compared by re-
peated measures ANOVA with genotype as a between factors 

Table 1. Testing schedule for experiment 4.

Phase Day Deprivation state Groups and stimuli

Gp. A
(WT n = 4; KO n = 4)

Gp. B
(WT n = 5; KO n = 4)

Single-access training 1 to 3 Chronic water H2O/corn oil

Brief-access training 4 to 6 Chronic water H2O

Brief-access pretests 7 Acute water 0.316, 0.56, and 1.1 M glucose and fructose, H2O

8 to 9 Ad lib food and water

10 Acute food 0.316, 0.56, and 1.1 M glucose and fructose, H2O

Break 11 to 12 Ad lib food and water

Single-access exposure phase 13 Chronic water 0.56 M G 0.56 M F

14 Chronic water 1.1 M F 1.1 M G

15 Chronic water 0.316 M F 0.316 M G

16 Chronic water 1.1 M G 1.1 M F

17 Chronic water 0.56 M F 0.56 M G

18 Chronic water 0.316 M G 0.316 M F

19 to 24 Chronic water … …

25 to 34 Chow rationing

35 Chronic food 0.56 M G 0.56 M F

36 Chronic food 1.1 M F 1.1 M G

37 Chronic food 0.316 M F 0.316 M G

38 Chronic food 1.1 M G 1.1 M F

39 Chronic food 0.56 M F 0.56 M G

40 Chronic food 0.316 M G 0.316 M F

41 to 46 Chronic food … …

Break 47 to 48 Ad lib food and water

Brief-access posttest 49 Acute food 0.316, 0.56, and 1.1 M glucose and fructose, H2O
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variable and sugar and block (i.e. time) as repeated measures 
within factors variables.

Results
Experiment 1: taste-driven licking to glucose is 
unaltered after genetic deletion of PLCβ3; licking to 
all other saccharides were modified
Our previous work suggested that TRPM4, TRPM5, IP3R3, 
and PLCβ3 each contributed to normal taste-driven licking 
for sucrose. In fact, loss of IP3R3 and PLCβ3 completely 
eliminated taste-driven licking for this representative sugar 
(Dutta Banik et al. 2020). Here, we tested mice in a water-
restricted state to determine whether key signaling proteins 
are also recruited to drive licking responses to other sacchar-
ides in single KO mice, compared with B6 WT control mice. 
Lick scores for each taste stimulus are shown in Table 2, and 
plotted for glucose (Fig. 1A), sucrose (Fig. 1B), and maltodex-
trin DE 13 to 17 (Fig. 2).

Monosaccharides
Taste-driven licking for glucose was significantly different 
among the genotypes tested. Consistent with previous work, 

TRPM4 KO displayed attenuated concentration-dependent 
licking for glucose, compared with B6 WT mice. A similar 
deficit was observed in TRPM5 KO mice. IP3R3 KO showed 
no responsiveness to glucose. In contrast, PLCβ3 KO licked 
in a normal concentration-dependent fashion for this sugar, 
at levels that were indistinguishable from that of the B6 WT 
controls (Fig 1A). Genotype-specific statistics are summarized 
in Table 2.

On fructose tests, TRPM4 KO and TRPM5 KO mice 
demonstrated significantly attenuated concentration-
dependent licking, while IP3R3 KO and PLCβ3 KO mice 
showed no concentration-dependent increase in lick 
responses.

Disaccharides
Taste-driven licking for sucrose largely replicated our pub-
lished findings (Dutta Banik et al. 2018, 2020). TRPM4 
KO, TRPM5 KO, and PLCβ3 KO mice had attenuated lick 
responses to sucrose, while IP3R3 KO showed virtually no 
concentration-dependent responsiveness (Fig. 1B). However, 
it is notable that we had extremely low intake on the sucrose 
trials in all groups (even to water) despite the animals being in 
a water-deprived state. TRPM4 KO, TRPM5 KO, PLCβ3 KO, 

Table 2. Summary of ANOVAs comparing average lick scores (± SEM) between all mouse lines.

Stimulus Mouse line 0.125 M 0.25 M 0.5 M 1 M 2 M Genotype Concentration Geno × conc

Glucose B6 WT 0.14 ± 2.86 0.18 ± 3.15 11.30 ± 6.23 16.75 ± 4.68 27.58 ± 2.87 P = 0.009* P < 0.001* P < 0.001*

IP3R3 KO 0.63 ± 2.30 −0.01 ± 3.83 −2.23 ± 3.03 −2.32 ± 3.70 −0.95 ± 3.73 a

PLCβ3 KO 1.45 ± 4.00 13.48 ± 4.55 14.64 ± 6.91 22.83 ± 6.85 34.26 ± 7.69

TRPM4 KO 1.45 ± 2.21 1.67 ± 4.59 10.08 ± 4.48 10.48 ± 3.19 22.81 ± 3.35 a

TRPM5 KO 3.44 ± 2.22 2.78 ± 1.32 1.34 ± 2.65 10.63 ± 3.39 20.96 ± 5.58 a

Stimulus Mouse line 0.0625 M 0.125 M 0.25 M 0.5 M 1 M Genotype Concentration Geno × conc

Fructose B6 WT −1.2 ± 1.29 10.15 ± 3.44 19.36 ± 3.82 19.73 ± 5.18 23.43 ± 4.21 P = 0.001* P < 0.001* P < 0.001*

IP3R3 KO −5.76 ± 3.89 −1.07 ± 4.58 −2.73 ± 5.90 −8.84 ± 4.86 −8.43 ± 4.35 a

PLCβ3 KO 2.29 ± 3.41 3.02 ± 4.82 −3.65 ± 3.89 −7.42 ± 4.53 −1.21 ± 6.69 a

TRPM4 KO 3.27 ± 3.67 6.62 ± 6.50 4.54 ± 6.97 3.44 ± 4.59 7.05 ± 5.08 a

TRPM5 KO 4.22 ± 5.73 4.77 ± 4.52 9.09 ± 6.45 10.02 ± 2.19 9.00 ± 6.63 a

Stimulus Mouse line 0.0625 M 0.125 M 0.25 M 0.5 M 1 M Genotype Concentration Geno × conc

Sucrose B6 WT 3.51 ± 1.46 5.39 ± 2.13 8.27 ± 2.90 8.75 ± 2.43 15.28 ± 1.54 P = 0.006* P = 0.004* P = 0.077

IP3R3 KO −0.02 ± 2.73 1.00 ± 1.72 1.08 ± 1.40 0.48 ± 2.01 0.90 ± 1.16 a

PLCβ3 KO 0.94 ± 2.19 1.44 ± 1.41 1.78 ± 2.66 −0.85 ± 1.00 4.99 ± 1.93 b

TRPM4 KO 1.41 ± 2.69 3.23 ± 2.17 2.65 ± 3.57 3.63 ± 2.92 5.29 ± 1.22 a

TRPM5 KO 1.76 ± 1.96 3.72 ± 2.14 3.88 ± 2.72 3.54 ± 6.95 6.57 ± 3.00

Stimulus Mouse line 0.01 M 0.03 M 0.1 M 0.3 M 1 M Genotype Concentration Geno × conc

Maltose B6 WT 0.21 ± 1.93 1.38 ± 1.20 2.10 ± 4.91 17.88 ± 6.70 19.86 ± 4.27 P = 0.018* P < 0.001* P < 0.001*

IP3R3 KO 0.57 ± 3.05 0.60 ± 4.26 2.60 ± 7.09 −1.15 ± 8.67 −4.39 ± 4.11 a

PLCβ3 KO 9.25 ± 4.42 −0.28 ± 7.31 7.32 ± 4.93 0.83 ± 2.85 2.23 ± 6.44 a

TRPM4 KO 1.71 ± 4.03 −0.73 ± 2.70 3.61 ± 5.51 6.77 ± 2.55 10.40 ± 4.65

TRPM5 KO 0.29 ± 4.03 −1.98 ± 3.97 0.89 ± 4.62 6.39 ± 2.46 7.95 ± 1.98 a

Analyses were conducted with genotype as the between-subjects comparison and concentration as the within-subjects comparison.
aA significant geno × conc interaction compared with B6 WT control group (Ps < 0.05).
bA trend in geno × conc interaction compared with B6 WT control group (P = 0.09).
*Ps < 0.05.
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and IP3R3 KO mice displayed attenuated licking responses to 
maltose, compared with the B6 WT mice.

Polysaccharides
We tested polysaccharides of 3 different size classes (small 
polysaccharide DE 16.5 to 19.5, intermediate polysaccharide 
DE 13 to 17, and large polysaccharide DE 4 to 7). TRPM4 
KO and TRPM5 KO, PLCβ3 KO, and IP3R3 KO substantially 
blunted or abolished licking responses to all maltodextrins 
compared with WT mice (Fig. 2 and Table 3).

Experiment 2: genetic deletion of both TRPM4 
and TRPM5 eliminated taste-driven behavioral 
responsiveness to glucose-containing saccharides
Single KOs of the TRPM4 and TRPM5 genes substantially at-
tenuated but did not completely eliminate taste-driven licking 
responses for simple and complex saccharides comprised 
of glucose. Therefore, we assessed whether genetic deletion 
of both genes was sufficient to prevent taste-driven licking 
for these nutrients. TRPM4/5 DKO mice did not elicit licks 
for any glucose or sucrose concentration, relative to water 
(Fig. 3A and B). Nor did these mice respond to maltose or 
maltodextrin (Table 4).

Experiment 3: PLCB3 KO mice lick normally 
for glucose, but not sucrose or select artificial 
sweeteners
The fact that PLCβ3 KO mice licked avidly for glucose, 
but not sucrose, was striking and unexpected. Equally sur-
prising was the fact that IP3R3 KO completely eliminated re-
sponding to glucose, as this intracellular receptor is a critical 
channel in Type II taste cell signaling, and previous work has 
suggested that glucose may engage Type II cells in a T1R-
independent fashion (Glendinning et al. 2015; Schier et al. 
2019). Therefore, we tested new cohorts of PLCβ3 KO and 
IP3R3 KO, alongside their respective WT controls, for their 

taste-driven responsiveness to glucose, sucrose, and select low 
calorie sweeteners to assess whether these findings are simi-
larly evident in a different motivational state (food restric-
tion). Indeed, PLCβ3 KO mice licked robustly to glucose, but 
not at all for sucrose (Fig. 4). Conversely, IP3R3 KO mice did 
not lick for glucose at any concentration tested and licked 
modestly for sucrose at the highest concentrations tested.

PLCβ3 KO and IP3R3 KO mice also displayed weakened or 
no taste-driven licking behavior to all 3 artificial sweeteners 
compared with WT mice (Table 5).

Experiment 4: IP3R3 is not necessary to acquire an 
attraction to glucose through ingestive experience
Previous work suggested that exposure to the orosensory and 
metabolic consequences of glucose and fructose bolsters the 
relative avidity for glucose over that of fructose in brief-access 
tests, and this does not require input from the T1R recep-
tors (Schier and Spector 2016; Schier et al. 2019; Ascencio 
Gutierrez et al. 2022). Here, we assessed if the heightened 
avidity for glucose over fructose requires IP3R3. In an initial 
brief-access test to measure relative taste-driven responsiveness 
to glucose and fructose, WT mice licked comparably for both 
sugars at each concentration (Fig. 5A). IP3R3 KO mice licked 
more for fructose compared with glucose, though licking was 
generally subdued (Fig. 5B). During the longer-term exposure 
sessions, WT mice licked similar amounts for the 2 sugars, 
while water restricted, but selectively increased licking for 
glucose once shifted to chronic calorie restriction (Fig. 6A). 
IP3R3 KO mice initially licked more for fructose while water 
restricted (block 1 only), and although this appeared to shift 
toward more glucose with chronic calorie restriction, the dif-
ference between sugars was not statistically significant (Fig. 
6B). During the postexposure brief-access test, WT and IP3R3 
KO mice licked significantly more for glucose over fructose, 
but this difference was notably more modest in the KO mice 
(Fig. 5C and D).

Fig. 1. Graph A (left) represents taste-driven licking to glucose while graph B (right) represents licking to sucrose. Data are average lick scores (± SEM) 
for glucose (A) and sucrose (B) between C57BL/6 WT (dark red circle), IP3R3 KO (orange circle), TRPM4 KO (dark yellow upside-down triangle), TRPM5 
KO (green triangle), and PLCβ3 KO (dark cyan square) mice under water-deprived conditions. Significance from C57BL/6 WT (Ps < 0.05) is represented 
by an asterisk in the legend. Trending difference from C57BL/6 WT (Ps < 0.09) is represented by a crossbar. Inset graphs represent average lick score 
data from host graphs in bar plot form with data points representing each individual animal’s lick score across concentration. (A) IP3R3 KO, TRPM4 
KO, and TRPM5 KO but not PLCβ3 KO mice displayed blunted licking to glucose compared with B6 WT controls (Ps < 0.05). (B) IP3R3 KO, PLCβ3 KO, 
TRPM4, and TRPM5 KO mice showed a decrease in taste-driven licking to sucrose compared with WT control mice (Ps < 0.05).
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Latency to initiate licking for each sugar and concentra-
tion was analyzed to assess the potential contribution of 
olfactory cues to the acquired glucose versus fructose dis-
crimination, as in Schier et al. (2019). Neither the WT nor 
the IP3R3 KO mice exhibited differential latencies to lick for 
glucose versus fructose solutions in the initial brief-access 
test (Fig. 7A and B). As a group, the WT mice show longer 
latencies to lick for fructose at the 0.56 and 1.1 M concen-
trations in the postexposure test (Fig. 7C). IP3R3 KO mice, 
on the other hand, continued to exhibit similar latencies for 
both sugars after exposure (Fig. 7D), though close inspec-
tion of the individual mouse data suggests that a couple 
of these mice may have used a cue at the highest sugar 
concentration.

General discussion
The traditional model of taste sensation proposes 2 cell 
types responsible for the 5 canonical taste qualities (Types 
II and III). The model specifically proposes that Type II cells 
are narrowly tuned receptor cells which respond to single 
taste qualities (bitter, sweet, or umami), however, we have 
recently begun exploring the role of a BR cell that responds 
to several stimulus qualities, including sour, bitter, sweet, 
and umami in normal taste responding. These cells use a 
PLCβ pathway that is different from the signaling pathway 

described in Type II cells (Dutta Banik et al. 2018). In our 
previous work, we demonstrated that the loss of PLCβ3 
resulted in decreased taste-driven responses to Ace-K and 
sucrose compared with WT controls (Dutta Banik et al. 
2020). We have also demonstrated a role for TRPM4 in 
BUS stimuli (Dutta Banik et al. 2018) broadening our under-
standing of taste-signaling pathways. Loss of either TRPM4 
or TRPM5 greatly reduces responding to BUS stimuli (Dutta 
Banik et al. 2018). Although our previous work tested mul-
tiple classes of tastants (sweet, bitter, umami, salt, and sour), 
we tested relatively few example stimuli within each quality. 
Sweet stimuli are variable in size and type and can be differ-
entiated, so here we extended our investigation to include a 
variety of monosaccharides, complex saccharides, and arti-
ficial sweeteners to determine the relative contribution of 
these signaling pathways to sweet and carbohydrate taste. 
We tested 5 lines of KO mice in brief-access taste tests and 
tested a range of sugars, the monosaccharides, glucose and 
fructose, and disaccharides, sucrose, and maltose; artificial 
sweeteners, saccharin, sucralose, and SC45647; and poly-
saccharides of multiple size classes. Because polysaccharides 
are comprised of chains of glucose molecules at varying 
lengths, we tested short (DE 16.5 to 19.5), intermediate (13 
to 17), and long (DE 4 to 7) chain maltodextrins to also 
clarify whether chain length is important for taste-guided 
responses.

Fig. 2. Represents taste-driven licking to maltodextrin DE 13 to 17. Data are average lick scores (± SEM) for maltodextrin between C57BL/6 WT (dark 
red circle), IP3R3 KO (orange circle), TRPM4 KO (dark yellow upside-down triangle), TRPM5 KO (green triangle), and PLCβ3 KO (dark cyan square) mice 
under water-deprived conditions. Significance from C57BL/6 WT (Ps < 0.05) is represented by an asterisk in the legend. Inset graphs represent average 
lick score data from host graphs in bar plot form with data points representing each individual animal’s lick score across concentration. IP3R3 KO, 
TRPM4 KO, and TRPM5 KO, and PLCβ3 KO mice displayed blunted licking to glucose compared with B6 WT controls (Ps < 0.05).
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Glucose emerges as distinct from other 
saccharides and sweeteners
Loss of TRPM4/5 or IP3R3 function considerably attenuated 
or even abolished taste-driven licking for all stimuli tested. 
In contrast, PLCβ3 contributes to the behavioral responsive-
ness to many saccharides and sweeteners but is not necessary 
for glucose. We found that loss of PLCβ3 resulted in blunted 
licking response to fructose, sucrose, and maltose, but not glu-
cose. This glucose effect was not dependent on water restric-
tion, as licking motivated by food restriction recapitulated the 
robust responsiveness for glucose in PLCβ3 KO mice which 
further provides evidence of the unique qualities of glucose 
as a sweet stimulus. These data agree with numerous studies, 
which have highlighted glucose as distinct from other sugars 
(Glendinning et al. 2015, 2017; Schier and Spector 2016; 
Schier et al. 2019; Ascencio Gutierrez et al. 2022; Chometton 
et al. 2022). Recent studies have proposed various T1R2/

T1R3-independent signaling mechanisms including the so-
dium glucose linked transporter 1/3 (Yasumatsu et al. 2020), 
glucokinase (Chometton et al. 2022), and/or a KATP channel 
(Glendinning et al. 2017); however, if and how these proteins 
interact with one another and whether the glucose-generated 
signal still relies on the Type II cell require further investiga-
tion. Future work could make use of non-metabolizable glu-
cose analogs such as MDG (alpha-methyl-d-glucopyranoside) 
in combination with PLCβ3 KO mice to further elucidate 
glucose’s unique signaling pathway(s).

Polysaccharides are comprised of chains of glucose mol-
ecules that are believed to be cleaved into glucose, disacchar-
ides, and trisaccharides by amylase and other α-glucosidases 
in the oral cavity (Woolnough et al. 2010; Sukumaran et al. 
2016; Glendinning et al. 2017). Free glucose can elicit a 
cephalic-phase insulin release (CPIR) in mice that do not 
have an intact sweet receptor (Glendinning et al. 2015) 

Table 3. Summary of ANOVAs comparing average lick scores (± SEM) between all mouse lines.

Stimulus Mouse 
line

1.25% 2.5% 5% 10% 20% Genotype Concen-
tration

Geno × conc

Maltodextrin DE 
16.5 to 19.5

B6 WT −2.22 ± 3.36 −2.56 ± 5.72 4.19 ± 8.11 −1.89 ± 8.35 28.01 ± 8.16 P = 0.039* P = 0.001* P < 0.001*

IP3R3 
KO

7.21 ± 3.73 2.87 ± 2.35 3.02 ± 2.98 −2.80 ± 3.91 −0.12 ± 2.17 a

PLCβ3 
KO

−3.72 ± 4.10 −1.30 ± 4.28 4.77 ± 4.66 2.38 ± 4.81 8.25 ± 6.39 a

TRPM4 
KO

2.85 ± 3.67 −2.44 ± 2.44 10.20 ± 4.52 6.72 ± 6.03 14.70 ± 6.34 a

TRPM5 
KO

3.43 ± 2.40 1.32 ± 4.03 1.51 ± 4.92 −0.15 ± 2.60 4.26 ± 6.19 a

Stimulus Mouse 
line

1.25% 2.5% 5% 10% 20% Genotype Concen-
tration

Geno × conc

Maltodextrin 
DE 13 to 17

B6 WT 4.86 ± 1.75 5.07 ± −1.49 7.13 ± 2.88 12.17 ± 3.26 22.84 ± 6.66 P = 0.014* P = 0.009* P < 0.001*

IP3R3 
KO

5.77 ± 3.84 −1.03 ± 3.77 −3.40 ± 6.35 4.31 ± 5.38 −4.07 ± 3.15 a

PLCβ3 
KO

0.42 ± 2.17 −4.64 ± 2.27 −1.33 ± 3.93 5.10 ± 2.95 9.21 ± 2.13 a

TRPM4 
KO

2.90 ± 5.47 −2.73 ± 2.49 2.24 ± 2.05 1.07 ± 2.45 4.48 ± 1.13 a

TRPM5 
KO

10.53 ± 3.56 −0.99 ± 2.84 −0.42 ± 4.87 −0.18 ± 3.09 −2.87 ± 3.23 a

Stimulus Mouse 
line

1.25% 2.5% 5% 10% 20% Genotype Concen-
tration

Geno × conc

Maltodextrin 
DE 4 to 7

B6 WT 8.39 ± 5.64 6.88 ± 3.74 9.90 ± 4.19 22.02 ± 6.78 34.34 ± 6.91 P = 0.047* P < 0.001* P < 0.001*

IP3R3 
KO

4.64 ± 6.10 −1.55 ± 7.66 0.28 ± 6.70 −4.08 ± 8.55 4.98 ± 3.94 a

PLCβ3 
KO

−0.85 ± 3.96 −2.04 ± 2.17 2.75 ± 3.33 5.50 ± 2.93 9.29 ± 6.93 a

TRPM4 
KO

5.60 ± 2.78 −3.38 ± 4.85 2.62 ± 5.55 8.35 ± 4.42 16.61 ± 6.25 a

TRPM5 
KO

3.60 ± 5.93 −5.82 ± 2.94 −6.21 ± 6.76 −3.91 ± 0.87 −2.70 ± 3.67 a

Analyses were conducted with genotype as the between-subjects comparison and sugar as the within-subjects comparison.
aA significant geno × conc interaction compared with B6 WT controls (Ps < 0.05).
*Ps < 0.05.
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suggesting that complex sugars such as sucrose, maltose, and 
maltodextrins can potentially be detected upon oral digestion 
through an unknown glucose sensing mechanism. However, 
although glucose responding was unchanged in the PLCβ3 
KO, the mice did not respond to more complex saccharides, 
suggesting that these mice did not cleave sufficient amounts 
of free glucose from disaccharides and polysaccharides to en-
gage this glucose detection system, at least within these brief-
access trials and in a water-restricted state.

IP3R3 is not necessary for the acquired preference 
for glucose
In the absence of IP3R3, mice did not lick for glucose beyond 
that of water in brief-access tests, and displayed reduced 

licking responses for sucrose, even at high concentrations, in a 
food-deprived state. Consistent with this, it was notable that 
IP3R3 KO mice responded more positively to fructose than 
glucose in pretraining testing. However, previous studies have 
shown that mice lick more for glucose than fructose in brief-
access tests, when they have had the opportunity to experi-
ence the unique sensory and metabolic consequences of these 
2 sugars (Schier and Spector 2016; Schier et al. 2019; Ascencio 
Gutierrez et al. 2022). While Chometton et al. (2022) showed 
that lingual glucokinase is involved in the expression of this 
acquired avidity for glucose in B6 WT mice, Glendinning 
et al. (2020) found that mice lacking the sulfonylurea receptor 
1, associated with downstream KATP-mediated glucosensing, 
readily acquired the hedonic discrimination. Here, we found 

Fig. 3. Graph A (left) represents taste-driven licking to glucose while graph B (right) represents licking to sucrose in a TRPM4/5 DKO and B6 WT mice. 
Data are average lick ratios (± SEM) for glucose (A) and sucrose (B) between TRPM4/5 DKO (gray circle) and B6 WT mice (dark blue circle) under water-
deprived conditions. Significance from C57BL/6 WT is represented by an asterisk in the legend. Inset graphs represent average lick ratio data from host 
graphs in bar plot form with data points representing each individual animal’s lick ratio across concentration. TRPM4/5 DKO mice decrease their taste-
driven responses to both glucose (A) and sucrose (B) compared with WT controls (Ps < 0.05).

Table 4. Summary of ANOVAs comparing average lick ratios (± SEM).

Stimulus Mouse line 0.125 M 0.25 M 0.5 M 1 M 2 M Genotype Concentration Geno × conc

Glucose B6 WT 2.54 ± 0.45 2.30 ± 0.43 3.09 ± 0.62 3.62 ± 0.38 5.16 ± 0.95 P = 0.002* P = 0.029* P = 0.014*

TRPM4/5 DKO 1.48 ± 0.35 1.36 ± 0.21 1.14 ± 0.27 1.20 ± 0.23 1.33 ± 0.28

Stimulus Mouse line 0.0625 M 0.125 M 0.25 M 0.5 M 1 M Genotype Concentration Geno × conc

Sucrose B6 WT 2.38 ± 0.38 3.13 ± 0.80 2.98 ± 0.60 3.95 ± 0.71 5.86 ± 0.97 P < 0.001* P < 0.001* P < 0.001*

TRPM4/5 DKO 1.15 ± 0.09 1.02 ± 0.12 1.06 ± 0.12 1.05 ± 0.11 1.04 ± 0.15

Stimulus Mouse line 0.0625 M 0.125 M 0.25 M 0.5 M 1 M Genotype Concentration Geno × conc

Maltose B6 WT 1.62 ± 0.38 2.01 ± 0.30 1.57 ± 0.43 3.06 ± 0.73 4.72 ± 1.09 P = 0.018* P < 0.001* P < 0.001*

TRPM4/5 DKO 1.21 ± 0.14 1.45 ± 0.24 1.27 ± 0.20 1.67 ± 0.23 1.12 ± 0.14

Stimulus Mouse line 1.25% 2.5% 5% 10% 20% Genotype Concentration Geno × conc

Maltrin QD B6 WT 1.62 ± 0.38 2.01 ± 0.30 1.57 ± 0.43 3.06 ± 0.73 4.72 ± 1.09 P = 0.018* P < 0.001* P < 0.001*

TRPM4/5 DKO 1.21 ± 0.14 1.45 ± 0.24 1.27 ± 0.20 1.67 ± 0.23 1.12 ± 0.14

Analyses were conducted with genotype as the between-subjects comparison and sugar as the within-subjects comparison.
*Ps < 0.05.
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that although IP3R3 contributes to the brief-access licking re-
sponse to glucose, it is not necessary to generate the licking 
responses for glucose following the extensive ingestive experi-
ence with the 2 sugars. This aligns with several studies that 
showed that mice lacking TRPM5, which also contributes to 
signal transduction in Type II cells, come to preferentially re-
spond to glucose (Zukerman et al. 2013; Sclafani and Ackroff 
2015; Sclafani et al. 2020), including in 10-s trial brief-
access taste tests (Ascencio Gutierrez et al. 2022), but only 
after extensive ingestive experience with both sugars. The re-
sults suggest that other sensory pathways must be recruited 
through this type of sugar exposure to enable rapid glucose 
discrimination. Previous studies suggested that under cer-
tain conditions, mice may use non-taste cues, such as odors, 
to discriminate glucose from fructose (Schier et al. 2019; 
Glendinning et al. 2020). Although we did not investigate this 
directly, close inspection of the data revealed that WT mice 
appeared to initiate glucose trials with a shorter latency than 
fructose trials, especially at the highest concentration in the 
postexposure brief-access test, suggesting they may have been 
using an olfactory cue. IP3R3 KO mice, on the other hand, 
were not generally relying on such cues to initiate licking to 
the 2 different sugars.

That IP3R3 KO mice do not initially respond in brief-
access tests to glucose or fructose but can learn to differen-
tiate glucose from fructose in an acquired discrimination test 
highlights the need for multiple types of tests in exploring 
the importance of these signaling components. Brief-access 
licking is informed heavily by the hedonic evaluation of the 
stimulus and motivation to consume it, and therefore chan-
ging either of those factors can influence the results of the 
test. For example, considering only the brief-access licking 
suggests that IP3R3 KO mice are unable to sense glucose and 
fructose, while the acquired discrimination task suggests that 
IP3R3 KO mice are capable of differentiating based on some 

sensory feature(s). Further tests could benefit from separ-
ating evaluation of the taste quality or intensity from hedonic 
evaluation of the stimulus.

TRPM4 and TRPM5 contribute to saccharide and 
sweet sensing
Loss of TRPM4 or 5 blunted, but did not eliminate, taste-
driven concentration-dependent licking for glucose, fructose, 
sucrose, maltose, and maltodextrins tested in a water-restricted 
state. To further assess if TRPM5 and TRPM4 are both re-
quired to drive brief-access licking behaviors for various 
glucose-yielding saccharides, we offered TRPM4/5 DKO glu-
cose, sucrose, maltose, and Maltrin in separate brief-access 
taste tests. DKO mice did not show concentration-dependent 
increases in lick ratio for any stimulus; instead, all were 
treated as if they were water. This agrees with our previous 
findings that indicate the knockdown of both channels com-
pletely abolishes taste-guided response to sweeteners and 
other saccharides. TRPM5 is only expressed in the Type II 
cells (Liman 2007). However, the distribution of TRPM4 is 
not as well defined. TRPM4 has been described in both Type 
II and III (acid responsive) cells using live cell imaging (Dutta 
Banik et al. 2018). These studies did not test whether the 
TRPM4-containing Type III cell was a PLCβ3 containing BR 
cell but TRPM4 is required for normal signaling in BR TRCs 
so its effects in these cells may be contributing as well (Dutta 
Banik and Medler 2023). These data suggest that these chan-
nels are both important to contribute to normal responding 
across a wide array of sweet and maltodextrin stimuli.

What can we learn about the maltodextrin receptor 
system?
Previous research has suggested that Type II taste cells are 
responsible for maltodextrin taste (Zukerman et al. 2013) al-
though the identity of the receptor remains elusive. Here, we 

Fig. 4. Graph A (left) represents taste-driven licking to glucose while graph B (right) represents licking to sucrose in a new cohort of mice. Data are 
average lick scores (± SEM) for glucose (A) and sucrose (B) between C57BL/6 (dark red circle), MGB WT (dark blue circle), IP3R3 KO (orange circle), and 
PLCβ3 KO (dark cyan square) mice under water-deprived (glucose) and food and water-deprived (sucrose) conditions. Significance from C57BL/6 WT is 
represented by an asterisk in the legend. Inset graphs represent average lick score data from host graphs in bar plot form with data points representing 
each individual animal’s lick score across concentration. (A) IP3R3 KO (orange) mice decreased their taste-driven response to glucose compared with 
B6 WT (dark red) controls (P < 0.05). Both PLCβ3 KO (dark cyan) and MGB WT (dark blue) mice showed a concentration-dependent increase in licking 
to glucose. (B) PLCβ3 KO mice decreased licking behavior to sucrose compared with PLCβ3 WT mice. Unlike experiment 1a, IP3R3 KO mice show a 
blunted concentration-dependent licking response to sucrose compared with B6 WT mice.
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aimed to extend these findings by asking whether the BR cell, 
through a PLCβ3 KO model, Type II taste cell, using IP3R3 
KO, and TRPM5 KO mouse lines, were necessary for malto-
dextrin taste. We found that mice lacking PLCβ3-dependent 
signaling were unable to normally respond to polysacchar-
ides at various chain lengths, suggesting that the BR pathway 
is necessary for normal maltodextrin responding as it is 
for normal sweet responding. We further assessed whether 
TRPM4 and/or TRPM5, and IP3R3 are necessary for normal 
maltodextrin responding. TRPM4 and TRPM5 single KOs 
show a blunted response to the 3 maltodextrins (DE 16.5 to 
19.5, DE 13 to 17, and DE 4 to 7) and the TRPM4/5 DKO 
mice show almost no response. Likewise, IP3R3 appears ne-
cessary for normal maltodextrin-related behavioral responses. 
These relationships mirror those we see with the sweet stimuli 
(except for glucose), which suggests that although detection 
of non-sugar carbohydrates is likely through an independent 
receptor, it is using the same signaling machinery that sup-
ports bitter, sweet, and umami taste responding. This agrees 
with published work suggesting that maltodextrin detection 

is likely reliant on the Type II cell (Glendinning et al. 2017) 
and additionally extends our previous work, demonstrating 
that the BR pathway is not only important for BUS brief-
access responding, but maltodextrin responding as well.

Conclusion
Together these data suggest that various intracellular signaling 
proteins associated with Type II and BR cells are important 
to support normal taste-driven behavior for a wide range of 
sweet and carbohydrate stimuli in brief-access taste tests prior 
to any sugar experience. This is not the case for glucose, which 
does not appear to rely on PLCβ3 to initiate normal behav-
ioral responding. This supports previous work suggesting that 
glucose has some unique qualities and may be using a distinct 
signaling pathway. These data also support previous work 
suggesting that maltodextrin signaling, although it may rely 
on an undefined receptor, likely uses some of the same intracel-
lular signaling machinery as sweet stimuli. These findings pro-
vide a deeper understanding of the intracellular mechanisms in 
Type II and BR taste cells involved in sweet and carbohydrate 

Table 5. Summary of ANOVAs comparing average lick scores (± SEM) between all mouse lines.

Stimulus Mouse line 0.125 M 0.25 M 0.5 M 1 M 2 M Genotype Concentration Geno × conc

Glucose B6 WT 3.26 ± 1.17 9.05 ± 2.64 10.09 ± 3.31 12.49 ± 2.82 18.82 ± 3.12 P < 0.001* P < 0.001* P < 0.001*

IP3R3 KO −0.80 ± 2.63 −0.26 ± 0.89 −0.50 ± 2.85 0.99 ± 0.84 2.58 ± 1.48

MGB WT 4.51 ± 2.20 8.61 ± 4.52 19.58 ± 4.37 20.90 ± 4.53 35.12 ± 2.81

PLCβ3 KO 4.86 ± 2.37 11.76 ± 4.14 21.57 ± 4.61 29.11 ± 4.16 35.74 ± 3.33

Stimulus Mouse line 0.0625 M 0.125 M 0.25 M 0.5 M 1 M Genotype Concentration Geno × conc

Sucrose B6 WT 0.10 ± 2.23 6.20 ± 3.67 6.89 ± 2.69 19.06 ± 2.81 35.55 ± 3.76 P < 0.001* P < 0.001* P < 0.001*

IP3R3 KO −5.52 ± 2.87 −3.71 ± 0.98 0.98 ± 1.74 11.08 ± 2.89 21.77 ± 4.87 a

MGB WT 3.06 ± 3.63 12.50 ± 2.65 14.58 ± 2.48 25.76 ± 3.25 34.76 ± 3.74

PLCβ3 KO −1.72 ± 2.18 −0.51 ± 3.84 0.86 ± 4.93 1.48 ± 4.71 1.90 ± 4.05 a

Stimulus Mouse line 1.25 M 2.5 M 5 M 10 M 50 M Genotype Concentration Geno × conc

Sucralose B6 WT 0.04 ± 0.81 5.23 ± 3.16 9.11 ± 3.66 11.29 ± 5.64 14.02 ± 5.19 P = 0.001* P = 0.010* P = 0.260

IP3R3 KO 0.32 ± 0.83 0.08 ± 1.41 2.42 ± 2.12 2.46 ± 1.71 2.38 ± 1.46 b

MGB WT 7.73 ± 4.29 13.38 ± 4.62 18.95 ± 7.83 16.07 ± 5.40 21.46 ± 6.84

PLCβ3 KO −0.61 ± 1.44 0.27 ± 1.08 −0.37 ± 0.98 −1.55 ± 2.22 −3.00 ± 3.13 a

Stimulus Mouse line 0.5 M 1 M 5 M 10 M 50 M Genotype Concentration Geno × conc

Saccharin B6 WT 2.06 ± 1.49 6.14 ± 2.29 12.15 ± 3.23 11.90 ± 3.58 21.93 ± 6.29 P = 0.001* P = 0.003* P = 0.020*

IP3R3 KO 1.68 ± 5.69 0.27 ± 3.52 0.11 ± 3.06 −3.95 ± 1.64 −0.52 ± 4.82 a

MGB WT 5.83 ± 2.98 7.84 ± 2.08 15.64 ± 2.89 16.89 ± 4.61 31.17 ± 6.22

PLCβ3 KO −0.39 ± 4.13 −3.39 ± 3.80 −0.49 ± 5.96 −3.08 ± 7.29 −3.66 ± 6.93 a

Stimulus Mouse line 0.01 M 0.03 M 0.1 M 0.3 M 1 M Genotype Concentration Geno × conc

SC45647 B6 WT 3.12 ± 0.80 4.65 ± 3.09 10.41 ± 3.52 17.23 ± 4.09 31.75 ± 3.98 P < 0.001* P < 0.001* P < 0.001*

IP3R3 KO 0.86 ± 1.49 −1.45 ± 2.00 −1.17 ± 1.95 1.13 ± 2.12 1.03 ± 1.99 a

MGB WT 8.90 ± 2.14 9.35 ± 2.43 23.20 ± 5.54 30.56 ± 3.23 44.09 ± 10.66

PLCβ3 KO −0.08 ± 1.57 4.44 ± 3.07 0.78 ± 3.50 3.73 ± 2.15 0.57 ± 1.35 a

Analyses were conducted with genotype as the between-subjects comparison and sugar as the within-subjects comparison. P values represent ANOVA 
comparing all 4 mouse lines. Post hoc ANOVAs were conducted between B6 WT control mice and IP3R3 KO mice, and MGB WT and PLCβ3 KO mice.
aA significant geno × conc interaction compared with B6 WT control group (Ps < 0.05).
bA trend in geno × conc interaction compared with B6 WT control group (P = 0.09).
*Ps < 0.05.
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Fig. 5. (A–D) Brief-access licking behavior to glucose and fructose in B6 WT and IP3R3 KO mice before and after sugar exposure. Data are average lick 
scores (± SEM) for glucose (red) and fructose (blue) in C57Bl/6 (circle) and IP3R3 KO (triangle) mice before (pretest) and after (posttest) single-access 
sugar exposure. Inset graphs represent average lick score data from host graphs in bar plot form with data points representing each individual animal’s 
lick score across concentration. (A, top left) B6 WT mice do not differ in their taste-guided response to glucose and fructose before sugar exposure. 
Inset graphs represent average lick score data in host graphs in bar plot form with data points representing each individual animal’s lick score across 
concentration. (B, top right) IP3R3 KO mice licked more for fructose over glucose in the brief-access pretest before sugar exposure (P = 0.04). (C, 
bottom left) B6 WT mice licked significantly more for all 3 concentrations of glucose over fructose in the brief-access posttest (after sugar exposure; 
P < 0.001). (D, bottom right) IP3R3 KO mice licked significantly more for glucose over fructose overall in the brief-access posttest after sugar exposure 
(P = 0.03).

Fig. 6. (A and B) Average total licks per block for glucose and fructose collapsed across concentrations. (A, left) B6 WT mice do not differ in their intake 
for glucose and fructose in blocks 1 and 2 while water deprived; however, they show a significantly higher intake for glucose over fructose in blocks 3 
and 4 while food deprived (Ps < 0.001). (B, right) IP3R3 KO mice licked more for fructose over glucose in block 1 (P < 0.01) but not block 2 while water 
deprived and show no difference in intake between glucose and fructose in blocks 3 and 4. * Ps < 0.05. 
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sensing and can contribute to understanding the reinforcing 
nature of consuming sugars and carbohydrates.
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