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Abstract

The T1R and T2R families of G protein-coupled receptors (GPCRs) initiate tastant perception by 
signaling via guanine nucleotide exchange and hydrolysis performed by associated heterotrimeric 
G proteins (Gαβγ). Heterotrimeric G protein signal termination is sped up by Gα-directed GTPase-
accelerating proteins (GAPs) known as the Regulators of G protein Signaling (RGS proteins). Of 
this family, RGS21 is highly expressed in lingual epithelial cells and we have shown it acting in 
vitro to decrease the potency of bitterants on cultured cells. However, constitutive RGS21 loss in 
mice reduces organismal response to GPCR-mediated tastants—opposite to expectations arising 
from observed in vitro activity of RGS21 as a GAP and inhibitor of T2R signaling. Here, we show 
reduced quinine aversion and reduced sucrose preference by mice lacking RGS21 does not result 
from post-ingestive effects, as taste-salient brief-access tests confirm the reduced bitterant aver-
sion and reduced sweetener preference seen using two-bottle choice testing. Eliminating Rgs21 
expression after chemosensory system development, via tamoxifen-induced Cre recombination 
in eight week-old mice, led to a reduction in quinine aversive behavior that advanced over time, 
suggesting that RGS21 functions as a negative regulator to sustain stable bitter tastant reception. 
Consistent with this notion, we observed downregulation of multiple T2R proteins in the lingual 
tissue of Rgs21-deficient mice. Reduced tastant-mediated responses exhibited by mice lacking 
Rgs21 expression either since birth or in adulthood has highlighted the potential requirement for 
a GPCR GAP to maintain the full character of tastant signaling, likely at the level of mitigating re-
ceptor downregulation.
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Introduction

Taste perception is initiated by specialized lingual tissue cell clusters 
(“taste buds”) within which particular taste receptor cells express 
chemosensory receptors and intracellular signal transduction pro-
teins that are collectively responsive to chemical stimuli (“tastants”). 
Three of the five mammalian tastes—namely, bitter, sweet, and 
umami—are mediated by tastant specific G protein-coupled recep-
tors (GPCRs; reviewed in (Chandrashekar et  al. 2006; Roper and 
Chaudhari 2017)). Sweet and umami stimuli are sensed by the T1R 
family of GPCR heterodimers (T1R2/T1R3 and T1R1/T1R3, re-
spectively) (Li et al. 2002; Zhao et al. 2003); independently, bitter 
stimuli are sensed by the T2Rs, a much larger GPCR family (reviewed 
in (Bachmanov et al. 2014; Ahmad and Dalziel 2020)). Downstream 
signal transduction by both T1R and T2R receptors is thought to be 
mediated by activation of a heterotrimeric G protein complex (re-
viewed in (McCudden et al. 2005)), typically composed of a member 
of the Gα i/o subfamily (e.g. Gα gust or “gustducin-α”), Gβ 3, and Gγ 13 
(reviewed in (Margolskee 2002)). This tastant-initiated signaling 
is transduced intracellularly by Gα nucleotide exchange, catalyzed 
by the activated receptor, and subsequent release of the Gβγ dimer 
which in turn activates phospholipase C beta2 (PLCβ2) and then 
TRPM5 channels (Huang et al. 1999; Zhang et al. 2003). TRPM5 
channel opening leads to membrane depolarization and extracellular 
ATP release via CALHM1 channels (Finger et al. 2005; Taruno et al. 
2013), acting in concert with CALMH3 (Ma et al. 2018), which in 
turn activates ionotropic purinergic receptors (P2X2, P2X3) on gus-
tatory afferent nerve fibers (Bo et al. 1999; Vandenbeuch et al. 2015).

As in other conventional GPCR signaling cascades, tastant re-
ceptor signaling is terminated when the Gα subunit hydrolyzes 
its bound GTP, causing Gβγ re-association and a return to the 
heterotrimeric state (reviewed in (Siderovski and Willard 2005; 
Palmer 2007)). Therefore, downstream tastant signal transduction 
is critically controlled via the intrinsic rate of GTP hydrolysis by 
the Gα subunit, as well as any external influence on this GTPase 
rate. Gustducin-α is closely related to the two transducin-α subunits 
found within rod and cone photoreceptors (McLaughlin et al. 1992). 
All three of these Gα subunits have slow intrinsic GTPase activity; 
after discovery of the two transducin-α subunits, a large discrep-
ancy was observed between their in vitro GTPase activity and the 
known rapid inactivation of phototransduction in vivo (Angleson 
and Wensel 1993). This timing paradox was resolved upon discovery 
that Regulator of G protein Signaling (RGS) proteins (reviewed in 
(Kimple et  al. 2011)) bind Gα subunits to accelerate dramatically 
their rate of GTP hydrolysis (e.g. as RGS9-1 does for transducin-α 
subunits in vitro (He et al. 1998) and in vivo (Chen et al. 2000) in 
the phototransduction cascade).

Tastant signal transduction involving gustducin-α, and other Gα 
subunits of the Gi/o subfamily, is thought to be similarly regulated 
by RGS protein-mediated “GTPase-accelerating protein” (GAP) 
activity. For example, the gene transcript for RGS protein family 
member Rgs21 was originally isolated from rat foliate and fungi-
form papillae (von Buchholtz et  al. 2004); subsequent in situ hy-
bridization showed that virtually all cells expressing Rgs21 in rat 
lingual tissue also coexpress Plcβ2, suggesting that Rgs21 is ex-
pressed exclusively in Type II taste receptor cells (von Buchholtz 
et  al. 2004). Biochemical analyses confirmed that purified RGS21 
protein binds multiple different Gα subunits of the Gi/o subfamily 
and acts in vitro as a potent GAP for Gα i1 (Kimple et  al. 2014). 
However, it remained unclear what role(s), if any, RGS21 plays in 
integrated tastant responses emanating from lingual tissue upon ex-
posure to tastants. More recently, we described the phenotype of a 

mouse strain constitutively deficient in Rgs21 expression (Schroer 
et al. 2018), including its profound loss of avoidance of bitter com-
pounds in two-bottle choice tests; these behavioral findings were op-
posite to our expectations of heightened tastant sensitivity based on 
the in vitro GAP activity of RGS21 being lost upon genetic ablation 
of Rgs21. In light of these seemingly paradoxical findings, we sought 
to establish whether RGS21 acts directly on gustducin-α and directly 
on bitterant-stimulated second messenger production. Moreover, 
we used conditional ablation of Rgs21 in postnatal mice to help 
clarify whether prior observations of blunted bitterant avoidance 
upon RGS21 loss resulted from either pre/perinatal developmental 
changes to chemosensation or, instead, from an acute loss of negative 
regulation of T2R signal transduction.

Materials and methods

Protein expression and coprecipitation from 
cultured cell lysates
Recombinant, hexahistidine (His6)-tagged RGS21 protein was puri-
fied from E.  coli culture as previously described (Soundararajan 
et al. 2008). Monolayer cultures of the COS-7 cell line were tran-
siently transfected with plasmid DNA encoding influenza hem-
agglutinin (HA)-tagged gustducin-α open-reading frame (Blake 
et  al. 2001), and resultant whole-cell protein lysates tested for 
guanine nucleotide-dependent binding to immobilized His6-RGS21 
protein using previously described methods of cellular lysis, nickel 
nitrilotriacetic acid (NTA)-agarose coprecipitation, and subsequent 
protein detection (Kimple et al. 2014).

cAMP accumulation assay
Denatonium benzoate-induced inhibition of forskolin-driven 
adenylyl cyclase activation (and resultant cAMP production) was 
measured in the 16HBE human bronchial airway epithelial cell line 
(Marano et al. 2002; Muthumalage et al. 2019). Briefly, monolayer 
cultures of the 16HBE cell line were transiently cotransfected using 
FuGENE6 (Promega) with the GloSensor cAMP-biosensor cDNA 
(Promega) and pcDNA3.1-based expression plasmids encoding 
either wild-type RGS21 open-reading frame, or a GAP-dead, loss-
of-function point-mutant version (R126E a.k.a. RGS21[R>E]). 
Twenty-four hours post-transfection, cells were re-plated on 
poly-D-lysine-treated, clear-bottom, white 384-well plates at a 
density of 15,000 cells/well. Forty-eight hours post-transfection, 
culture medium was aspirated and cells were washed once be-
fore being incubated for 2 hours with 20 µl/well of equilibration 
medium (DMEM-based assay medium with 4% GloSensor sub-
strate (Promega)). After 2 hours, 10  µl of 3× final concentration 
of denatonium benzoate (diluted in assay medium also containing 
3 µM forskolin) was added to each well and allowed to incubate for 
10 min before GloSensor emission was read on a MicroBeta Plate 
Counter (PerkinElmer). Luminescence counts were normalized to 
100% maximal response in the absence of denatonium benzoate 
to account for any variability in GloSensor expression, transfection 
efficiency, and the exact number of cells per well.

Animal subjects and maintenance
Mice bearing a 232-kb bacterial artificial chromosome (BAC) from 
mouse chromosome 1 that encodes TagRFP driven by the mouse 
Rgs21 promoter was previously described by us (Cohen et al. 2012) 
and obtained from the UNC node of the Mutant Mouse Research & 
Research Centers (RRID: MMRRC_036805-UNC). The conditional 
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“floxed” Rgs21 knockout mouse strain in the C57BL/6J background 
(containing an insertion of loxP sites on either side of Rgs21 exon 
5) was maintained at West Virginia University, and its origins, main-
tenance, and usage in creating constitutive Rgs21-null (i.e., Rgs21Δ5/

Δ5) mice have previously been described (Schroer et  al. 2018). To 
obtain conditional Rgs21-null mice for this study, “floxed” Rgs21 
mice were crossed with a ubiquitously expressed, tamoxifen 
(TM)-dependent Cre recombinase driver strain [CAGGCre-ER™; 
JAX 004682]. The CAGGCre-ER™ transgenic mouse expresses a 
tamoxifen-inducible Cre recombinase driven by a hybrid chicken 
β-actin/CMV promoter/enhancer element (Hayashi and McMahon 
2002). The CAGGCre-ER™ transgene was kept in the heterozygous 
condition, as transgene-homozygous mice are not viable; in con-
trast, heterozygous CAGGCre-ER™ mice are viable, fertile, normal 
in size, and have no gross physical nor behavioral abnormalities 
(Hayashi and McMahon 2002). All procedures involving wild-type, 
conventional Rgs21-null, and conditional Rgs21-null mice were ap-
proved by the Institutional Animal Care and Use Committee of the 
West Virginia University Health Sciences Center (IACUC protocol 
1608003737).

Taste-salient brief-access choice tests
Brief-access choice tests were conducted in a Davis Rig Brief Access 
Lickometer (16-bottle capacity legacy version; Med Associates). 
Mice first underwent 3  days of spout and shutter acclimation to 
become accustomed to drinking from the Davis rig. During spout 
acclimation, individual mice were placed in the Davis rig for a ses-
sion lasting 15 minutes once the mouse took its first lick. On the 
following 2 days of training (shutter acclimation), the mouse was 
given access to the drinking tube with the shutter door open until 
5 s after it took its first lick. The door remained closed for 7.5 s be-
fore re-opening with a different drinking tube revealed. The mouse 
was allowed to initiate as many trials as possible during the 15-min 
training session (and all subsequent test sessions). Prior to test ses-
sions with an aversive stimuli (e.g. quinine sulfate), mice were water-
deprived for 20  h to enhance drinking behavior. Following each 
15-min testing session, mice were then allowed to rehydrate with ad 
libitum access to water for 3.75 h. Taste solutions were presented in 
multiple randomized blocks for the duration of each 15-min session. 
During each test session, the tastant/water lick ratio was calculated 
and averaged across the three test sessions. For sweetener testing, the 
ratio of concentration-specific-licks-to-total-licks was calculated to 
account for motivational differences between mice tested. Two-way 
repeated-measures ANOVA (Prism 9) was used to test for significant 
effects of genotype (or pre-/post-tamoxifen treatment status) on the 
lick ratio.

Two-bottle choice tests
Two-bottle choice tests were conducted in large Thoren mouse cages 
(30.80 cm × 40.60 cm × 15.88 cm). Individually housed mice were 
given access to two bottles containing autoclaved distilled water 
for 48 h prior to beginning all choice testing. Fluid was available 
through sipper spouts attached to 50-ml Corning conical-bottom 
centrifuge tubes, placed in separate bottle access slots on opposite 
sides of the food bin. Following the initial 48-h presentation of two 
bottles of water, mice were assessed over 48 h in tests with a choice 
between distilled water and ascending concentrations of a taste com-
pound. The positions of the bottles were switched daily, and the fluid 
intakes were measured to the nearest 0.1 g by weighing the drinking 
bottles on an electronic balance. Preference ratio was calculated as 
volume of tastant solution consumed divided by volume of total 

solution consumed. The mice were socially housed for 7 days be-
tween each test series. At least 6 mice per genotype were assessed at 
each concentration of taste solution. Results were analyzed using a 
two-way ANOVA (genotype × concentration) with a Sidak multiple 
comparisons test (GraphPad Prism 9).

RNA extraction
Tongues, circumvallate (CV) papillae, and other organs and tissues 
were excised from mice euthanized with Fatal-Plus in accordance 
with guidelines from the National Institute of Health and with ap-
proval from the West Virginia University IACUC. For tongue tissue, 
after treatment with an enzyme cocktail consisting of Dispase (3 mg/
mL; Gibco) and Elastase (2.5  mg/mL; Worthington) in Tyrode’s 
solution for 17 min, the epithelium was peeled from the underlying 
tissue. Gustatory tissue was isolated from the CV and nongustatory 
tissue was isolated from equivalent-sized, nontaste epithelial tissue 
surrounding the CV prior to being flash-frozen for subsequent RNA 
extraction. Tissue was homogenized in TRIzol reagent (Invitrogen) 
using a benchtop rotor-stator. RNA was extracted according to 
manufacturer’s instructions using the Direct-zol RNA MiniPrep kit 
from Zymo Research. Reverse transcription and genomic DNA elim-
ination was performed using the QuantiTect Reverse Transcription 
Kit from Qiagen.

Real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)
qRT-PCR was performed to compare the expression levels of 18S 
rRNA and Rgs21 mRNA in conventional and conditional Rgs21-
null mice and their littermate controls. Two microliters of cDNA 
were used in each PCR reaction using the QuantiTect SYBR Green 
PCR Master Mix (Qiagen). RT2 qPCR Primer Assay for Mouse 
18S rRNA was purchased from Qiagen. Primers (10  µM) were 
designed for Rgs21 mRNA (spanning exons 4–5) sequence elem-
ents (fwd primer: 5′-TCGTAGCTGATGCACCAAAA-3′; rev 
primer 5′-TACAGGAAAGGCAGCCATCT-3′) and purchased 
from ThermoFisher Scientific. PCR was performed (initial 15 min 
denaturation at 95°C followed by 40 cycles of 15  s denaturation 
at 95°C, 30 s annealing at 60°C, and 30 s extension at 72°C) in a 
Qiagen Rotor Gene-Q system. We utilized the SYBR green dye qPCR 
technique to detect double-stranded PCR amplicons as they accumu-
lated during PCR cycling. Melting curves were obtained after each 
qRT-PCR experiment to assure specificity of resultant amplicons.

Immunohistochemistry and immunoblot analyses
Tissue sections from Rgs21::TagRFP transgenic mice were obtained 
posteuthanasia, fixed/treated, and stained with a primary antibody 
against TagRFP (anti-tRFP, cat. no. FP AB233; Evrogen) using pre-
viously described methods (Cohen et  al. 2012). CV papillae were 
isolated using published methods (Schroer et al. 2018) and then pro-
cessed for immunoblot analyses using published methods (Ugawa 
et al. 2003; Martin et al. 2011). Commercially available antibodies 
against mouse Tas2r130 (C-12; Santa Cruz #sc-377364), Tas2r120 
(Thermo-Fisher; #PA5-75373), Tas2r121 (D-8; #sc-514219), 
Tas2r104 (H-5; #sc-515693), and Tas2r137 (E-12; #sc-398489) were 
used at the recommended dilutions to perform immunoblot analyses, 
as detected with IgG isoform-appropriate, horseradish peroxidase-
labeled secondary antibody (#sc-516102 or #sc-516132) and visual-
ized using Super Signal West Pico PLUS chemiluminescent substrate 
(Fisher). Blots were visualized on a GE ImageQuant Blot Imager and 
band densitometry performed using Image J (Fiji) software. Parallel 
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immunoblots were used to detect the housekeeping protein GAPDH 
for normalizing densitometric measurements to a loading control.

Results

RGS21 is highly expressed in mouse lingual 
epithelial cells
To overcome the lack of an effective anti-RGS21 antibody, we previ-
ously created a BAC transgenic mouse strain that expresses TagRFP 
(a monomeric red fluorescent protein variant) as driven by the wild-
type Rgs21 promoter (Cohen et al. 2012). We used this transgenic 
strain to demonstrate coincident detection of TagRFP (as a proxy 
for RGS21) and gustducin-α in taste bud cells (Cohen et al. 2012). 
Figure 1 highlights an example of our observations of high-level ex-
pression of TagRFP from the Rgs21 promoter in taste bud cells of 
the circumvallate papillae of transgene-positive mice, but not wild-
type mice (Fig. 1A); other types of epithelia processed and imaged 
under identical conditions were not seen to have such robust expres-
sion as that seen in lingual tissue (e.g. airway tissues, Fig. 1B,C; intes-
tinal tissues, Fig. 1D,E). In a whole transcriptome profiling of distinct 
subpopulations of mouse taste bud cells, Sukumaran and colleagues 
(Sukumaran et  al. 2017) reported observing Rgs21 uniquely ex-
pressed in Tas1r3+ Type II taste receptor cells; in contrast, Type III 
sour/high salt-receiving cells were seen to uniquely express Rgs2, a 
separate Rgs gene on mouse chromosome 1 which encodes a Gα q/11 
attuned GAP (Kimple et al. 2009).

RGS21 binds gustducin-α in vitro and reduces T2R-
mediated bitterant signaling in cells
RGS21 has previously been shown (Kimple et al. 2014) to interact 
in vitro with Gα i2 and other Gα i/o subunits not considered to be 

primarily coupled to bitterant-responsive GPCRs in vivo. We there-
fore directly tested whether RGS21 was capable of binding to Gα gust 
(otherwise known as gustducin-α), which is considered the primary 
Gα subunit associated with T2R activation-mediated signal trans-
duction (McLaughlin et al. 1992; Ruiz-Avila et al. 2001). We per-
formed protein pull-down assays with recombinant His6-RGS21 
protein and cellular lysates containing overexpressed, epitope-tagged 
Gα gust. RGS21 was observed to bind Gα gust only in its transition state 
mimetic form (i.e., bound with GDP and the planar anion aluminum 
tetrafluoride [AMF] that mimics the leaving group upon GTP hy-
drolysis) (Fig. 2A), consistent with the known binding affinity of RGS 
domains and their Gα substrates (Popov et al. 1997; Soundararajan 
et al. 2008). RGS21 overexpression, by transient transfection of the 
bitterant-responsive 16HBE cell line, was also found to reduce the 
inhibition of cAMP second messenger production (Fig. 2B) as caused 
by application of the EC50 of denatonium benzoate for this cell line 
(Supplementary Fig. S1). Analogous overexpression of RGS21[R>E], 
a GAP-dead, loss-of-function point mutant of RGS21 (Kimple 
et al. 2014), failed to reduce the response to denatonium benzoate 
(Fig. 2B).

Rgs21 allele ablation requires homozygosity to 
engender blunted aversion to bitterant and blunted 
appetitive response to low-dose NaCl
We previously demonstrated that complete Rgs21 ablation and re-
sultant RGS21 expression loss in mice leads to a dramatic blunting of 
their bitterant sensitivity, as assessed by two-bottle choice testing with 
both quinine- and denatonium-containing drinking water (Schroer 
et al. 2018); this effect of complete RGS21 loss is not shared with 
all bitterant-responsive tissues (e.g. mouse airway smooth muscle, 
as evaluated using methods described in Devallance et al. 2018; see 
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Supplementary Fig. S2). In an initial attempt to establish whether re-
ducing (but not eliminating) Rgs21 gene expression would also en-
gender demonstrable changes to mouse bitterant responsiveness at the 
level of peripheral lingual chemosensation, we bred the conventional 
Rgs21 knockout allele (i.e., ubiquitous, CMV-driven, Cre-mediated 
excision of Rgs21 exon 5; (Schroer et al. 2018)) using heterozygous 
crosses (Rgs21+/Δ5 females x Rgs21+/Δ5 males). In challenging resultant, 
8-week-old heterozygous Rgs21+/Δ5 F1 progeny alongside Rgs21+/+ 
and Rgs21Δ5/Δ5 littermates (Fig. 3A), the heterozygous Rgs21+/Δ5 mice 
were found to have normal aversion to quinine in two-bottle choice 
tests (Fig. 3B), equivalent to that previously shown by Rgs21+/+ mice 
(Schroer et  al. 2018). Heterozygous Rgs21+/Δ5 mice and wild-type 
Rgs21+/+ mice also shared a biphasic, concentration-dependent pref-
erence/aversion response to the salt NaCl in two-bottle choice tests, 
whereas Rgs21Δ5/Δ5 littermates were found to lack the appetitive be-
havioral response to lower NaCl concentrations (Fig. 3C), as previ-
ously reported (Schroer et al. 2018). The latter blunting of appetitive 
behavior towards low-dose NaCl upon RGS21 loss does not appear 
to reflect any overall organismal pathology in salt handling (e.g. renal 
salt clearance as measured by urine specific gravity; Supplementary 
Fig. S3) or any change in salt detection threshold (e.g. use of prior 
LiCl exposure to sensitize avoidance of low-dose NaCl in two-bottle 
choice testing; Supplementary Fig. S4). Blunted appetitive behavior 
towards low NaCl also does not appear to reflect a global effect of 
RGS21 loss on all tastant-driven chemosensation, as aversion to the 
sour tastant hydrochloric acid (specifically, [H+]) was seen to be un-
changed upon RGS21 loss (Fig. 3C inset).

Blunted tastant sensitivity upon Rgs21 ablation is 
proximal to post-ingestive chemosensation
As choices for or against particular tastants can be heavily influ-
enced by stimulatory or aversive post-oral signals and effects 

(e.g. (Zukerman et al. 2011)), we also performed brief-access taste 
tests (schematized in Fig. 4A) to minimize the influence of post-oral 
factors in assessing behavioral responses of the individual Rgs21-
deficient mouse strains. Consistent with the results from two-bottle 
choice testing (Fig. 3), bi-allelic Rgs21 deficiency led to a nearly com-
plete loss of aversion to quinine in 30-minute exposures to quinine-
containing water versus unadulterated water (Fig. 4B). Bi-allelic 
Rgs21 deficiency was also seen in brief-access testing to eliminate 
preference for higher concentrations of the caloric/carbohydrate 
sweetener sucrose (Fig. 4C), consistent with blunted preference to 
sucrose and to the noncaloric sweetener SC45647 observed in two-
bottle choice testing (Fig. 4D and (Schroer et al. 2018)).

In an independent means of eliminating RGS21 expression, 
the original “floxed” Rgs21 knockout mouse strain was bred 
to an ubiquitously expressed, but tamoxifen (TM)-dependent 
Cre recombinase driver strain (CAGGCre-ERTM; (Hayashi and 
McMahon 2002)) (Fig. 5A). Treatment of 8-week old Rgs21fl/fl; 
CAGGCre-ER™ mice with daily intraperitoneal injections of tam-
oxifen over five days led to complete loss of Rgs21 expression rela-
tive to sham-treated control mice (Fig. 5B). Similar to the results 
using mice with constitutive Rgs21 deficiency (Rgs21Δ5/Δ5 mice, Fig. 
4B), conditional loss of Rgs21 led to significant intra-animal re-
ductions in quinine avoidance at all but the lowest quinine sulfate 
concentration examined in brief-access testing (0.03 to 1.0  mM 
quinine sulfate; Fig. 5C).

Blunted sensitivity to bitterant upon Rgs21 ablation 
increases over time post-excision
As a five-day tamoxifen regimen applied to Rgs21fl/fl;CAGGCre-ER 
mice led to demonstrable reductions in both CV papillae Rgs21 ex-
pression and brief-access quinine avoidance (Fig. 5), we then meas-
ured quinine aversion in two-bottle choice testing after one or five 
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cellulose membrane, and detected using anti-HA antibody immunoblotting (“IB”:) and chemiluminescence. (B) Overexpression of wild-type RGS21, but not a 
loss-of-function, point mutant RGS21, leads to inhibition of bitterant signaling-induced reduction of cAMP levels. Cultures of the 16HBE cell line were transiently 
transfected with GloSensor cAMP biosensor cDNA and expression plasmids containing open reading frames for wild-type (“wt”) RGS21, or Arg-126-to-Glu point 
mutated (“R>E”) RGS21, or empty pcDNA3.1 vector, as indicated. Inhibition of forskolin-stimulated cAMP production (“100% maximum”; dotted line) by treat-
ment with indicated concentration of the bitterant denatonium benzoate (i.e. EC50 previously established as per Supplementary Fig. S1) was determined 24 hr 
post-transfection by detection of GloSensor-dependent luminescence. Asterisks denote statistically significant differences as determined by one-way ANOVA 
with Bonferroni’s post-test: **, P < 0.01; ns, not significant (P >> 0.05).
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weeks post-tamoxifen treatment (Fig. 6A). A statistically significant 
reduction in avoidance of 0.01 mM quinine sulfate in drinking water 
was observed after one week of tamoxifen treatment (Fig. 6B), and 
this reduction was enhanced after five weeks: both at the 0.01 mM 
quinine sulfate concentration, and at lower (0.03 mM) and higher 
(0.03 mM, 0.1 mM) concentrations (Fig. 6C).

Rgs21 loss leads to lower levels of T2R bitterant 
receptor expression
Prolonged GPCR activation normally leads to long-term 
downregulation that generally involves receptor internalization, de-
struction, and a resultant decrease in cellular steady-state receptor 
levels (Luttrell and Lefkowitz 2002; Rajagopal and Shenoy 2018). 
In this light, a potential cause of reduced bitterant responsiveness 
observed in mice upon loss of Rgs21 expression (e.g. Figs. 3–5; 
(Schroer et al. 2018)) is that an initial increase in T2R signaling (due 
to loss of negative regulation; e.g. Fig. 2B) leads over time to T2R 
downregulation and a resultant decrease in bitterant sensitivity. We, 
therefore, examined the levels of five different Tas2r proteins (using 
validated commercial antibodies; see Supplementary Fig. S5) within 
CV papillae isolates from wild-type and Rgs21-deficient mice. As 
normalized to GAPDH protein levels, we observed that four of the 
five (Tas2r120, Tas2r121, Tas2r137, Tas2r104) were significantly re-
duced in expression relative to their levels seen in wild-type litter-
mate controls (Fig. 7A–D); the fifth tested T2R (Tas2r130) trended 
towards being lower as well in Rgs21-deficient mice, but this obser-
vation did not reach statistical significance (Fig. 7E; P = 0.0511 on 
Student t test). In contrast to the reduction in T2R levels observed, 
the levels of PLCβ2 were seen to be unaltered between wild-type and 
Rgs21-deficient mice (Fig. 7F).

Discussion

Our initial report of the phenotype of Rgs21-deficient mice (Schroer 
et al. 2018) included evidence of normal lingual tissue and taste bud 
development, yet profound behavioral insensitivity to the bitter com-
pounds quinine and denatonium. These altered behaviors were in 
direct opposition to expectations of observing heightened bitterant 
sensitivity based on earlier biochemical and in vitro evidence of 
RGS21 as a negative regulator of GPCR signal transduction. Here, 
we confirmed gustducin-α as a target of RGS21 action, as well as 
that action being able to reduce intracellular effector function down-
stream of bitterant-stimulated T2R activation (specifically, the inhib-
ition of cAMP production in the bitterant-responsive cultured cell 
line 16HBE). We also confirmed the loss of bitterant avoidance and 
sweetener preference, first observed in multiple-day two-bottle choice 
testing (Schroer et al. 2018), is also apparent in taste-salient brief-
access (30 min) testing of Rgs21-deficient mice, thereby eliminating 
a loss of long-term post-ingestive effects of tastant consumption as 
a possible explanation for the paradoxical behavior of bitterant in-
sensitivity shown by Rgs21-deficient mice in light of RGS21 being an 
established negative regulator of T2R signaling.

When first faced with this paradox (Schroer et  al. 2018), we 
speculated that normal exposure to tastants at the lingual epithe-
lium in the absence of RGS21’s negative regulation may lead to 
compensatory desensitization and/or downregulation of element(s) 
of the tastant response machinery (e.g. the tastant receptor(s) them-
selves and/or the purinergic receptors responsive to heightened ATP 
release). Here we have demonstrated that several Tas2r proteins 
are expressed at lower levels in the lingual epithelium of Rgs21-
deficient mice relative to wild-type mice. In parallel, acute reduc-
tion of RGS21 expression via tamoxifen-induced Cre recombination 
resulted in the same paradoxical behavioral phenotype of bitterant 
insensitivity, and this insensitivity advanced over time (i.e., seen 
more profoundly blunted at five weeks vs one week), suggestive of a 
time-dependent change to extant tastant response machinery upon 
RGS21 loss. These new observations strengthen the argument that 
loss of a negative regulator of tastant receptor signaling leads, over 

Fig. 3. Only bi-allelic ablation of Rgs21 expression blunts aversion to the 
bitterant quinine and blunts preference for low concentrations of NaCl 
salt. (A) Schematic representation of timing of two-bottle choice tests per-
formed with 8-week-old (postnatal [P] day 56) constitutive Rgs21 knockout 
mice (Rgs21Δ5/Δ5) and littermate controls (wild-type Rgs21+/+ and heterozy-
gous Rgs21+/Δ5 F1 progeny). (B, C) Tests of two-bottle choice for an ascending 
concentration series of the bitterant quinine sulfate (B) or the salt NaCl 
(C) versus unadulterated drinking water were performed with heterozy-
gous Rgs21+/Δ5 F1 progeny (n = 6) alongside Rgs21+/+ (n = 11) and Rgs21Δ5/Δ5 
(n = 10) littermates. A preference ratio of 0.5 (dashed line) indicates indiffer-
ence towards the tastant solution relative to water. Each test was assessed 
with a two-way ANOVA and differences between the groups in preference 
or aversion to specific concentrations of tastant solution were determined 
using Sidak posthoc test to correct for multiple comparisons (*, P < 0.05; 
**, P < 0.01, ***, P < 0.001, ****, P < 0.0001; ns, not significant [P >> 0.05]). 
Wild-type and Rgs21+/Δ5 mice appeared to have no difference in preference 
at any concentration tested. Inset bar graph of panel B, Data from qRT-PCR 
(SYBR Green detection) of the Rgs21 mRNA transcript, which is seen to be 
completely absent in Rgs21Δ5/Δ5 mice, but equally detected in tongue tissue 
from both Rgs21+/+ and Rgs21+/Δ5 mice. Inset bar graph of panel C, Data from 
two-bottle choice testing for an ascending concentration series of the sour 
tastant hydrochloric acid (HCl), indicating no significant difference in aver-
sion at the 10 mM or 30 mM concentrations between the two indicated geno-
types (n = 7 for both groups).
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time, to a downregulation of those tastant receptors (and/or other 
downstream component(s); e.g. as modeled in Supplementary Fig. 
S6). The timing of this receptor downregulation would necessarily 
have to be rapid, owing to the rapid cycle time of replenishment 
of mature taste receptor cells by lingual tissue-resident stem cells 
(e.g. the life span of the average rat taste bud cell is reported to be 
~10  days (Beidler and Smallman 1965), leading to the suggestion 
that roughly 10% of cells are new to each taste bud each day in 
adulthood (Miura and Barlow 2010; Barlow 2015)).

Our original speculation was advanced by observations within 
Rgs21-deficient mice of accelerated signal decay (emblematic of 
short-term receptor desensitization) across the first thirty seconds of 
tastant-elicited neuronal output (Schroer et al. 2018): Rgs21Δ5/Δ5 mice 
with constitutive RGS21 loss exhibited a reduced ratio of the last 
10 s to the first 10 s of recorded chorda tympani nerve response amp-
litude upon exposure to bitter (and sweet and umami) taste stimuli, 
suggesting that these mice have a less-prolonged signal output after 
initial tastant/T2R (or tastant/T1R) engagement. Desensitization of 
activated GPCR signaling to G protein-mediated output commonly 
occurs via the sequential actions of G protein receptor kinases (i.e. 
activated receptor phosphorylation) and β-arrestin proteins (i.e. 
activated receptor binding) that preclude return of the G protein 
heterotrimer and ultimately lead to receptor internalization and deg-
radation (Luttrell and Lefkowitz 2002; Rajagopal and Shenoy 2018). 
Recent evidence suggests that T2R activation by structurally dis-
tinct agonists can differentially elicit long-term downregulation via 
β-arrestin recruitment (e.g. (Woo et al. 2019) for TAS2R14 in human 
airway smooth muscle). Furthermore, both of these aforementioned 

“agents” of GPCR desensitization and downregulation (GRKs and 
β-arrestins) are expressed in mouse taste bud cells (Supplementary 
Fig. S7; Shandilya 2016), and so their actions could be enhanced 
in the absence of RGS21, similar to the shifted balance in Rgs12-
deficient mice between G protein- vs GRK/β-arrestin-mediated sig-
nals emanating from the activated kappa opioid receptor (Gross 
et al. 2019; Kaski et al. 2021). RGS21 may, therefore, play a similar 
role in dampening tastant-initiated G protein signaling so that the 
mammalian gustatory system is not overwhelmed when tastants 
are too abundant on the lingual epithelium—a state of being over-
whelmed that leads ultimately to chronic downregulation of tastant 
receptor and/or downstream components. In the absence of RGS21 
protein GAP activity opposing G protein signaling downstream 
of activated tastant receptors, normal environmental exposure to 
receptor-activating tastants may lead to a heightened degree of re-
ceptor desensitization and downregulation.

Further work is clearly needed to establish the direct mech-
anisms causing the decreases in Tas2r protein levels we have re-
ported here as being observed in the lingual tissue of RGS21-null 
mice, as well as to extend these findings to T1R signaling (given 
the blunting of sweetener preference) and to salt signaling via po-
tentially shared, G protein-related signaling components (given 
observed loss of low-dose NaCl appetitive response, but no loss 
of sour aversion, upon Rgs21 ablation). The latter observation re-
mains the most puzzling in the context of RGS21 being a “regu-
lator of G protein signaling,” as low salt detection is considered to 
be performed in a G protein-independent fashion by the amiloride-
sensitive epithelial sodium channel (ENaC) (Roper 2015; Shekdar 
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Fig. 4. Taste-salient brief-access tests of quinine and sucrose responsiveness of mice bearing long-term constitutive loss of RGS21 expression. (A) Schematic 
representation of timing of brief-access tests for quinine (“aversive stimulus”; Table (i)) and for sucrose (“preferred stimulus”; Table (ii)) performed with 8-week-
old (postnatal [P] day 56) constitutive Rgs21 knockout mice (Rgs21Δ5/Δ5) and wild-type Rgs21+/+ littermate controls. (B) Lick ratios (between indicated quinine 
sulfate concentration vs unadulterated water) were analyzed by two-way ANOVA with Sidak posthoc testing for differences by genotype (n = 6 for Rgs21+/+ and 
n = 7 for Rgs21Δ5/Δ5; ns, not significant [P >> 0.05]; **, P < 0.01; ****, P < 0.0001). (C) Data from brief-access to sucrose are reported as the ratio of concentration-
specific-licks-to-total-licks to account for motivational differences between mice tested (i.e., the horizontal dashed line represents the expected value of the ratio 
[0.2] from completely random licking of all 5 concentrations). (D) Two-bottle choice preferences of Rgs21Δ5/Δ5 (n = 7) and wild-type mice (n = 7) for ascending con-
centration series of sucrose, as previously conducted for quinine sulfate and NaCl (Fig. 3; (Schroer et al. 2018)). Each test was assessed with a two-way ANOVA. 
Differences between the groups at specific concentrations of taste solution were determined using Sidak posthoc test to correct for multiple comparisons (* 
P < 0.05; ** P < 0.01; **** P < 0.0001).
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Fig. 5. Taste-salient brief-access tests of quinine responsiveness of mice bearing short-term conditional loss of RGS21 expression. (A) Schematic representation 
of timing of pre- and post-tamoxifen brief-access tests for quinine (“aversive stimulus”; Table (i)) performed with 8-week-old (postnatal [P] day 56) conditional 
Rgs21 knockout mice (Rgs21fl/fl;CAGGCre-ER). (B) To demonstrate the degree of Rgs21 expression loss achieved by tamoxifen treatment, Rgs21fl/fl;CAGGCre-ER 
mice were IP injected once a day for five consecutive days, either with 75 mg/kg of tamoxifen or corn oil (vehicle only). Seven days after the final injection, 
tongues were excised and RNA was isolated for qRT-PCR analysis of Rgs21 mRNA expression (normalized to 18S rRNA levels) in CV papillae (panel B; n = 4 
per treatment group; unpaired Student t test, P = 0.007). (C) Twelve individual mice, homozygous for the loxP site-flanked exon 5 allele of Rgs21 (Rgs21fl/fl) and 
heterozygous for the ubiquitiously expressed, tamoxifen-inducible Cre recombinase transgene (CAGGCre-ER), were profiled for quinine responsiveness in brief-
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indicated quinine sulfate concentration (n = 12; ns, not significant [P >> 0.05]; ****, P < 0.0001).
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et al. 2021), whereas it is only the aversive response to high salt 
concentration that is thought to evoke T2R-expressing Type II and/
or amiloride-insensitive Type III taste cells (Chandrashekar et  al. 
2010; Lewandowski et al. 2016).
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