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Abstract

Taste compounds detected by G protein-coupled receptors on the apical surface of Type 2 taste
cells initiate an intracellular molecular cascade culminating in the release of ATP. It has been
suggested that this ATP release is accomplished by pannexin 1 (PANX1). However, we report here
that PANX1 knockout mice do not differ from wild-type controls in response to representative taste
solutions, measured using 5-s brief-access tests or 48-h two-bottle choice tests. This implies that
PANX1 is unnecessary for taste detection and consequently that ATP release fromType 2 taste cells

does not require PANX1.
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Introduction

Exposing the apical surface of Type 2 taste cells to various taste
compounds initiates an intracellular molecular cascade that culmi-
nates in the release of ATP (e.g., Finger et al. 2005; Huang et al.
2007; Romanov et al. 2007; Chaudhari and Roper 2010). The ATP
acts as a chemical transmitter to activate P2RX2 and P2RX3 recep-
tors on nearby nerve fibers, which signal the brain (e.g., Finger et al.
2005). Many types of cell employ pannexin 1 (PANX1) channels
to release ATP (reviews: MacVicar and Thompson 2010; Dahl and
Muller 2014; Koval et al. 2014; Kurtenbach and Zoidl 2014), and
PANXT is expressed in taste cells (Huang et al. 2007; Romanov
et al. 2007; Dando and Roper 2009), which raises the possibil-
ity that PANX1 is responsible for releasing ATP from taste cells.
Indeed, a persuasive argument for the involvement of PANX1 in
taste transduction has been made (e.g., Dando and Roper 2009;
Chaudhari and Roper 2010; Huang and Roper 2010; Murata et al.
2010). However, there is evidence to the contrary. In particular, no
difference was observed in the taste-stimulated release of ATP from
taste cells of PANX1 KO and control mice (Romanov et al. 2012).
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Moreover, a novel voltage-gated ATP permeable channel, calcium
homeostasis modulator 1 (CALHM1), satisfies the functions first
ascribed to PANX1. CALHM1 is expressed in Type 2 taste cells
(Moyer et al. 2009; Taruno et al. 2013b), transfecting naive cells
with Calbhm1 renders them capable of releasing ATP (Taruno et al.
2013b), the Type 2 taste cells of CALHM1 KO mice do not release
ATP in response to taste stimulation, and CALHM1 KO mice show
few if any electrophysiological or behavioral responses to taste
compounds that are transduced by G protein-coupled receptors
(GPCRs; Taruno et al. 2013b).

Crucial evidence to support the contribution of CALHM1 and
P2RX2 + P2RX3 receptors to taste perception derives from findings
that knockout of these elements largely eliminates the behavioral
responses to taste solutions (Eddy et al. 2009; Hallock et al. 2009;
Taruno et al. 2013b). However, parallel studies with PANX1 KO
mice have not been reported. Consequently, we compared the behav-
ior of PANX1 KO and WT littermate control mice in response to
several taste solutions presented in 5-s brief-access tests and in 48-h
two-bottle choice tests.
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Methods

Experiments followed the guidelines outlined in the National
Research Council’s Guide for the Care and Use of Laboratory
Animals, eighth edition. Protocols were approved by the Institutional
Animal Care and Use Committee of the Monell Chemical Senses
Center.

Mice

The PANX1 KO mice were generated as homozygous Panx1fl/fl
(“floxed”) mutant mice, harboring 3 LoxP consensus sites inserted
into a single-copy Panx1 gene (Dvoriantchikova et al. 2012).
Founders with germline transmission of the embryonic stem cell-
derived genome were heterozygous for the mutant Panx1 allele and
were bred for homozygocity. The resulting mice were crossed with a
CMV-Cre strain to create a global KO line. Cre-mediated recombi-
nation within the Panx1 gene resulted in a germline removal of the
LoxP-flanked exons 3 and 4. This line was backcrossed to C57BL/6
mice for at least 7 generations and then bred to homozygocity.
Descendants were transferred to C. H. Mitchell at the University of
Pennsylvania who, in turn, provided breeding pairs to M. G. Tordoff
at the Monell Chemical Senses Center. At the Monell Center, off-
spring of the breeding pairs were backcrossed to the C57BL/6] strain
and their offspring were mated brother-to-sister to produce homozy-
gous WT and KO mice for the experiments reported here. Males
were used for the brief-access tests and females for the two-bottle
choice tests. Heterozygous mice were not tested.

All mice were weaned when 21-23 days old, at which time a
1-2mm end-of-tail clip sample was collected for DNA analysis.
Genomic DNA was extracted and each mouse’s status as a PANX1
WT or KO mouse was determined using the polymerase chain reaction
with the following primers: 5’-CTTTGGCATTTTCCCAGTGT-3"
and 5-CGCGGTTGTAGACTTTGTCA-3" (585bp, WT allele) and
5-CTTTGGCATTTTCCCAGTGT-3’ and 5-GTCCCTACAGG
AGGCACTGA-3" (900bp, KO allele). In-house genotyping was
independently confirmed by a commercial genotyping service
(Transnetyx, Inc.).

The mice were maintained in a vivarium at 23 °C with a 12:12h
light/dark cycle (lights off at 7 PM). They were housed in groups
of up to 6 of the same sex until they were aged 5-8 weeks old,
when they were transferred to individual cages. These were plastic
tubs (26.5cm x 17cm x 12cm) with stainless steel wire lids, and
wood shavings scattered on the floor. The mice were transferred to
clean cages with fresh bedding once every 6-8 days. The cage lids
included space for pelleted food and a water bottle [see Tordoff and
Bachmanov (2001) for details]. The food was pelleted AIN-76A,
a nutritionally complete semisynthetic diet [Dyets, Bethlehem, PA;
no. 100000]. When mice were not being tested, deionized water

Table 1. Brief-access tests: group sizes and results of ANOVAs

was available from an inverted 300-mL glass bottle with a neoprene
stopper and a stainless steel drinking spout. A detailed description
of mouse husbandry, housing conditions, and other procedures is
available online (Tordoff and Bachmanov 2001). Taste phenotyping
tests began after the mice had adapted to individual housing for at
least 7 days.

Brief-access tests

The methods were almost identical to those used to test the taste-
licking behavior of CALHM1 KO and T1R3 KO mice (Taruno et al.
2013b; Tordoff et al. 2014a, 2014b). Licking responses during brief-
exposure taste tests were measured with MS160-mouse gustometers.
Each gustometer consists of a 14.5cm x 30cm x 15cm test cham-
ber with a motorized shutter that controls access to a taste solution.
Bottles of taste solution are mounted on a sliding rack that allows
up to 8 different taste solutions to be presented to the mouse (one
at a time). The drinking spout of each bottle is part of a contact cir-
cuit so that each lick the mouse makes is detected and recorded. To
avoid any undue influence of subtle differences between individual
gustometers in the suite of 10 we used, each mouse was always tested
in the same gustometer and equal numbers of WT and KO mice were
tested in each gustometer.

A total of 17 PANX1 WT and 18 PANX1 KO mice were tested.
All were males. At the start of testing they ranged in age from 57 to
102 days (group means = SEs; WT = 75+ 3 days, KO = 81+ 3 days).
The PANX1 KO mice weighed slightly but significantly more than
did the WT controls (WT = 24=1g; KO = 26=1g, #(33) = 2.26,
P = 0.0309). Because of breeding and equipment constraints, the
mice were tested in 2 batches, 1 of 8 WT and 9 KO mice and 1 of 9
WT and 9 KO mice.

In order to train each mouse to sample taste solutions, it was
first water-deprived for 22.5h and then placed in a gustometer with
the shutter open, allowing access to the water spout. During this
first training session, the mouse had continuous access to water for
30min from the time it first licked the drinking spout. It was then
returned to its home cage and given water for 1h. On the following
2 days, the mouse was placed in the gustometer for 20 min, during
which the shutter allowing access to water closed 5 s after each time
the mouse began to lick, and reopened after a 7.5-s interval. At the
end of each session, the mouse was returned to its home cage and
given water for 1h. By the second test, all mice had learned to obtain
water during the 5-s access periods.

The mice then began § test sessions, with each session involving
one of the following taste compounds in the order listed: sucrose,
quinine hydrochloride (QHCI), NaCl, HCI, and CaCl,. Before the
test with sucrose, each mouse received free access to food and water
for 24 h. It then received 1g of food and 2mL of water, and the
session began 24 h later. The mouse first received a single exposure

Group sizes ANOVA results
Taste solution WT KO Group Concentration Group x Concentration
Sucrose 15 12 F(1,25)=2.92, P =0.0997 F(4,100) = 146.1, P < 0.0001 F(4,100) = 0.61, P = 0.6577
QHCI 11 15 F(1,24)=1.18,P =0.2888 F(4,96) =49.8, P < 0.0001 F(4,96) = 0.45, P = 0.7750
NaCl 14 14 F(1,26) = 0.11, P = 0.7402 F(4,104) =47.8, P < 0.0001 F(4,104) = 0.26, P = 0.9028
HCI 16 14 F(1,28) = 0.34, P = 0.5627 F(4,112) =47.4, P < 0.0001 F(4,112) = 0.43,P = 0.7835
CaCl, 13 14 F(1,25)=0.12,P = 0.7314 F(4,100) = 82.3, P < 0.0001 F(4,100) = 1.18, P = 0.3246

Group sizes: 17 WT and 18 KO mice were tested but group sizes were smaller because mice that did not respond to one or more concentration of a taste solu-

tion were excluded from analyses.
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to 1000mM sucrose in order to kindle its interest in the drinking
spout. After this, repeated series of 5 concentrations (0, 32, 100,
320, and 1000 mM sucrose) were presented in a quasi-random order
such that each concentration could appear only once in a series of 5
tests. For each exposure, the shutter was open for 5 s, during which
licks of the drinking spout were counted. This was followed by 7.5 s
with the shutter closed, during which a new taste solution was posi-
tioned ready for the next presentation. A total of 125 presentations
(25 series of 5 tests) were given but the mouse was not required to
respond; most licked during only the first 4 or 5 series then stopped
behaving, presumably because they were satiated. After the session,
the mouse had a recovery day with free access to food and water
for 24h.

For the remaining 4 sessions, which involved taste solutions that
are less preferred than sucrose, each mouse was water-deprived for
22.5h (longer than for the test with sucrose) but had food avail-
able. In the gustometer, it received repeated series of 5§ concentra-
tions (including water) presented in pseudorandom order. Additional
1-s “washout” trials with water were interposed between each trial
with a taste solution. Thus, a mouse received access to a taste solu-
tion for 5 s followed by 7.5 s with the shutter closed, then access to
water for 1 s followed by 7.5 s with the shutter closed, followed by
the next taste solution for 5 s, and so on. We think the 1-s washout
trials with water have the effect of cleansing the mouse’s palate and
this helps prevent it from quitting because it expects only bad-tasting
solutions. All test sessions consisted of 90 taste solution presenta-
tions and 90 wash-out tests although all mice stopped drinking well
before the session ended. After the session, each mouse received
water for 1h in its home cage and it was then water-deprived for
~22.5h in preparation for the next session.

For statistical analyses, we averaged the results from identical
exposures to obtain the mean licks made by each mouse in response
to each concentration of each taste compound. Several mice did not
respond to a particular concentration of a taste compound and so
they were not included in statistical analyses of that compound.
Analyses were conducted using mixed-design 2-way analyses of vari-
ance (ANOVA) with factors of genotype group and concentration.

Two-bottle choice tests

Taste preferences were assessed using ascending concentration series
of 48-h two-bottle choice tests with the following taste compounds,
presented in the order listed: saccharin, QHCI, NaCl, HCI, CaCl,,
Polycose, and monosodium glutamate (MSG). The main experiment
involved 20 PANX1 WT and 19 KO naive female mice tested in 3
batches (Batch 1, 8 WT and 6 KOj; Batch 2, 3 WT and 4 KO; Batch
3,9 WT and 9 KO). The mice ranged from 40 to 108 days old at the
start of testing, and did not differ in body weight (WT = 19.3+0.3g,
KO = 18.6+0.4g), which was measured at the beginning of the first
test session.

In each test series, the mice first received 2 drinking tubes con-
taining deionized water for 48h, and then a choice between deion-
ized water and ascending concentrations of the taste compound,
with each test lasting 48 h. The positions of the 2 drinking tubes were
switched every 24 h. Intakes from each tube were obtained by record-
ing the level of fluid (on a volumetric scale to the nearest 0.1 mL) at
the beginning and end of each 48-h test. Total fluid intakes were
obtained by adding together the intakes from both drinking tubes.
Preference scores were calculated as intake of the solution divided by
total intake, and expressed as a percentage.

To identify statistically significant differences in intakes or
preferences, we used ANOVA with factors of genotype group and

concentration. Analyses were conducted using a criterion for signifi-
cance of P <0.05 (Statistica 10, Stat Soft, Inc., Tulsa, OK). Preliminary
analyses showed that the intakes and preferences of each batch were
similar with one exception: KO and WT mice in Batch 1 and 2 had
similar NaCl intakes and preferences; however, KO mice in Batch 3
had significantly lower preferences for 0, 32, 75, and 150 mM NaCl
than did their littermate controls. To resolve this discrepancy, we (i)
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Figure 1. Licking by male PANX1WT and KO mice to various concentrations of
sucrose, quinine hydrochloride (QHCI), NaCl, HCI and CaCl,. Symbols are means
(ns = 11-16); vertical lines are SEs.There were no significant differences between
the PANX1 WT and KO groups for any concentration of any taste solution
(Table 1).
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retested the Batch 3 mice with the NaCl concentration series after
they had completed the other tests, and (ii) tested an additional 10
WT and 10 KO naive mice with only the NaCl series. The results of
both of these additional tests were similar to those obtained with the
Batch 1 and 2 mice so, to simplify description, here we present NaCl
results based on all 59 mice, using averages of the 2 series of NaCl
tests for mice in Batch 3.

Verification of the PANX1 knockout

To confirm that PANX1 was present in WT mice and absent in
PANX1 KO mice, total RNA from the whole tongue, the circum-
vallate region of the tongue, and 2 positive control tissues (nasal
epithelium and cerebellum) was isolated using a NucleoSpin RNA
kit (Machery-Nagle). First strand ¢cDNA was synthesized from
160ng of total RNA using SuperScript III reverse transcriptase and
oligo(dt),, primers (Life Technologies). The cDNA template was
PCR-amplified using HotMaster Tag DNA polymerase (5 PRIME)
and the following primers: 5-AGATCTCCATCGGTACCCAGA-3’
and 5-GTGGGAGGTTTCCAGACTCG-3" for Panxl and
5-ATCGTGGGCCGCTCTAGGCACC-3" and 5-CTCTTTGATGT
CACGCACGATTTC-3’ for B-actin. The expected sizes of the PCR
products are 971 and 543 bp, respectively.

Results

Brief-access tests

There were no differences between the PANX1 WT and KO mice in
response to any of the 5 taste solutions tested (Table 1 and Figure 1).
Both groups showed concentration-dependent increases in licking
for sucrose and concentration-dependent decreases in licking for
QHCI, HCl, CaCl, and high concentrations of NaCl.

Two-bottle choice tests

There were no differences between the PANX1 WT and KO mice
in response to any of the 7 taste solutions tested, whether solu-
tion intakes or preferences were analyzed; nor were there dif-
ferences in water intakes (Table 2 and Figure 2). Both groups
showed concentration-dependent increases in intakes and pref-
erences for saccharin and Polycose, concentration-dependent
decreases in intakes and preferences for QHCI, HCI, and CaCl,
and inverted U-shaped concentration-response functions for
NaCl and MSG.

PANX1 expression

Panx1 mRNA was detected by reverse transcriptase PCR in PANX1
WT mice but was absent in PANX1 KO mice, in all 4 tissues sam-
pled (circumvallate, whole tongue, nasal epithelium, and cerebellum;

Figure 3). Figure 3 shows results obtained from a single WT and
single KO mouse; 3 replications using DNA from other WT and KO
mice gave identical results.

Discussion

There were no differences between PANX1 KO mice and their litter-
mate controls in licking rates or preference scores for archetypal taste
solutions, including several that are believed to involve activation of
GPCRs in Type 2 taste cells (i.e., sucrose, saccharin, QHCI, CaCl,,
Polycose, MSG, and high concentrations of NaCl). The implication
is that PANX1 is unnecessary for the behavioral response to taste.
This is consistent with biochemical evidence against a contribution
of PANXI1 to taste transduction (Romanov et al. 2012; see intro-
duction) and the recent discovery that CALHM1 is an ATP channel
in Type 2 taste cells that can fulfill the role previously ascribed to
PANX1 (Taruno et al. 2013a, 2013b).

The conclusion that PANX1 KO has no effect on taste-related
behavior involves accepting the null hypothesis, which is often per-
ilous but is unlikely to be a problem here. Both experiments had
more-than-adequate statistical power or, at least, group sizes were
considerably larger than those used to demonstrate deficits in taste-
related behavior of CALHM1 KO mice (Taruno et al. 2013b).
Moreover, there were no concerted nonsignificant trends in the
responses to any of the taste solutions, except for a genotype-related
difference in NaCl preference scores present in 1 of 4 batches of
mice tested. This was probably a statistical aberration because (i)
the observed difference did not replicate when the same mice were
retested, (ii) no trends were observed with NaCl intakes in brief-
access tests, and (iii) one would expect the effects of PANX1 to be
most clearly expressed in preferences for putative GPCR-mediated
tastes (i.e., saccharin, QHCI, CaCl,, Polycose, and MSG) than in pref-
erences for NaCl.

There is good reason to believe that the PANX1 knockout
had its intended effect of eliminating PANX1 channels in taste
cells. First, genotyping conducted independently in-house and by
a commercial service confirmed that all the PANX1 KO mouse
carried the expected deletion. Second, Panx1 mRNA was present
in taste tissue of PANX1 WT but not PANX1 KO mice. Third,
the line of PANX1 KO mice used here has been demonstrated to
display reduced release of ATP from optic nerve head astrocytes
(Beckel et al. 2014) and reduced post-ischemic retinal neurotox-
icity (Dvoriantchikova et al. 2012), indicating that, at least for
these cell types, the knockout is functional. It thus seems reason-
able to infer that the knockout effectively ablated PANX1 from
taste cells.

It remains feasible that PANX1 contributes to taste perception
in intact mice but when PANX1 is knocked out other molecular

Table 2. Two-bottle choice tests preference scores: group sizes and results of ANOVAs

Group sizes ANOVA results

Taste solution wT KO Group Concentration Group x Concentration
Saccharin 20 19 F(1,37)=2.82,P =0.1011 F(2,74) =225.5,P < 0.0001 F(2,74)=0.19,P = 0.8257
QHCI 20 19 F(1,37) =1.30,P = 0.2614 F(3,111) =43.4, P < 0.0001 F(3,111) = 1.21, P = 0.3086
NaCl 30 29 F(1,57)=1.85,P=0.1787 F(5,285) =97.6,P < 0.0001 F(5,285) = 0.46, P = 0.8072
HCI 20 19 F(1,37)=0.11, P = 0.7365 F(3,111) =40.2, P < 0.0001 F(3,111) = 1.42, P = 0.2402
CaCl2 20 19 F(1,37) =0.35,P = 0.5565 F(3,111) =48.1, P < 0.0001 F(3,111) = 0.08, P = 0.9730
Polycose 20 19 F(1,37)=0.13,P = 0.7162 F(3,111) = 89.8, P < 0.0001 F(3,111) = 0.23,P = 0.8759
MSG 20 19 F(1,37) =0.00, P = 0.9666 F(5,185) =165.0, P < 0.0001 F(5,185)=0.57,P =0.7213
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(CE) of PANX1 wild-type (WT) but not knockout (KO) mice. (A) Panx1 (product = 971bp). (B) B-actin (product = 543bp). NTC = no template control. Right lanes

(-RT) show control reactions without reverse transcriptase.

mechanisms subsume this role. However, there are at least 2 argu-
ments against this. First, there is no obvious substitute: The closest
homologs for PANX1 are PANX2 and PANX3 but these are not
expressed in taste cells (Romanov et al. 2012). Connexins have
similar functions to pannexins (Koval et al. 2014) but connexins
are only modestly expressed in Type 2 taste cells (Huang et al.
2007; Romanov et al. 2007) and connexin channels are normally
open only when cytoplasmic calcium is low or absent, which is
opposite to what happens during taste transduction (review;
Chaudhari and Roper 2010). Second, as Romanov has argued
(Romanov et al. 2012), it would be unsatisfying to have a redun-
dant output in a nonredundant pathway. Other components of
the Type 2 cell taste transduction cascade (e.g., PLCB2, ITPR3,
TRPMS, and CALHM1) are essential. In each case, knockout of
the molecular element results in marked, often complete, diminu-
tion of GPCR-mediated taste responses (e.g., Zhang et al. 2003;
Taruno et al. 2013b; Tordoff and Ellis 2013). When the rest of the
transduction cascade is essential there is no benefit to employ mul-
tiple ATP release channels. This seems particularly true because
CALHM1 appears to completely fulfill the role (Taruno et al.
2013b).

One line of evidence leading to the conclusion that PANXT1 is
involved in taste perception derives from findings that taste cell
ATP release is inhibited by chemical or pharmacological block-
ade of PANX1 channels (Dando and Roper 2009). Inhibition was
achieved by acidifying the cytosol, which blocks gap junctions, or
with probenecid, which is considered a selective blocker of PANX1
channels (Silverman et al. 2008; Ma et al. 2009). However, acidifica-
tion has many nonspecific effects and probenecid did not influence
ATP release from Type 2 taste cells in our earlier work (Taruno et al.
2013b). The cause of this discrepancy is unclear.

If PANX1 does not influence taste solution acceptance then
what is it doing in taste cells? One possibility is that it is involved
in an aspect of taste perception not measured by brief-access or
choice tests, such as the perception of taste quality or taste adap-
tation. In some cell types, PANX1 channels release ATP but are
inhibited by extracellular ATP (Locovei et al. 2006). If this were to
occur in taste cells it would allow for complex interplay between
adjacent taste cells either without contributing to the taste signal
or by contributing only under extreme conditions (e.g., during
taste adaptation). More generally, the large pores of PANX1 chan-
nels may allow passage of ions or small molecules into or out of

taste cells without contributing to the taste signal. PANX1 chan-
nels are activated by mechanical stress (Bao et al. 2004; Beckel
et al. 2014), raising the possibility that they could help protect taste
cells against physical onslaught, such as the tongue’s impact with
ingested foods and drinks. Finally, in some cell types, PANX1 acti-
vation is involved in apoptosis (Chekeni et al. 2010), which is a dis-
tinctive feature of taste cells. The contribution of PANX1 in taste
cells to these and other potential functions (reviews: MacVicar and
Thompson 2010; Dahl and Muller 2014) remains to be explored.
But whatever its function, our results indicate that PANX1 is not
essential for determining the behavioral responses elicited by rep-
resentative taste solutions.
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