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Abstract

Rodents consume solutions of phosphates and pyrophosphates in preference to water. Recently, 
we found that the preference for trisodium pyrophosphate (Na3HP2O7) was greater in T1R3 knockout 
(KO) mice than wild-type (WT) controls, suggesting that T1R3 is a pyrophosphate detector. We now 
show that this heightened Na3HP2O7 preference of T1R3 KO mice extends to disodium phosphate 
(Na2HPO4), disodium and tetrasodium pyrophosphate (Na2H2PO4 and Na4H2PO4), a tripolyphosphate 
(Na5P3O10), a non-sodium phosphate [(NH4)2HPO4], and a non-sodium pyrophosphate (K4P2O7) but 
not to non-P salts with large anions (sodium gluconate, acetate, or propionate). Licking rates for 
Na3HP2O7 are higher in T1R2 KO mice than WT controls; Na3HP2O7 preference scores are increased 
even more in T1R2 KO mice and T1R2+T1R3 double KO mice than in T1R3 KO mice; preference 
scores for Na3HP2O7 are normal in T1R1 KO mice. These results implicate each subunit of the 
T1R2+T1R3 dimer in the behavioral response to P-containing taste compounds.
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Phosphorus (P) is ubiquitous in biological systems, where it exists 
as phosphate (PO4

3−), pyrophosphate (P2O7
4−), or tripolyphosphate 

(P3O10
5−). P is a component of DNA, RNA, ATP, phospholipids, 

ribonucleotides, bone, and teeth; it is eponymous for phosphoryla-
tion, and it is required for the maintenance of acid–base balance. 
To support these multiple vital functions, blood P concentrations 
are scrupulously defended, which involves both physiological coun-
terregulatory mechanisms (reviewed in Civitelli and Ziambaras 
(2011) and Takeda et al. (2004)) and behavioral ones. With respect 
to the latter, P-deficient ungulates, hens, and rodents display a spe-
cific P appetite; that is, they seek out and select P-containing bones, 
foods, and taste solutions (Theiler et al. 1924; Green 1925; Richter 
et al. 1938; Wilens and Waller 1941; Richter and Helfrick 1943; 
Sutcliffe 1973; Holcombe et al. 1976; Siu et al. 1981, 1984; Denton 
1984; Blair-West et al. 1992; Sweeny et al. 1998; Czarnogorski et 
al. 2004; Ohnishi et al. 2007 ). Animals can identify P indirectly, by 
flavor-nutrient learning (Villalba et al. 2008, 2006), but they also 
respond rapidly to P-containing tastes the first time they receive 
them, which suggests that the behavior involves an innate com-
ponent (Green 1925; Denton 1984). This rapid recognition and 
ingestion of P raises the possibility that P is detected by taste, and 

thus, there must be at least one P taste receptor (or transduction 
element).

Another reason to suspect there is a P taste transducer is that 
oral P salts enhance the acceptance of pet food, particularly cat food 
(Brunner 2001; Shao and Stammer 2005; McCaughey et al. 2007; 
Brand et al. 2013). Boudreau identified “Xa” and “group 1” units in 
cat, “α” units in goat, and “amino acid” units in dog and rat genicu-
late ganglion that respond to tetrasodium pyrophosphate (Na4P2O7), 
monophosphate nucleotides, and other P salts (Boudreau and Nelson 
1977; Boudreau et al. 1982; Boudreau 1987). Indeed P-containing 
compounds were among the most effective taste stimuli to activate 
these units (Boudreau and Nelson 1977). However, in later work, 
the geniculate ganglion response to Na4P2O7 and other P compounds 
was classified with sodium-responsive units in rats (Boudreau et al. 
1983). Moreover, interpretation of the pet food preference behav-
ior is not straightforward because, in addition to imparting taste, 
P salts alter the physical properties of foods to influence palatabil-
ity; for example, they inhibit discoloration, chelate metals, stabilize 
emulsions, solubilize protein, and add “juiciness” (Wu et al. 1990; 
Agnihotri and Pal 1997; Xiong and Kupski 1999; International 
Food Additives Council 2013; Roldán et al. 2014).
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A third line of evidence that P is detected in the oral cavity 
comes from studies conducted by our group (McCaughey et  al. 
2007; Tordoff et al. 2014a). We found that replete Sprague Dawley 
rats and 3 strains of mice spontaneously consumed moderate con-
centrations of trisodium pyrophosphate (Na3HP2O7) and other 
pyrophosphate solutions in preference to water. The most preferred 
pyrophosphates were sodium salts, but preferences for the sodium 
ion could not explain the results: First, the inverted U-shaped con-
centration-preference function observed with Na3HP2O7 persisted 
even when it was mixed with the sodium transduction inhibitor, ami-
loride. Second, the CBA/J mouse strain preferred several concentra-
tions of Na3HP2O7 to water but did not prefer any concentration of 
NaCl to water. Third, the pattern of electrophysiological activity in 
the nucleus of the solitary tract elicited by orally applied pyrophos-
phates was distinct from those generated by sodium and the other 4 
basic tastes. This latter finding has recently been substantiated by the 
observation that rats trained to make an operant response when they 
recognized a basic taste did not respond when they tasted Na3HP2O7 
(De Ratauld et al. 2015).

We have begun studies to investigate the mechanism responsible 
for detecting the taste of P. Taste transduction mechanisms can be 
broadly dichotomized into those involving G protein-coupled recep-
tors (GPCRs) and those involving ion channels. The GPCR-mediated 
tastes include sweet, umami, and bitter, and these are transduced in 
Type 2 taste cells; the ion channel-mediated tastes include salty and 
sour, and these are transduced in Type 1 and/or Type 3 taste cells. 
P is an anion, so it would be expected to fall with the ionic tastes. 
To investigate which transduction pathways are indeed involved in 
the detection of P, we assessed the Na3HP2O7 2-bottle preferences of 
mice with genetic ablation of 2 components of the GPCR transduc-
tion cascade, ITPR3 and CALHM1. Knockout of either component 
almost entirely eliminates sensitivity to sweet, umami, and bitter 
tastes whereas salty and sour tastes remain largely intact (Hisatsune 
et al. 2007; Taruno et al. 2013; Tordoff and Ellis 2013; Tordoff et al. 
2014b). Contrary to expectation, the inverted U-shaped concen-
tration function present in WT control mice was absent in ITPR3 
KO and CALHM1 KO mice (Tordoff and Ellis 2013; unpublished 
results). Thus, despite being an ion, P appears to be transduced by 
a GPCR.

Because T1R3 detects the taste of calcium ions (Tordoff 2008; 
Tordoff et al. 2008, 2012), we wondered whether T1R3 might also 
be involved in P taste detection. We found, much to our surprise, that 
T1R3 KO mice had heightened preferences for Na3HP2O7 (Tordoff 
et  al. 2014a). That is, they had higher preference scores for some 
concentrations of Na3HP2O7 than did WT controls. We now bolster 
these findings by showing that the heightened preference scores of 
T1R3 KO mice for Na3HP2O7 extend to several phosphates, pyroph-
osphates, and a tripolyphosphate. We also show that T1R2 KO mice, 
but not T1R1 KO mice, have enhanced preferences for Na3HP2O7, 
and that the double knockout (dKO) of T1R2+T1R3 is no more 
effective than T1R2 KO alone at enhancing P preference scores. 
Finally, we show that relative to WT mice, T1R2 KO mice lick more 
often for Na3HP2O7 in brief-access tests.

Materials and methods

Experiments followed the principles outlined in the National 
Research Council’s Guide for the Care and Use of Laboratory 
Animals, 8th edition. Protocols were approved by the Institutional 
Animal Care and Use Committee of the Monell Chemical Senses 
Center.

Mice and maintenance
All mice were maintained in a vivarium at 23  °C on a 12:12  h 
light:dark cycle with lights off at 7 PM. They were housed in plastic 
“tub” cages (26.5  cm × 17  cm × 12  cm) with stainless-steel grid 
lids and wood shavings scattered on the floor [details are available 
online (Tordoff and Bachmanov 2001)]. The mice ate pelleted AIN-
76A diet and drank deionized water.

The T1R3 KO mouse line used here was originally generated by 
Damak et al. (2003). T1R3 WT and KO mice were obtained from a 
colony maintained at Monell since 2006 by a combination of het-
erozygote crosses and KO backcrosses to the C57BL/6J strain. T1R1 
and T1R2 WT and KO mice were progeny of colonies originally 
generated by Iwatsuki et  al. (2010) and maintained at Monell by 
Dr. R. Margolskee. For one experiment, we produced T1R2+T1R3 
dKO mice. The dKO mice and T1R3 KO mice were offspring of 
(C57BL/6J × T1R3 KO) × (B6 × T1R2) parents; the T1R2 and WT 
mice were offspring of C57BL/6J × T1R2 KO parents. Producing the 
4 pertinent genotypes from 2 sets of parents was imperfect design 
but necessary to generate the mice expeditiously.

All mice were bred in our facility. Male and female KO heterozy-
gotes were housed together until the female was clearly pregnant, 
when the male was removed. Pregnant and lactating females were 
disturbed only for routine husbandry procedures. Pups were weaned 
at 21–23  days. During the 3rd–4th week after birth, a 1-mm tail 
tip snip was collected from each pup, and this was processed and 
analyzed by a commercial genotyping service, Transnetyx, Inc., to 
identify the pup’s genotype. The weanlings were housed in groups of 
the same sex until 7–10 days before tests began, at which time they 
were housed alone.

We did not phenotype heterozygote mice; they were required 
for breeding. We showed previously that T1R3 heterozygotes have 
Na3HP2O7 preference scores indistinguishable from those of T1R3 
WT mice (Tordoff et al. 2014a).

Procedures
T1R3 WT and KO mice given 2-bottle choice tests with P salts and 
sodium salts with large anions
At the start of their 2-bottle choice tests, T1R3 WT and KO mice 
ranged in age from 42 to 115 days and weighed from 14.3 to 28.8 g. 
The knockout had no effect on body weight (mean ± standard error 
[SE], g [n]: WT males = 24.1 ± 0.5 [31], WT females = 19.6 ± 0.3 
[51], KO males = 24.8 ± 0.3 [26], KO females = 18.9 ± 0.3 [41]).

The mice were tested in 8 cohorts, with each cohort containing 
12–16 WT mice and approximately the same number of KO litter-
mates of the same sex (Table 1). Six cohorts of T1R3 WT and KO 
mice received ascending concentration series such that every 48 h, 
the concentration of the taste compound was increased in 0.25- or 
0.5-log steps, from 1  mM to a concentration where mean prefer-
ence scores of both WT and KO groups fell under 20% (i.e., 100, 
178, or 320 mM). Concentrations of sodium acetate and gluconate 
were 2, 6.4, 20, 64, 200, and 640 mM so that they were of equiva-
lent sodium concentration to the disodium P salts. The number of 
cohorts (and thus mice) receiving each ascending taste compound 
series was determined by the availability of mice and by the general 
principle that more mice were needed for choice tests of the large-
anion sodium salts because these tests involved failing to reject the 
null hypothesis that T1R3 has no effect on preference.

For each 48-h test, each mouse was presented with 2 fluid-filled 
graduated drinking tubes, which allowed the contents to be meas-
ured to the nearest 0.1 mL. After 24 h, the positions of the drinking 
tubes were switched to control for any side preferences. After 48 h, 
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intakes were recorded and the test of the next concentration of taste 
solution began. During the first test in a concentration-preference 
series, both drinking tubes contained deionized water. In subsequent 
tests, one drinking tube contained water and the other contained 
the taste solution. Mice tested with more than one taste compound 
received 2–4 days with only water to drink before starting a new 
concentration series.

To substantiate the findings of the ascending concentration-
preference experiments, 2 additional cohorts were tested with 
a single, 32  mM, concentration of 5 P compounds and 2 large-
anion sodium salts. The mice received 48-h 2-bottle tests with a 
choice, first between 2 drinking tubes with water, then between 
water and 32  mM concentrations of the following in the order 
listed: Na3HP2O7, Na·propionate, Na4P2O7, K4P2O7, Na·gluconate, 
Na5P3O10, and Na2H2P2O7. Each 48-h choice test was followed by a 
day or two with a single bottle of water.

For each 48-h 2-bottle test, preference scores were derived based on 
taste solution intake divided by total intake (i.e., taste solution intake 
+ water intake) expressed as a percentage. Values from the ascend-
ing concentration-preference tests were analyzed by mixed-design 
analysis of variance (ANOVA) with factors of group (WT or KO) and 
concentration. When the group × concentration interaction was sig-
nificant, the statistical significance of differences between the WT and 
KO groups at each concentration was assessed with post hoc Least 
Significant Difference (LSD) tests. Values from the test involving 32 
mM concentrations of several compounds were analyzed using t tests 
for each compound. Analyses were also conducted as follows: 1) on 
raw solution intakes and 2) with sex as an additional factor, but these 
yielded almost identical information so we do not present them here.

T1R2 WT and KO mice given two-bottle choice tests with Na3HP2O7, 
CaCl2, and saccharin
At the start of 2-bottle choice tests, T1R2 WT and KO mice ranged 
in age from 50 to 148  days and weighed from 15.8 to 30.2  g. 
The knockout had no effect on body weight (mean ± SE, g [n]: 
WT males  =  25.1  ±  0.7 [18], WT females  =  19.4  ±  0.3 [21], KO 
males = 23.7 ± 0.4 [25], KO females = 20.2 ± 0.3 [21]).

The mice were tested in 4 cohorts. Two cohorts received 3 taste 
compounds in the order Na3HP2O7, CaCl2, and saccharin; one 
was tested with the same 3 taste compounds in the order CaCl2, 

Na3HP2O7, and saccharin. The fourth cohort was tested with 
Na3HP2O7 only. Procedures were identical to those used for testing 
the T1R3 mice (described previously). The results of 4 mice were 
excluded from statistical analysis: Two WT and 1 KO mouse spilled 
fluid from a drinking tube, and 1 KO mouse died.

WT, T1R2 KO, T1R3 KO, and T1R2+T1R3 dKO mice given 2-bot-
tle choice tests with Na3HP2O7

This experiment involved comparing groups of 15–19 T1R3 KO, 
T1R2 KO, and T1R2+T1R3 dKO mice with WT controls (age range 
51–126 days). At the start of the test series, there were no differences 
in body weight between genotypes of the same sex: (mean ± SE, g 
[n]: WT males  =  24.1  ±  0.5 [12], WT females  =  19.7  ±  0.47 [7]; 
T1R2 KO males = 24.6 ± 0.4 [13], T1R2 KO females = 20.4 ± 0.2 
[3]; T1R3 KO males = 23.5 ± 1.5 [7], T1R3 KO females = 18.7 ± 1.0 
[8]; and T1R2+T1R3 dKO males = 23.6 ± 1.3 [7], T1R2+T1R3 dKO 
females = 18.9 ± 0.4 [9]).

The mice were tested in 2 cohorts, treated identically. After a 
48-h choice between 2 bottles of water, the mice received 9 successive 
48-h tests with a choice between water and the following Na3HP2O7 
concentrations: 1.78, 3.2, 5.6, 10, 17.8, 32, 56, 100, and 178 mM.

T1R1 WT and KO mice given 2-bottle choice tests with Na3HP2O7

There were 14 WT and 17 KO mice, aged 53–124  days. The 
knockout had no effect on body weight (mean ± SE, g [n]: WT 
males  =  23.8  ±  1.1 [5], WT females  =  20.6  ±  1.0 [8] and KO 
males = 24.5 ± 0.9 [9], KO females = 21.6 ± 0.1 [8]).

The mice were tested in 2 cohorts, treated identically. They 
received an ascending series of Na3HP2O7 concentrations accord-
ing to the procedures described for mice in the T1R2+T1R3 dKO 
experiment.

T1R2 WT and KO mice given brief-access gustometer tests with 
Na3HP2O7

Na3HP2O7 licking rates were assessed using the procedures for 
“hedonically positive” taste compounds, as described previously 
(Tordoff et al. 2014a). The experiment involved 13 T1R2 WT mice 
and 17 T1R2 KO mice, aged 83–141 days. The knockout had no 
effect on body weight (mean ± SE, g [n]: WT males = 26.4 ± 0.9 [7], 
WT females = 20.2 ± 0.5 [6] and KO males = 25.4 ± 0.9 [14], KO 
females = 20.0 ± 0.6 [3]).

Table 1.  Two-bottle choice tests of T1R3 WT and KO mice: Compounds and mice tested

Test solution Cohort and order Group sizes

Common name Formula T1R3 WT T1R3 KO

Disodium phosphate Na2HPO4 6c 3 M, 9 F 2 M, 8 F
Diammonium phosphate (NH4)2HPO4 1b 12 F 10 F
Disodium pyrophosphate Na2H2P2O7 3c, 6e 7 M, 13 F 7 M, 13 F
Trisodium pyrophosphate Na3HP2O7 published 11 M, 16 F 11 M, 16 F
Tetrasodium pyrophosphate Na4P2O7 6f, 7c 7 M, 15 F 7 M, 12 F
Tetrapotassium pyrophosphate K4P2O7 1a 12 F 10 F
Pentasodium tripolyphosphate Na5P3O10 2a, 3b 14 M, 4 F 12 M, 5 F
Sodium acetate C2H3NaO2 4b, 6b, 7b 12 M, 26 F 9 M, 19 F
Sodium propionate C3H5NaO2 3a, 6d 7 M, 13 F 7 M, 13 F
Sodium gluconate C6H11NaO7 4a, 6a, 7a 12 M, 26 F 9 M, 19 F
Seven 32 mM salts — 5a, 8a 9 M, 13 F 8 M, 12 F

“Cohort and order” identifies which batches of mice were tested and with which compounds. For example, the notation “3c, 6e” for Na2H2P2O7 indicates there 
were 2 cohorts tested with this compound; it was Cohort 3's 3rd test series and Cohort 6's 5th test series. Group sizes were the sum of M = male, F = female. Most 
P salts have several names in addition to the one given here. For example, disodium phosphate is also called disodium hydrogen orthophosphate, sodium hydrogen 
phosphate, and sodium phosphate dibasic. The salts were purchased from Sigma Aldrich except for Na3HP2O7, which was donated by the SPF-Diana Company. 
The results with Na3HP2O7 have been published previously (Tordoff et al. 2014a).
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The mice were trained to drink water in a gustometer (MS160; 
DiLog Instruments) and then received 3 test sessions. At 24  h 
before each session, the mice received 1 g of food and 2 mL of 
water. The test session consisted of 19 repeated series of 5-s expo-
sures to 0, 17.8, 31.6, 56, and 75 mM Na3HP2O7 (with “0” being 
water), presented in a quasi-random order. There was no require-
ment to respond to a taste solution; most mice licked assiduously 
during the first 3–5 series of presentations and then stopped 
behaving, presumably because they were no longer thirsty. After 
the session, the mice received free access to food and water for 
at least 24 h.

The mean number of licks in response to each Na3HP2O7 concen-
tration made by each mouse was obtained by averaging the results 
of identical exposures. These values for individual mice were then 
used in a mixed-design ANOVA with factors of group (WT or KO) 
and Na3HP2O7 concentration. Significant differences between pairs 
of means were assessed using post hoc LSD tests. All data from one 
WT and one KO mouse were excluded from analyses because they 
failed to lick one of the Na3HP2O7 concentrations.

Results

Preference scores of T1R3 WT and KO mice
T1R3 KO mice had higher preference scores than did their WT 
controls for 2 or more concentrations of each of the P salts tested 
(Table  1 and Figure  1; water intakes, solution intakes, total fluid 
intakes, and preference scores of each mouse are available in an 
online supplement). There was a small but significant difference 
between WT and KO mice in response to 2  mM Na·gluconate, 
which was most likely an idiosyncrasy because the same difference 
was present in the response to water. There were significant dif-
ferences between WT and KO mice in response to 20 and 64 mM 
sodium acetate, and a main effect of genotype on preference scores 
for sodium propionate but, in contrast to the results found with the 
P salts, acetate and propionate preference scores were significantly 
lower in KO than WT mice.

In the study comparing the response of T1R3 WT and KO mice 
to 32 mM concentrations of 5 P salts and 2 large-anion sodium salts, 
the T1R3 KO mice had significantly higher preference scores for all 
the P salts (all Ps < 0.002) but the 2 genotype groups did not dif-
fer in response to 32 mM sodium propionate or sodium gluconate 
(Figure 2).

Preference scores of T1R2 WT and KO mice
Relative to WT controls, T1R2 KO mice had significantly higher 
preference scores for 3.2–32 and 100  mM Na3HP2O7 (but not at 
56 or 178 mM Na3HP2O7; Table 3, Figure 3). The T1R2 WT and 
KO groups did not differ in response to any concentration of CaCl2. 
The 2 groups differed significantly in their preference scores for 1, 
3.2, and 10 mM saccharin. The WT mice preferred these concentra-
tions to water but the KO mice did not prefer any concentration of 
saccharin.

Preference scores of WT, T1R2 KO, T1R3 KO, and 
T1R2+T1R3 dKO mice
All 3 groups of KO mice (T1R2 KO, T1R3 KO, and T1R2+T1R3 
dKO) had Na3HP2O7 preference scores that were significantly higher 
than those of the WT group. Preference scores of the T1R2 KO mice 
were significantly higher than those of the T1R3 KO mice. Preference 
scores of the dKO mice were also significantly higher than those of 

the T1R3 KO mice and statistically similar to those of the T1R2 KO 
mice; the interaction of the 2 KOs was marginally nonsignificant 
(Table 4, Figure 4).

Preference scores of T1R1 WT and KO mice
T1R1 WT and KO mice had similar Na3HP2O7 preference scores 
[Figure 5; main effect of genotype, F(1,29) = 0.81, P = 0.3744; main 
effect of concentration, F(9, 261) = 66.2, P  < 0.0001; genotype × 
concentration interaction, F(9,261) = 0.20, P = 0.9946].

Figure 1.  Preferences of T1R3 WT and KO mice for 7 phosphorus salts and 
3 large-anion sodium salts presented in 48-h 2-bottle tests with a choice 
between water and a taste solution. *P < 0.05 according to post hoc tests 
(Table 1 gives group sizes; Table 2 gives statistics). Symbols with vertical bars 
depict means and SEs. Most SEs were smaller than the symbols. The results 
with Na3HP2O7 were published previously (Tordoff et al. 2014a). SE, standard 
error.
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Brief-access gustometer tests of T1R2 WT and 
KO mice
On the last day of training, when the severely water-deprived mice 
were licking for water, there was no difference in the number of 
trials initiated or lick rates between the WT and T1R2 KO mice 
(means ± standard error of the mean [SEM]; WT = 27.9 ± 3 licks/5 s; 
KO = 30.5 ± 2.2 licks/5 s).

During test sessions, the mice completed with each concentration 
of taste solution (including water) an average 6.2 trials (range 1–26 
trials). There was no effect of genotype or Na3HP2O7 concentration 
on the number of trials completed [main effect of genotype, F(1,25) 
= 0.10, P = 0.7533; main effect of concentration, F(4,100) = 1.18, 
P = 0.3423; genotype × concentration interaction, F(4, 100) = 0.97, 
P = 0.4263]. Both genotypes licked more to the 4 concentrations of 
Na3HP2O7 than they did to water [Figure 6; main effect of concen-
tration, F(4,100) = 11.6, P < 0.0001]. T1R2 KO mice licked signifi-
cantly more for Na3HP2O7 than did T1R2 WT mice [Figure 6; main 
effect of genotype, F(1,25) = 4.94, P = 0.0354]. According to the 
ANOVA, the effect of T1R2 KO to increase licking was not confined 
to a particular Na3HP2O7 concentration [i.e., the genotype × concen-
tration interaction was not significant; F(4,100) = 1.98, P = 0.1035]. 

Nevertheless, post hoc LSD tests indicated the T1R2 KO mice licked 
more than did the WT mice for 32 and 56 mM Na3HP2O7 but not 
for water or the 17.8 or 75 mM concentrations.

Discussion

In previous work, we found that Na3HP2O7 preference scores and 
brief-access lick rates were higher in T1R3 KO than WT mice 
(Tordoff et  al. 2014a). This was unexpected for 2 reasons. First, 
manipulating T1R3, the “sweet and umami taste receptor,” would 
not be expected to influence the taste response to a pyrophos-
phate because pyrophosphates are neither sweet nor umami-like  
( McCaughey et al. 2007; De Ratauld et al. 2015). Second, ablating a 
receptor for a hedonically positive taste typically eliminates the prefer-
ence but knockout of T1R3 heightened preferences for pyrophosphate. 
Our intention here was to investigate the boundaries of this phenom-
enon. One set of experiments characterized the specificity of the behav-
ioral response, by comparing the preference scores of T1R3 WT and 
KO mice for a range of P and non-P salts. The other set of experiments 
characterized the specificity of the receptor(s) involved, by testing the 
behavioral responses to Na3HP2O7 of T1R1, T1R2, and T1R2+T1R3 
KO mice. It is convenient to discuss each set of experiments separately:

Specificity of the behavioral response
We compared the preference scores of T1R3 WT and KO mice to 2 
phosphates, 4 pyrophosphates, and a tripolyphosphate. In each case, 
the T1R3 KO mice had significantly higher preference scores than 
did the WT mice for moderate concentrations of these P salts. That 
this phenomenon encompassed 3 forms of phosphate and 3 cations 
(Na+, K+, and NH4

+), with a wide pH range but did not encompass 
3 non-P anions [or NaCl (McCaughey et  al. 2007; Tordoff et  al. 
2014a)], strongly suggests that the higher preference scores of KO 
mice are driven by a response to the P-containing anion and not to 
the cation or to nonspecific effects, such as those involving anionic 
strength or acidity.

T1R3 WT mice did not prefer (i.e., have preference scores >50%) 
any concentration of (NH4)2HPO4, Na4P2O7, or K4P2O7 whereas 
T1R3 KO mice preferred moderate concentrations of these P salts. 
Indeed, WT mice avoided some concentrations of (NH4)2HPO4 and 
Na4P2O7 that T1R3 KO mice preferred, indicating that T1R3 influ-
ences the hedonic value of the salts.

A concern with the use of long-term 2-bottle choice tests is 
that preference scores can be obscured by carryover effects; that is, 
responses to a taste solution can be influenced by experience with 
taste solutions consumed earlier. It would be ideal to avoid carryo-
ver effects altogether by using naive mice for every test, but this is 

Table 2.  T1R3 WT and KO mice 2-bottle choice tests: Results of analyses of variance for each ascending concentration series

Formula Group (WT or KO) Concentration Group × concentration

Na2HPO4 F(1,20) = 4.60, P = 0.0445 F(6,120) = 20.8, P < 0.0001 F(6,120) = 2.22, P = 0.0457
(NH4)2HPO4 F(1,19) = 16.6, P = 0.0006 F(11,209) = 16.5, P < 0.0001 F(11,209) = 7.02, P < 0.0001
Na2H2P2O7 F(1,42) = 3.22, P = 0.0797 F(9,378) = 42.4, P < 0.0001 F(9,378) = 4.52, P < 0.0001
Na3HP2O7 F(1,52) = 18.1, P < 0.0001 F(9,468) = 121.9, P < 0.0001 F(9,468) = 6.07, P < 0.0001
Na4P2O7 F(1,39) = 0.65, P = 0.4233 F(9,351) = 13.0, P < 0.0001 F(9,351) = 3.90, P < 0.0001
K4P2O7 F(1,20) = 19.7, P = 0.0002 F(9,180) = 33.8, P < 0.0001 F(9, 180) = 4.09, P < 0.0001
Na5P3O10 F(1,37) = 3.36, P = 0.0750 F(8,296) = 23.9, P < 0.0001 F(8,296) = 3.00, P = 0.0029
C2H3NaO2 F(1,66) = 4.85, P = 0.0311 F(6,396) = 92.4, P < 0.0001 F(6,396) = 2.46, P = 0.0240
C3H5NaO2 F(1,42) = 7.46, P = 0.0092 F(9,378) = 31.7, P < 0.0001 F(9,378) = 0.47, P = 0.8930
C6H11NaO7 F(1,66) = 0.21, P = 0.6523 F(6,396) = 85.5, P < 0.0001 F(6,396) = 3.34, P = 0.0032

Values for Na3HP2O7 are from Tordoff et al. (2014a).

Figure 2.  Preferences of T1R3 WT and KO mice for 32 mM concentrations of 
5 phosphorus salts and 2 large-anion sodium salts presented in 48-h 2-bottle 
tests with a choice between water and a taste solution. Tests were conducted 
in the order presented. *P < 0.05 relative to WT mice. Bars depict means and 
SEs; n = 22 WT and 20 KO.
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impractical. Here, we employed 2 strategies to ameliorate the prob-
lem: First, we tested most taste compounds either in naive mice or 
in 2 or more cohorts of mice with different previous experiences 
(Table 1). Second, we tested some mice with a short series of taste 
compounds at one informative concentration (32  mM; Figure  2). 
Despite different past experiences, the same differences between 
T1R3 WT and KO mice were present for P preference scores and 
absent for large-anion sodium preference scores. Thus, the phe-
notype was sufficiently robust that it overwhelmed any carryover 
effects, if they were present.

Our results do not allow us to distinguish whether the taste 
detected is for P or phosphate (PO4

3-). To our knowledge, there is no 
way to present an inert molecule containing P that is not a (mono, 
di, or poly) phosphate. Pyrophosphates and tripolyphosphates are 
simply 2 or 3 PO4

3- tetrahedrons that share an oxygen atom. But irre-
spective of the precise stimulus, the present results add to behavioral 
and gustatory electrophysiological studies in the rat that point to a 
unique P or PO4

3- taste that is distinct from the 5 traditional tastes 
(McCaughey et al. 2007; De Ratauld et al. 2015).

Umami taste can be enhanced by nucleotides, which are P com-
pounds. It would not be surprising, then, to discover that P taste 
shares a common overlapping substrate with the “umami2” neu-
ral subsystem [using Boudreau’s terminology (Boudreau 1987)], 
although there is evidence against this: sodium phosphate does not 
synergize with monosodium glutamate to enhance taste in humans 
(Ugawa et al. 1992). Umami taste is often considered to be a signal 
that alerts an animal it is eating protein. We suspect that P taste is an 
equally good, if not better, signal for protein.

Avidity for P involves T1R2 and T1R3 but not T1R1 
We confirmed our previous finding that T1R3 KO mice have 
heightened Na3HP2O7 preference scores [(Tordoff et  al. 2014a) 
and Figure  4] and showed that the same is true of T1R2 KO 
mice and T1R2+T1R3 dKO mice but not T1R1 KO mice. In fact, 
T1R2 KO and T1R2+T1R3 dKO mice had significantly higher 
Na3HP2O7 preference scores than did T1R3 KO mice. It is note-
worthy how very high were the Na3HP2O7 preference scores of 

Figure 3.  Preferences of T1R2 WT and KO mice for trisodium pyrophosphate (Na3HP2O7), calcium chloride (CaCl2), and saccharin presented in 48-h 2-bottle tests 
with a choice between water and a taste solution. *P < 0.05 according to post hoc tests (Table 3 gives statistics). Symbols with vertical bars depict means and 
SEs; n = 39 WT and 46 KO.

Table 4.  WT, T1R2 KO, T1R3 KO, and T1R2+T1R3 double KO mice 
2-bottle choice tests: Results of 3-way analysis of variance for as-
cending Na3HP2O7 concentration series

Effect F-test results

T1R2 genotype F(1,60) = 24.1, P < 0.0001
T1R3 genotype F(1,60) = 8.39, P = 0.0053
T1R2 × T1R3 F(1,60) = 3.49, P = 0.0665
Concentration F(8,480) = 199.6, P < 0.0001
T1R2 × concentration F(8,480) = 3.79, P = 0.0003
T1R3 × concentration F(8,480) = 0.91, P = 0.5083
T1R2 × T1R3 × concentration F(8,480) = 0.40, P = 0.9208

Figure 4.  Preferences of WT, T1R2 KO, T1R3 KO, and T1R2+T1R3 double KO mice 
for trisodium pyrophosphate (Na3HP2O7) presented in 48-h 2-bottle tests with a 
choice between water and the taste solution. Significant effects are presented 
in Table  4. Symbols with vertical bars depict means and SEs; n  =  15–18.

Table 3.  T1R2 WT and KO mice 2-bottle choice tests: Results of analyses of variance for each ascending concentration series

Formula Group (WT or KO) Concentration Group × concentration

Na3HP2O7 F(1,79) = 28.3, P < 0.0001 F(8,632) = 209.7, P < 0.0001 F(8,632) = 2.33, P = 0.0180
CaCl2 F(1,61) = 1.15, P = 0.2859 F(6,366) = 72.7, P < 0.0001 F(6,366) = 0.97, P = 0.4471
Saccharin F(1,62) = 24.2, P < 0.0001 F(4,248) = 5.67, P < 0.0001 F(4,248) = 18.9, P < 0.0001
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the T1R2 KO mice: that is, 80–85% for 10–32 mM Na3HP2O7 
(Figures 3 and 4).

Our results suggest the normal behavioral response to P is tem-
pered by both T1R2 and T1R3 and that these receptor subunits pro-
vide a hedonically negative P taste signal; that is, they are normally 
responsible for the rejection of P salts. Because of its role as a sweet 
detector, the T1R2 + T1R3 dimer is usually considered to generate a 
positively hedonic signal; however, T1R3 is responsible for the nega-
tively hedonic component of calcium taste (Tordoff et al. 2008, 2012). 
It is unknown whether the hedonic nature and quality of the signal 
depends on T1R3's dimer partner, the taste cell it occupies, or both.

The concentration-preference function for most of the P salts was 
inverted U shaped. For other taste compounds having this inverted 
U-shaped relationship between concentration and preference scores, 
the underlying mechanism appears to involve 2 or more receptors. 
For example, the response to saccharin and acesulfam-K involves 
the combined action of the positively hedonic sweet-detecting 
T1R2+T1R3 dimer and negatively hedonic bitter receptors, hT2R43, 
and/or hT2R44 (Kuhn et  al. 2004). The response to sodium salts 
involves the combined action of the positively hedonic amiloride-
sensitive epithelial sodium channel (Chandrashekar et al. 2010) and 
negatively hedonic amiloride-insensitive receptors (Oka et al. 2013; 
Lewandowski et al. 2016). If the same is true for P salts, then there 
most likely must be another receptor (or receptors) responsible for 
the hedonically positive P taste (i.e., attraction to P). We do not 
know the identity of this receptor, but it is likely a GPCR located 
in Type 2 taste cells because preferences for Na3HP2O7 are elimi-
nated by ablation of components of the GPCR transduction cascade, 
ITPR3 or CALHM1 (Tordoff and Ellis 2013; unpublished results), 
and CALHM1 is confined to Type 2 taste cells (Taruno et al. 2013).

Our finding that the double knockout of T1R2 and T1R3 
enhances the avidity for P argues that the effects observed with 
the single knockouts are due to loss of the ablated receptor subu-
nit rather than to compensatory activity of the remaining receptor 
subunit. So, for example, the heightened Na3HP2O7 avidity produced 
by ablating T1R2 cannot be ascribed to increased activity of T1R3. 
We can only speculate why T1R2 KO mice have stronger preferences 
for Na3HP2O7 than do T1R3 KO mice. Perhaps there are P-binding 
pockets in both T1R2 and T1R3, and these differ in sensitivity. This 
would be similar to the multiple binding sites for sweeteners in the 
T1R2+T1R3 dimer (Nie et al. 2005; DuBois 2016). Alternately, per-
haps P interacts with a binding pocket in one subunit and elimi-
nation of the other subunit prevents efficient conformation of the 
dimer. It will require in vitro experiments to fully understand these 
behavioral results.

T1Rs are located in the gastrointestinal tract, pancreas, and 
other organs [reviewed in Laffitte et  al. (2014), Meyer-Gerspach 
et  al. (2014) and Wauson et  al. (2013)], and we used mice with 
global (whole-body) knockouts here, raising the possibility that 
postingestive actions of P could account for the effects we observed 
in 48-h 2 bottle choice preference scores. However, this cannot 
explain the increased licking rates of T1R2 KO mice or T1R3 KO 
mice observed in 5-s brief-access tests (Tordoff et  al. 2014a; this 
study). The most parsimonious explanation is that oral P taste 
receptors are responsible for both the brief-access licking and the 
2-bottle choice preference phenotypes. However, a T1R-mediated 
physiological action of P would, in many ways, be equally interest-
ing because this would augment current understanding of P homeo-
stasis [reviewed in Takeda et al. (2004) and Civitelli and Ziambaras 
(2011)].

T1R2 KO mice and T1R3 KO mice have the same strong avidity 
for pyrophosphate salts as do domestic cats (Brunner 2001; Shao 
and Stammer 2005; Brand et  al. 2013), which lack a functional 
T1R2 (Li et al. 2005). Perhaps, this mutation causes the loss of a 
P-related negative hedonic or other inhibitory signal. Another possi-
bility is that, in the absence of active sweet signaling pathways, neu-
ral connectivity is “rewired” such that P-sensitive receptors activate 
neural reward or pleasure circuitry that normally receives input from 
sweet-responsive taste cells.

One interpretation of the results is that P taste involves at 
least 2 transduction sites: At least one P-binding pocket in the 
T1R2+T1R3 dimer produces a hedonically negative signal, and an 
unknown P-sensitive GPCR produces a hedonically positive signal. 

Figure 5.  Preferences of T1R1 WT and KO mice for trisodium pyrophosphate 
(Na3HP2O7) presented in 48-h 2-bottle tests with a choice between 
water and the taste solution. The 2 groups did not differ significantly. 
Symbols with vertical bars depict means and SEs; n  =  14 WT and 17 KO.

Figure 6.  Lick rates of T1R2 WT and KO mice for trisodium pyrophosphate 
(Na3HP2O7). The T1R2 KO mice licked significantly more than did T1R2 WT 
mice for all concentrations of Na3HP2O7 combined according to ANOVA 
and to the 32 and 56 mM concentrations according to post hoc LSD tests. 
Symbols with vertical bars depict means and SEs; n  =  12 WT and 16 KO.
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We speculate that the positive signal dominates at low P concentra-
tions, and the negative signal dominates at high P concentrations; 
their opposition thus accounts for the inverted U-shaped concen-
tration-preference function observed in intact mice. In T1R2, T1R3, 
or T1R2+T1R3 KO mice, the hedonically negative signal is absent, 
leading to an increased avidity for P. But it is jeopardous to speculate 
about receptor mechanisms based solely on behavioral observations. 
We hope the current work will stimulate others to investigate P taste 
using molecular and electrophysiological methods that are better-

suited to identify the underlying physiological mechanisms.
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