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Abstract

Genetic ablation of calcium homeostasis modulator 1 (CALHM1), which releases adenosine triphosphate from Type 2 taste 
cells, severely compromises the behavioral and electrophysiological responses to tastes detected by G protein–coupled recep-
tors, such as sweet and bitter. However, the contribution of CALHM1 to salty taste perception is less clear. Here, we evaluated 
several salty taste–related phenotypes of CALHM1 knockout (KO) mice and their wild-type (WT) controls: 1) In a conditioned 
aversion test, CALHM1 WT and KO mice had similar NaCl avoidance thresholds. 2) In two-bottle choice tests, CALHM1 WT 
mice showed the classic inverted U-shaped NaCl concentration-preference function but CALHM1 KO mice had a blunted 
peak response. 3) In brief-access tests, CALHM1 KO mice showed less avoidance than did WT mice of high concentrations 
of NaCl, KCl, NH4Cl, and sodium lactate (NaLac). Amiloride further ameliorated the NaCl avoidance of CALHM1 KO mice, 
so that lick rates to a mixture of 1000 mM NaCl + 10 µM amiloride were statistically indistinguishable from those to water. 
4) Relative to WT mice, CALHM1 KO mice had reduced chorda tympani nerve activity elicited by oral application of NaCl, 
NaLac, and sucrose but normal responses to HCl and NH4Cl. Chorda tympani responses to NaCl and NaLac were amiloride 
sensitive in WT but not KO mice. These results reinforce others demonstrating that multiple transduction pathways make 
complex, concentration-dependent contributions to salty taste perception. One of these pathways depends on CALHM1 to 
detect hypertonic NaCl in the mouth and signal the aversive taste of concentrated salt.
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Calcium homeostasis modulator 1 (CALHM1) hexamers 
form membrane channels that permit the release of adeno-
sine triphosphate (ATP) from Type 2 taste cells (Siebert et al. 
2013; Taruno, Matsumoto, et al. 2013; Taruno, Vingtdeux, 
et  al. 2013). CALHM1 is the culminating component of 
a cascade of intracellular events precipitated by a taste 
compound interacting with a G protein–coupled receptor 
(GPCR) and subsequently involving gustducin (or a related 
G protein), phospholipase C beta 2 (PLCβ2), inositol tris-
phosphate (IP3), and transient receptor potential subfam-
ily M member 5 (TRPM5) cation channels. In response to 
TRPM5-mediated membrane depolarization and the initia-
tion of action potentials, CALHM1 channels release ATP 
(Taruno, Vingtdeux, et al. 2013).

CALHM1 is restricted to Type 2 taste cells (Taruno, 
Vingtdeux, et al. 2013), which harbor the T1R, T2R, and other 
classes of GPCRs that are responsible for the detection of 
sweet, bitter, umami, and calcium compounds. ATP released 
from Type 2 cells activates P2X2 and P2X3 receptors on 
nerves that convey taste information to the brain (reviews by 
Kinnamon and Finger 2013 and Roper 2013). Consistent with 
this, genetic ablation of CALHM1 either eliminates or severely 
compromises Type 2 taste cell ATP release, chorda tympani 
nerve (CT) responses, and behavioral responses produced by 
GPCR-mediated tastes (Taruno, Vingtdeux, et al. 2013). ATP 
released from Type 2 cells may also interact with P2Y1 or other 
receptors on Type 3 taste cells (Huang et al. 2009), which raises 
the possibility that CALHM1-mediated ATP release from 
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Type 2 cells may modulate the transmission of non-GPCR-
mediated taste information originating in Type 3 cells.

The initial report of the taste-related phenotype of 
CALHM1 knockout (KO) mice focused on sweet and bitter 
transduction (Taruno, Vingtdeux, et al. 2013), but CALHM1 
may also participate in the transduction of other taste quali-
ties, including saltiness. CALHM1 KO mice had compro-
mised responses to high concentrations of NaCl and KCl 
in brief-access gustometer tests. Moreover, wild-type (WT) 
control mice showed the classic inverted U-shaped NaCl 
concentration-response function in two-bottle choice tests, 
including a preference for 30 and 100 mM NaCl over water, 
whereas CALHM1 KO mice did not prefer any concentra-
tion of NaCl over water; they also showed less avoidance of 
1000 mM NaCl, the highest concentration tested (see Figure 
S4 of Taruno, Vingtdeux, et al. 2013).

These findings related to salt taste do not reconcile eas-
ily with the notion of  CALHM1 as an element of  the 
GPCR taste transduction cascade in Type 2 taste cells 
because sodium, at least at low concentrations, is believed 
to be transduced by non-GPCR mechanisms probably 
related to amiloride-sensitive epithelial sodium channels 
(EnaCs; Brand et  al. 1985; DeSimone and Ferrell 1985; 
Chandrashekar et  al. 2010) in Type 1 or 3 taste cells. 
However, sodium transduction involves multiple pathways 
in rodents and another pathway involves an amiloride-
insensitive mechanism, with TRPV1 channels being 1 can-
didate (Lyall et al. 2004). The relative contributions of  the 
different sodium transduction mechanisms appear to be 
complex and concentration dependent. The lowest concen-
trations of  NaCl detected by rodents and humans do not 
taste salty (Pfaffman et  al. 1971; Yamamoto et  al. 1994), 
and responses to threshold and suprathreshold concentra-
tions of  NaCl are sometimes independent (Contreras 1977; 
Colbert et al. 2004). Low concentrations are preferred, but 
high ones are aversive to mice, perhaps due to the activation 
of  taste receptor cells that are sensitive to sour and bitter 
compounds (Oka et al. 2013).

Given the theoretical importance of understanding how 
CALHM1 ablation interferes with NaCl perception, it 
seemed worthwhile to characterize the salty taste–related 
phenotype of CALHM1 KO mice. To this end, here, we com-
pared CALHM1 WT and KO mice: We assessed NaCl “rec-
ognition” thresholds, confirmed the presence of a behavioral 
phenotype using two-bottle choice tests of taste-experienced 
and naive animals, examined the effect of amiloride on brief-
access responses to NaCl, and supported these behavioral 
findings with gustatory electrophysiology.

Methods

Subjects and maintenance

All experiments involved CALHM1 WT and KO mice. The 
knockout was produced commercially by genOway according 

to procedures detailed elsewhere (Dreses-Werringloer et al. 
2013; Ma et  al. 2012). It involved deletion of exon 1 of 
Calhm1 by homologous recombination in 129Sv embryonic 
stem cells, which were injected into C57BL/6J blastocysts. 
The resulting chimeric mice were crossed with C57BL/6J 
mice to establish germline transmission, and this was main-
tained by successive backcrossing to the C57BL/6J strain. 
The mice forming our breeding colony at Monell were 
from stock generated by Dr Kevin Foskett (University of 
Pennsylvania) which, in turn, were from stock generated by 
Dr Philippe Marambaud (Feinstein Institute for Medical 
Research).

Mice used in experiments described here were derived 
from parents from at least the 5th backcross generation. 
CALHM1 heterozygote (+/−) mice were mated brother-
to-sister, and the resulting offspring were genotyped com-
mercially (Transnetyx, Inc.). Each experiment involved 
CALHM1 homozygous (−/−) KO mice derived from several 
litters, along with homozygous (+/+) WT controls matched 
for litter and, when available, sex.

The 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 × 17 × 12 cm) with stain-
less steel grid lids and wood shavings scattered on the floor. 
The mice had ad libitum access to pelleted AIN-76A diet 
(Dyets Inc.) and deionized water (except during brief-expo-
sure tests, see below). Pups were weaned at 21–23 days and 
initially housed in groups of the same sex. Before being 
tested, all mice were at least 8 weeks old and were indi-
vidually housed for at least a week. Mice used for gusta-
tory electrophysiology were shipped from Monell to Dr 
McCaughey’s laboratory at Ball State University in Muncie, 
Indiana, and allowed at least a week to recover before being 
tested. All procedures were approved by the Institutional 
Animal Care and Use Committee of the Monell Chemical 
Senses Center. Gustatory electrophysiological studies were 
also approved by the Animal Care and Use Committee of 
Ball State University.

NaCl recognition threshold

Procedures

This experiment was conducted to determine whether the 
threshold for “recognition” of sodium-specific taste was influ-
enced by genetic ablation of CALHM1. We used procedures 
described in detail elsewhere (Ishiwatari and Bachmanov 
2009, 2012), which are designed to find the lowest concentra-
tion of NaCl that tastes salty to mice. We use the term “rec-
ognition” to describe this threshold value but only for lack of 
a better term. It can be considered analogous to recognition 
thresholds in humans and should be distinguished from the 
detection threshold (i.e., the lowest concentration that can be 
distinguished from water). The method takes advantage of 
the generalization of a conditioned taste aversion: Rodents 
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that drink LiCl become temporarily ill. Because LiCl and 
NaCl have similar tastes, the association of the salty taste of 
LiCl with malaise causes the mice to avoid NaCl (Smith and 
Balagura 1969; Giza and Scott 1991).

The experiment was conducted in 2 identical replications 
except males were used in one and females in the other. There 
were a total of 8 WT males, 8 KO males, 7 WT females, and 8 
KO females, with a mean age of 11 weeks (range: 8–18 weeks). 
The males weighed significantly more than did the females, 
but there was no significant difference in body weight related 
to genotype (males, WT  =  23.6 ± 0.8 g, KO  =  22.4 ± 0.6 g; 
females, WT = 17.8 ± 0.7 g, KO = 18.6 ± 0.8 g).

The individually housed mice were first given a choice 
between 2 bottles of water for 48 h in order to familiarize 
them with having access to 2 drinking spouts. They then 
received 2 bottles of 150 mM LiCl for 24 h, 2 bottles of water 
for 24 h to allow recovery, and then a second exposure to 2 
bottles of 150 mM LiCl for 24 h. After a second 48-h test with 
2 bottles of water, the mice received 48-h tests with a choice 
between water and an ascending series of NaCl concentra-
tions (0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, and 150 mM NaCl). 
A final choice between 2 bottles of water was conducted at 
the conclusion of the experiment. A modification from ear-
lier methods (Ishiwatari and Bachmanov 2009, 2012) was 
that brand new drinking tubes and spouts were used for 
each 48-h test to eliminate any possibility of residual con-
tamination in the plastic that might be detected by the mice. 
The stainless steel drinking spouts were washed 5 times with 
deionized water before being reused.

Statistical analysis

Results of the 2 replications were combined for data analy-
sis. Student’s t-tests were used to assess differences between 
the genotypes in intakes during the training trials (i.e., when 
the mice received LiCl). Preference scores during the ascend-
ing concentration series were analyzed using a mixed-design 
ANOVA with factors of genotype and concentration. One 
mouse spilled NaCl during the test with 150 mM NaCl. To 
allow inclusion of its data in the within-subject design, the 
missing value was interpolated. Recognition thresholds were 
considered to be the lowest NaCl concentration at which 
each genotype group’s preference scores fell significantly 
below indifference (50%) according to one-sample t-tests.

Two-bottle choice tests

Procedures

We conducted 2 experiments to assess the voluntary NaCl 
preferences of CALHM1 KO mice. The first involved repli-
cation of the original observations that CALHM1 KO mark-
edly influenced preferences for sweet and bitter tastes and 
had little-or-no influence on preferences for salty and sour 
tastes (Taruno, Vingtdeux, et al. 2013). In this experiment, 

each mouse was tested with ascending concentrations of 
saccharin, QHCl, NaCl, and HCl. The second experiment 
was a concentration-response series for NaCl only and thus 
avoided any possibility that the response to NaCl could be 
influenced by carryover effects from experience with other 
taste solutions.

The first experiment included 10 CALHM1 KO mice (9 
male, 1 female) and 11 WT controls (5 male, 6 female) aged 
59–64  days. The CALHM1 WT mice weighed 19.3 ± 0.7 g 
and the CALHM1 KO mice weighed 19.8 ± 0.6 g. They 
received 4 series of two-bottle choice tests. Each series con-
sisted of an initial 48-h choice between 2 bottles of deionized 
water and then three or four 48-h tests with a choice between 
deionized water and ascending concentrations of a taste 
compound. The taste compounds were chosen as exemplars 
of the sweet, bitter, salty, and sour taste qualities, and their 
concentrations (listed in Supplementary Table S1) spanned 
the range between indifference and marked acceptance or 
avoidance. The mice had 2 or 3 days with a single bottle of 
water to drink between each test series.

The second experiment included 8 female CALHM1 KO 
and 8 female WT mice aged 65–105 days. The KO mice weighed 
significantly less than did the WT mice (WT = 20.3 ± 0.6 g, 
KO = 17.8 ± 0.3 g, t(14) = 3.32, P = 0.0051). They received 
48-h two-bottle choice tests, first with 2 bottles of water, then 
with water and each of 5 ascending concentrations of NaCl, 
and finally with water and 3.2 mM saccharin (to confirm that 
the phenotype was present).

Specifics of construction of the drinking tubes and details 
of the measurement procedures are available online (Monell 
Mouse Taste Phenotyping Project website; Tordoff and 
Bachmanov 2001b). At the beginning of each 48-h test, the 
mice were presented with 2 drinking tubes with stainless 
steel spouts. These were placed to the (mouse’s) right of the 
food hopper. Their tips were 15 mm apart and extended into 
the cage ~25 mm (described in Bachmanov et al. 2002 and 
Tordoff and Bachmanov 2001a). Initially, the spout on the 
left provided water and the spout on the right provided taste 
solution. The level of fluid in each drinking tube was read 
volumetrically (to the nearest 0.1 mL) when the tube was 
placed on the cage, 24 h later when the position of the tubes 
was switched to control for side preferences, and at 48 h, the 
end of the test. The change in fluid level was considered to 
be the mouse’s fluid intake (Spillage and evaporation using 
these procedures are < 0.2 mL/day; Tordoff and Bachmanov 
2003).

Statistical analysis

Intakes during each 48-h test were divided by 2 to provide 
average daily intakes of each fluid. Total fluid intake was cal-
culated as the sum of intakes from the 2 bottles. Solution 
preference was calculated as the intake of taste solution 
divided by total fluid intake, and this ratio was expressed as 
a percentage.
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Results were analyzed by mixed-design analyses of vari-
ance with factors of group (WT or KO) and concentration. 
Differences between the groups in consumption of specific 
concentrations of taste solution were determined using 
Tukey’s tests. One-sample t-tests were used to determine 
whether a group of mice had a preference score for a particu-
lar concentration of a taste compound that was significantly 
different from indifference (i.e., 50% preference).

Brief-exposure (gustometer) tests

The purpose of this experiment was to determine how 
genetic ablation of CALHM1 influenced the short-term 
acceptance of NaCl and related salts. We conducted 4 exper-
iments using 3 batches of mice. One batch of 10 WT and 10 
KO males (aged 49–105 days) was used to test NaCl (without 
and then with amiloride). One batch of 10 WT and 12 KO 
males (aged 49–69 days) was used to test KCl (without and 
then with amiloride). The third batch of 10 WT and 10 KO 
females (aged 52–83 days) was used to test first NH4Cl and 
then sodium lactate.

Each mouse was weighed (to the nearest 0.1 g) daily, imme-
diately before it was placed into a gustometer. There were 
no statistically significant differences in body weight between 
the WT and KO groups.

Training

In order to train the mice to sample taste solutions, they were 
first water deprived for 22.5 h and then placed in a gustom-
eter (MS160-Mouse gustometer, DiLog Instruments) with a 
motorized shutter that controlled access to a taste solution. 
Details of gustometer construction and operation are avail-
able elsewhere (Glendinning et al. 2002).

During the first training session, each mouse had continu-
ous access to water for 30 min from the time it first licked the 
drinking spout. It was then returned to its home cage and 
given water for 1 h. On the following 2 days, this procedure 
was repeated except the shutter allowing access to water was 
closed 5 s after the mouse began to lick, and it was reopened 
after a 7.5-s interval. After 20 min, the mouse was returned 
to its home cage and given water for 1 h. By the 3rd test using 
these procedures, all mice had learned to obtain water during 
the 5-s access periods.

Testing

Each mouse received a total of 6 test sessions, one a day: For 
the first batch of mice there were 3 test sessions with NaCl 
followed by 3 test sessions with NaCl mixed with 10  µM 
amiloride (NaCl + amiloride). For the second batch of mice, 
there were 3 test sessions with KCl followed by 3 test sessions 
with KCl + amiloride. For the third batch, there were 3 test 
sessions with NH4Cl followed by 3 test sessions with sodium 
L-lactate (NaLac; Sigma, L7022). During each test session, 

each mouse received repeated blocks of 5 salt concentrations 
(deionized water (0), 56, 178, 562, and 1000 mM), with the 
presentation order randomized for each block. When the 
solutions were dissolved in amiloride, the water stimulus was 
also 10  µM amiloride. Five-second “washout” trials with 
deionized water (never containing amiloride) were inter-
posed between each solution presentation. Thus, a mouse 
received access to a salt solution for 5 s followed by 7.5 s 
with the shutter closed, then access to water for 5 s followed 
by 7.5 s with the shutter closed, followed by the next salt 
solution for 5 s, and so on. The washout trials with water 
were included to help maintain the mouse’s performance by 
“cleaning its palate” and preventing it from quitting because 
it expected only bad-tasting solutions. After each session, 
each mouse received water for 1 h in its home cage and was 
then water deprived in preparation for the next session.

Statistical analysis

Separate analyses were conducted for each of the 4 salts 
tested. The mean number of licks in response to each con-
centration made by each mouse was obtained by averaging 
together the results from identical exposures. Mice initiated 
on average ~4.5 exposures with each concentration over the 
3  days of tests (irrespective of the concentration and test 
compound available); all mice responded at least once to 
each concentration except for 1 WT mouse that never drank 
562 mM NH4Cl (this mouse was excluded from statistical 
analyses). The mean values for individual mice were used 
in mixed-design ANOVAs with factors of group (WT or 
KO), concentration, and (if  relevant) amiloride absence or 
presence. Post hoc LSD tests were used to assess differences 
between the groups in consumption of specific concentra-
tions of taste solution and differences in response of each 
group to individual concentrations of each taste compound 
(Statistica 10, Stat Soft Inc.).

Gustatory electrophysiology

Surgery

Measurements of CT activity were made in 6 male CALHM1 
WT and 6 male CALHM1 KO mice. Each was anesthetized 
with a mixture of ketamine, xylazine, and acepromazine 
(90, 20, and 3 mg/kg, respectively; i.p.), with further doses 
as necessary. A cannula was placed in the trachea to prevent 
suffocation, a fistula was placed in the esophagus to prevent 
ingestion of solutions, and the animal was placed supine 
with the head secured in a nontraumatic head holder. The 
nerve was accessed through the right ear by puncturing the 
tympanic membrane and exposing the right CT adjacent to 
the malleus (Cheal 1977). An electrode made of platinum/
iridium wire was placed on the nerve, and the multiunit sig-
nal was amplified, filtered, rectified, and integrated with a 
time constant of 1.0 s.
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Stimuli and delivery

Taste stimuli, which were mixed in distilled water (except 
where indicated), included the following: NaCl at 56, 178, 
562, and 1000 mM, each mixed in either water or 10  µM 
amiloride; 178 mM sodium lactate (NaLac) mixed in water 
or 10 µM amiloride; 2 mM quinine hydrochloride (QHCl); 
10 mM HCl; 100 mM NH4Cl; 500 mM sucrose; and deion-
ized water. We focused on high concentrations of NaCl 
because of the clear effects of CALHM1 KO on licking 
for them in the behavioral studies. KCl at 100 mM was also 
applied at regular intervals (usually after every 4–5 other 
stimuli) throughout the entire process to serve as a refer-
ence stimulus. We selected 100 mM KCl based on previously 
published data showing similar licking to 32–316 mM KCl 
by WT and CALHM1 KO mice (Taruno, Vingtdeux, et al. 
2013). We also further evaluated its suitability as a refer-
ence stimulus by using constant amplifier settings through-
out the whole experiment and then comparing the WT and 
KO mice on the mean absolute sizes (i.e., areas under the 
curve) of their raw responses to KCl (see Frank and Blizard 
1999 for discussion); we found no difference between the 
WT and KO mice in the sizes of their raw responses to KCl, 
confirming its appropriateness as a reference stimulus. For 
each mouse, the relative response size across all presenta-
tions of a stimulus was then averaged in order to obtain a 
single relative response size. We also calculated the Pearson 
product moment correlation between the response sizes of 
the first and second applications for all 74 instances in which 
a stimulus was applied twice for an animal. The result was 
r = +0.90, indicating that our preparations were stable.

In order to apply taste solutions, the tongue was extended 
slightly and placed in a flow chamber. Room temperature 
deionized water was used as a rinse, and room temperature 
stimulus solutions were applied by continuous flow at a rate 
of 0.3 mL/s. Rinse and stimulus were separated by a small 
air bubble that allowed for a distinct, sharp onset, but that 
minimized interruption to the flow. In prior experiments, 
this method has resulted in no responses to weak concen-
trations of taste stimuli that are thought to be undetectable 
(Cherukuri et al. 2011), and thus responses to higher concen-
trations can be taken as purely gustatory in nature, without 
a tactile component. We also tested this assumption directly 
in the current experiment by using water as a taste stimulus. 
Each stimulus presentation lasted for 20 s and was followed 
by at least 60 s of rinse. Separate concentration series of 
NaCl mixed in water or in amiloride were typically applied 
in ascending order, but otherwise the order of presentation 
for different stimuli was random.

Statistical analysis

Response sizes for stimulus applications were based on the 
area under the curve of the integrated voltage for 10 s after 
stimulus onset (evoked) minus the area for 10 s before onset 
(baseline). Relative response sizes were calculated for each 

stimulus application based on the size of the KCl reference. 
The relative responses to NaCl mixed in water served as the 
“overall response” to this compound; the relative responses 
when NaCl was mixed in amiloride composed the “ami-
loride-insensitive portion” of the response. The latter was 
then subtracted from the former for each mouse to yield an 
estimate of the “amiloride-sensitive portion” of its response 
to NaCl.

Data were analyzed using repeated measures ANOVAs 
with genotype (CALHM1 WT or KO) as a between-subjects 
factor and amiloride, concentration, and/or stimulus as 
within-subjects factors. A 3-way ANOVA was used to ana-
lyze responses to NaCl with and without amiloride (effects 
of genotype, amiloride, and concentration). In addition, the 
effects of amiloride within each genotype group were evalu-
ated using 2-way ANOVAs with amiloride and concentration 
as factors. Separate 2-way ANOVAs were used to analyze 
the amiloride-sensitive component of NaCl responses (with 
factors of genotype and concentration), responses to NaLac 
(with factors of genotype and amiloride), and nonsodium 
stimuli (with factors of genotype and stimulus). Post hoc 
t-tests were used when appropriate to pinpoint differences 
between specific concentrations or stimuli. The absence of 
a significant response to a particular stimulus was tested by 
examining whether the group mean plus and minus a 95% 
confidence interval overlapped with zero. The statistical 
analyses were performed using the Systat software package.

Results

Values presented in the text, tables, and figures are means ± 
standard errors of the mean. All statistical tests were made 
using a criterion for significance of P < 0.05.

NaCl recognition threshold

Training

The CALHM1 WT and KO mice drank similar volumes of 
water before training (WT = 5.7 ± 0.3, KO = 6.2 ± 0.4 mL). 
They drank equally from each tube (preference scores 
for “solution tube,” WT  =  45 ± 4%, KO  =  51 ± 3%). The 
KO mice drank significantly more 150 mM LiCl dur-
ing both exposures (First exposure, WT  =  2.2 ± 0.2 mL, 
KO  =  3.2 ± 0.3, t(29)  =  3.16, P  =  0.0036; second expo-
sure, WT  =  2.0 ± 0.1 mL, KO  =  3.0 ± 0.1 mL, t(29)  =  4.67, 
P < 0.0001). Relative to initial water intakes, WT mice drank 
significantly more water during the test between the 2 LiCl 
exposures (WT = 9.8 ± 0.7 mL, KO = 7.3 ± 0.5 mL).

Test

There were no significant differences in preference scores 
between CALHM1 WT and KO mice (Group × NaCl con-
centration interaction, F(11, 319)  =  1.35, P  =  0.20). The 
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threshold for avoidance of NaCl by both groups was 4 mM 
NaCl; that is, both groups were indifferent to 2 mM NaCl 
and both avoided 4 mM NaCl and all higher concentrations 
tested (Figure 1).

Two-bottle choice: 4 basic tastes

WT mice showed the expected avidity for saccharin, inverted 
U-shaped function for NaCl, and avoidance of QHCl and 
HCl. Unlike these controls, the CALHM1 KO mice were 
indifferent to all concentrations of saccharin and QHCl, 
and they did not prefer any NaCl concentration above indif-
ference (50%; Figure 2; Supplementary Tables S1 and S2). 

The CALHM1 WT preferred 75 mM NaCl to water (indif-
ference), whereas the KO mice did not. The significance of 
the difference between the CALHM1 WT and KO mice at 
this concentration was ambiguous. A simple comparison of 
the 2 group means using a t-test was significant, t(19) = 2.46, 
P = 0.0239, but more conservative post hoc tests were not. 
The 2 groups showed similar avoidance of high concentra-
tions of NaCl and HCl.

Two-bottle choice: NaCl concentration series

There were no statistically significant differences between 
WT and KO mice in response to NaCl (Figure  3; 
Supplementary Tables S3 and S4). Most pertinently, 300, 
600, and 1000 mM NaCl were avoided by both groups 
equally. Consistent with the previous experiment, WT mice 
had a preference score significantly greater than 50% (indif-
ference) for 100 mM NaCl, t(7) = 2.66, P = 0.03, but KO 
mice did not. The KO group did not prefer any concentra-
tion of  NaCl above indifference.

The WT mice showed strong preferences for saccharin, but 
the KO mice did not; they drank significantly less saccharin 
and had a preference score that did not differ significantly 
from indifference (Figure 3; Supplementary Tables S3 and S4).

Brief-access tests

NaCl

The CALHM1 WT and KO mice licked similarly for water 
and 56 and 178 mM NaCl, and the presence of  amiloride 
did not affect licking rates for these 3 fluids. However, at 
higher NaCl concentrations, there were differences due to 
both genotype and amiloride (Figure  4; Supplementary 
Table  S5). The  CALHM1 KO mice licked more 562 and 
1000 mM NaCl than did the WT mice. CALHM1 KO mice 
but not CALHM1 WT mice licked more 1000 mM NaCl in 

Figure 1  NaCl avoidance in 48-h choice tests by CALHM1 WT and KO 
mice that had been poisoned with LiCl. There were no significant differ-
ences between the 2 groups.

Figure 2  Two-bottle choice preferences for concentration series of saccharin, QHCl, NaCl, and HCl by CALHM1 KO mice (n = 10) and their WT littermates 
(n = 11). *P < 0.05 relative to WT group. +P < 0.05 above indifference.

http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bju020/-/DC1
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amiloride than 1000 mM NaCl in water. The net result was 
that the WT mice showed a NaCl concentration–related 
decrease in licking that was unaffected by amiloride. The 
KO mice showed a less pronounced concentration-related 
decrease in licking of  NaCl in water. Moreover, unlike the 
results with the WT mice, the CALHM1 KO mice treated 
high concentrations of  NaCl in amiloride no differently 
than if  they were water.

KCl

Both the CALHM1 WT and KO groups of mice licked less 
to high concentrations (562 and 1000 mM) of KCl than they 
did to water or low concentrations (56 or 178 mM) of KCl. 
However, the KO mice licked more to 562 and 1000 mM 
KCl than did the WT mice. Neither group was influenced by 
the addition of amiloride to KCl (Figure 4; Supplementary 
Table S5).

Figure 3  Two-bottle choice preferences for an ascending concentration 
series of NaCl and 3.2 mM saccharin of CALHM1 KO mice (n  =  8) and 
their WT controls (n = 8). *P < 0.05 relative to WT group. +P < 0.05 above 
indifference.

Figure 4  Lick rates of CALHM1 WT and KO mice presented with water and 4 concentrations of NaCl, KCl, NH4Cl, or sodium lactate. NaCl and KCl 
were tested dissolved either in water or in 10 µM amiloride. *P < 0.05 relative to WT group(s). +P < 0.05 relative to tests without amiloride.

http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bju020/-/DC1
http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bju020/-/DC1
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NH4Cl

The CALHM1 WT and KO groups responded similarly 
to 0 and 56 mM NH4Cl. However, the KO mice licked 178, 
562, and 1000 mM NH4Cl more than did the WT mice. The 
WT mice licked significantly less 178, 562, and 1000 mM 
NH4Cl than water; the KO mice licked significantly less 562 
and 1000 mM NH4Cl than water (Figure 4; Supplementary 
Table S5).

NaLac

The CALHM1 WT and KO mice responded similarly to 
0, 56, and 178 mM NaLac. However, the KO mice licked 
more to 562 and 1000 mM NaLac than did the WT mice. 
The WT mice licked significantly less for 562 and 1000 mM 
NaLac than water; the KO mice licked significantly less for 
only 1000 mM NaLac than water (Figure 4; Supplementary 
Table S5).

Gustatory electrophysiology

Multiunit CT responses to NaCl were larger in CALHM1 
WT than KO mice, especially at 562 and 1000 mM, the 2 
highest concentrations tested (Figures 5 and 6). Consistent 
with this, there was a significant overall effect of genotype 
on NaCl response magnitude, F(1,10)  =  23.5, P  =  0.001, 
and a significant genotype × concentration interaction, 
F(3,30)  =  38.0, P  <  0.001. All 4 concentrations of NaCl 
mixed in water evoked significantly larger responses in WT 
than in KO mice (Figure 6A; P < 0.03 in all cases).

The presence of 10 μM amiloride reduced responses evoked 
by NaCl (main effect of amiloride, F(1,10) = 5.8, P = 0.04), 
particularly those of the CALHM1 WT group (genotype × 
amiloride interaction, F(1,10) = 19.1, P = 0.001). With ami-
loride present, WT mice evoked larger responses at only 562 
and 1000 mM NaCl, with the 2 groups showing no differ-
ence at 178 mM and a significant difference in the opposite 

direction (i.e., smaller responses in WT mice) at 56 mM 
(Figure 6B; P < 0.006 in post hoc tests). This pattern of dif-
ferences between the CALHM1 WT and KO groups reflected 
the fact that amiloride did not affect NaCl responses in KO 
mice (main effect of amiloride and amiloride × concentra-
tion interaction, n.s.), whereas it did in WT mice (effect of 
amiloride, F(1,5) = 41.0, P = 0.001). Amiloride suppressed 
NaCl responses significantly (P < 0.04 in post hoc tests) and 
to a similar extent (amiloride × concentration interaction, 
n.s.) for all 4 NaCl concentrations in WT mice (Figure 2C). 
The amiloride-sensitive response component differed 
between the WT and KO groups: This was significant for 56, 
178, and 1000 mM NaCl (effect of genotype, F(1,10) = 19.1, 
P = 0.001, P < 0.02 in post hoc tests), and the difference at 
562 mM approached significance (P = 0.053).

Responses to 178 mM NaLac (Figure  7) paralleled those 
observed with the same concentration of NaCl. That is, WT mice 
had significantly larger responses than did KO mice to NaLac 
in water (main effect of genotype, F(1,10) = 17.0, P = 0.002, 
P = 0.004 in post hoc test), but the WT and KO groups did 
not differ in response to NaLac mixed with 10 μM amiloride. 
Amiloride significantly suppressed the NaLac response in WT 
mice (effect of amiloride, F(1,10) = 7.0, P = 0.03; amiloride × 
genotype interaction, F(1,10) = 5.5, P = 0.04; P = 0.02 in post 
hoc test) but had no effect in KO mice.

Figure  8 shows mean CT responses to nonsodium stim-
uli in WT and KO mice. There was a significant genotype 
× stimulus interaction, F(4,40)  =  13.0, P  <  0.001, due to 
responses to 500 mM sucrose being significantly larger in 
WT than in KO mice (P < 0.001 in post hoc test); although 
the mean response of the KO group to sucrose was quite 
small, it was significantly greater than zero. The WT and 
KO groups did not differ in their responses to QHCl, HCl, 
NH4Cl, or water. Mean responses to the latter did not differ 
from zero in either genotype group, indicating that water was 
not effective at changing neural firing rates in the CT, either 
due to a touch component or any other factors.

Figure 5  Representative neural recordings showing changes in the integrated voltage over time for a CALHM1 WT (top) and KO (bottom) mouse. For 
each animal, 1 concentration series of applications of NaCl mixed in water is shown, along with preceding and following reference KCl presentations for 
each series (on the left and right, respectively). Ten seconds before and after stimulus onset are shown.

http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bju020/-/DC1
http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bju020/-/DC1
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Discussion

Each of the basic taste qualities is mediated by multiple 
transduction pathways (Herness and Gilbertson 1999; 
Hacker et al. 2008; Ohkuri et al. 2009; Yasumatsu et al. 2009, 

2012), and salty taste is no exception. NaCl is the prototypi-
cal stimulus for this basic taste quality, and at first glance it 
appears to be a simple compound from a taste perspective. 
However, a complex sequence of events follows the sam-
pling of NaCl. Its transduction involves amiloride-sensitive 
(ENaC-mediated) and amiloride-insensitive components 
(review by McCaughey and Scott 1998), and each of these 
may involve several mechanisms. There are also nonsalty 
components to NaCl taste, perhaps due in part to the anion.

Investigation of salty taste is particularly challenging in 
animals such as mice because they cannot give verbal reports 
of their perceptions. Rather, we must make inferences based 
on their behavior or the activity of their cells, and behavioral 
measurements are affected not only by perceived taste quality 
but also by intensity and palatability, along with nongusta-
tory factors such as postingestive effects and irritation. These 
complications mean that there is no single test that can pro-
vide a complete picture of how NaCl tastes to mice. Thus, we 
employed several techniques, each of which provides partial 
insight into how CALHM1 mediates sodium taste transduc-
tion. We found that genetic ablation of CALHM1 had no 
effect on NaCl recognition thresholds, measured using a con-
ditioned aversion procedure; it had a fairly subtle influence 
on the response to moderate NaCl concentrations, measured 
using two-bottle choice tests and electrophysiology; and it 
had substantial effects on the response to high NaCl con-
centrations, measured using brief-access tests and gustatory 

Figure 6  Mean (±SEM) chorda tympani responses to applications of NaCl 
in CALHM1 WT and KO mice. Responses are shown for NaCl mixed in 
water (A) or in 10 μM amiloride (B). (C) The amiloride-sensitive NaCl com-
ponent for each strain was calculated by subtracting values for NaCl mixed 
in amiloride from those for NaCl mixed in water. *P < 0.05, WT versus KO; 
+P < 0.05, effect of amiloride within WT mice.

Figure 7  Mean (±SEM) chorda tympani responses of CALHM1 WT and KO 
mice to 178 mM sodium lactate (NaLac) mixed in water or in 10 μM amiloride. 
*P < 0.05, WT versus KO; +P < 0.05, effect of amiloride within WT mice.
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electrophysiology. Although each assay has its advantages and 
caveats, the broad implication of our results is that in intact 
mice, CALHM1 contributes to the perception of moderate 
and intense saltiness but not threshold or mild saltiness.

CALHM1 mediation of gustatory transduction of sodium 
is concentration dependent

CALHM1 WT and KO mice had similar taste recogni-
tion thresholds (of 4 mM NaCl), and the 2 groups equally 
avoided 8–150 mM NaCl after they had been poisoned with 
150 mM LiCl. There was also no difference between uncon-
ditioned (naive) WT and KO mice in two-bottle preferences 
for 30 mM NaCl. These findings suggest that CALHM1 
does not participate in the transduction of low sodium 
concentrations. The lowest concentration supporting a 
CALHM1-dependent effect was 56 mM NaCl, for which 
there were significant differences in CT responses between 
the CALHM1 WT and KO groups. However, at this con-
centration, CALHM1 did not influence brief-access licking; 
both groups treated 56 mM NaCl as if  it were water. We note 
that 1)  indifferent licking may reflect a neutral taste, not 
necessarily a lack of a taste, and 2) we would expect 56 mM 
NaCl to be hedonically preferred, but our use of thirsty mice 
for gustometry most likely caused ceiling effects that bias 
against obtaining increases in licking behavior.

There were indications that 75 and 100 mM NaCl activated 
a CALHM1-dependent pathway. WT mice preferred NaCl 
in two-bottle choice tests at these concentrations, resulting in 
a broad peak of the inverted U-shaped preference-aversion 

function that is often observed in rodents tested with pro-
gressively ascending concentrations of NaCl (Bachmanov 
et al. 2002; Tordoff et al. 2007). Intriguingly, the CALHM1 
KO mice did not show the “preference” component of this 
function. This phenotype, albeit subtle, was observed in both 
of the two-bottle choice experiments conducted here as well 
as in the original report of Taruno, Vingtdeux, et al. (2013) 
although, admittedly, the CALHM1 WT and KO groups 
did not differ significantly using conservative statistical tests. 
We conclude that CALHM1 participates in the response to 
these palatable NaCl concentrations, but additional work 
will be needed to determine whether the modest differences 
we observed are due to only perfunctory activation of the 
CALHM1-dependent pathway by 75–100 mM NaCl or to a 
lack of sensitivity of the two-bottle test, specifically the prob-
lem of observing reduced preferences of the KO mice relative 
to only modest NaCl preferences of the WT control mice.

The strongest support for CALHM1’s involvement in 
sodium transduction was present for concentrations of 
178 mM and higher. Both NaCl and NaLac at this con-
centration evoked significantly smaller CT responses in 
CALHM1 KO than in WT mice. The effects of CALHM1 
KO were especially dramatic at 562 and 1000 mM. For these 
concentrations, the KO group showed not only smaller CT 
responses relative to the WT animals, but also less aversion in 
brief-access licking tests of NaCl and NaLac. The effects we 
found were larger and less idiosyncratic than those reported 
in a similar experiment by Taruno, Vingtdeux, et al. (2013); 
but in both cases, WT mice licked significantly less 1000 mM 
NaCl than did KO mice. The more robust differences 
observed here may reflect our use of naive mice, whereas 
Taruno, Vingtdeux, et al. used mice that had previously been 
tested with sucrose, quinine, and HCl. Despite the robust 
group differences in brief-access and electrophysiological 
measures for hypertonic NaCl, there were no differences in 
two-bottle preferences at these concentrations. Perhaps this 
can be explained by two-bottle preferences being influenced 
by postingestive effects, which may curb excessive intake of 
concentrated NaCl by CALHM1 KO mice, even if  this is 
not perceived as being intense or aversive immediately upon 
ingestion.

Our conclusion that the GPCR → CALHM1 transduc-
tion cascade participates in sodium transduction raises the 
question of whether knockout of intermediate members of 
this cascade can also influence responses to oral sodium. 
Our finding that CALHM1 KO mice do not show a prefer-
ence for moderate concentrations of NaCl in two-bottle tests 
is also apparent (with at least a trend) in mice with genetic 
ablation of gustducin (Wong et  al. 1996; Ruiz et  al. 2003; 
He et al. 2004), ITPR3 (Hisatsune et al. 2007), or TRPM5 
(Damak et al. 2006); mice with PLCβ2 KO do not appear to 
have been tested with NaCl in two-bottle choice tests. Our 
observation that CALHM1 KO mice show reduced avoid-
ance of high concentrations of NaCl in brief-access tests is 
also present with ablation of gustducin (Glendinning et al. 

Figure 8  Mean (±SEM) chorda tympani responses to nonsodium stimuli in 
CALHM1 WT and KO mice. QHCl = 2 mM quinine hydrochloride; HCl = 10 mM 
hydrochloric acid; NH4Cl = 100 mM ammonium chloride; Sucrose = 500 mM 
sucrose. *P < 0.05, WT versus KO.
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2005), PLCβ2 (Dotson et al. 2005; but see Zhang et al. 2003), 
or TRPM5 (Damak et al. 2006; but see Zhang et al. 2003 and 
Oka et al. 2013). Mice with ITPR3 or TRPM5 KO also show 
reduced avoidance of high NaCl concentrations in long-term 
preference tests (Damak et al. 2006), and this has also been 
observed in CALHM1 KO mice (Taruno, Vingtdeux, et al. 
2013 but not this study). Some of these deficits in behavior 
are paralleled by the results of gustatory electrophysiologi-
cal recordings. PLCβ2 KO and TRPM5 KO mice have CT 
responses to some concentrations of NaCl that are reduced 
relative to controls (Damak et al. 2003; Oka et al. 2013), and 
recent data indicate that TRPM5 mediates the amiloride-
insensitive portion of the CT response in rats and mice (Ren 
et  al. 2013). CT and glossopharyngeal responses to NaCl 
were normal in gustducin KO mice, but high NaCl concen-
trations were not tested (Wong et al. 1996). Thus, the data 
are not entirely consistent, but there are sufficient positive 
findings to implicate several components of the GPCR → 
CALHM1 cascade in salt taste transduction.

Participation of the GPCR → CALHM1 cascade in sodium 
transduction does not exclude other CALHM1-mediated 
mechanisms from participating as well. In particular, there 
may be an indirect action of CALHM1-released ATP on 
activity of Type 3 cells, which harbor other transduction 
mechanisms (see Introduction). There is also the potential 
for CALHM1 in other sites to influence NaCl ingestion. The 
gene is not expressed in other taste tissue (Taruno, Vingtdeux, 
et al. 2013). There is one report of the presence of CALHM1 
in cells from mouse cortex and hippocampus (Ma et  al. 
2012); another could not detect CALHM1 mRNA in mouse 
brain (Wu et al. 2012; although it was present in human 
brain; Dreses-Werringloer et al. 2008). As far as we know, 
there have been no studies attempting to identify CALHM1 
in other organs of mice, in large part because a satisfactory 
CALHM1 antibody has not yet been developed. Our find-
ings that CALHM1 KO influences NaCl-elicited brief-access 
test licking responses and CT responses are tell-tale signs of 
a disruption of taste transduction, but it remains possible 
that unknown postoral actions of CALHM1 influenced the 
results of the two-bottle choice tests.

ENaC-mediated (amiloride-sensitive) gustatory 
transduction of sodium

One component of salty taste in rodents involves sodium ions 
passing through amiloride-sensitive ENaC channels in a sub-
set of taste receptor cells (Heck et al. 1984; Chandrashekar 
et  al. 2010). Our results confirm the general importance 
of this mechanism. Amiloride had dramatic effects on the 
CT responses of WT mice, with significant suppression 
of the response size for concentrations ranging from 56 to 
1000 mM NaCl, as well as for 178 mM NaLac. These data 
are not surprising given that the CALHM1 KO line has a 
mixed genetic background derived from the C57BL/6J and 
129/Sv strains; both of which are amiloride sensitive (Ohkuri 

et al. 2006; Cherukuri et al. 2013). The amiloride-sensitive 
component of the CT response in WT mice was of similar 
magnitude across the entire range of NaCl concentrations. 
These data are consistent with a prior finding that the ami-
loride-sensitive transduction pathway is activated maximally 
by moderate concentrations of sodium, with the transduc-
tion of concentrated NaCl occurring largely through ami-
loride-insensitive mechanisms (Chandrashekar et al. 2010).

Relationship between CALHM1 and 
amiloride-sensitive ENaCs

ENaCs are thought to reside in Type 1 taste cells (although 
this is unproven; Roper 2013), but CALHM1 is expressed 
exclusively in Type 2 taste cells (Taruno, Vingtdeux, et  al. 
2013). Thus, a direct interaction between ENaC channels 
and CALHM1 is unlikely. But even so, communication 
between receptor cells could allow for interactions between 
ENaC- and CALHM1-mediated sodium transduction.

There was a discrepancy between our brief-access and elec-
trophysiological data involving the response of CALHM1 
KO mice with amiloride. For the electrophysiology, we 
observed no effect of amiloride on the size of CT responses 
to NaCl in CALHM1 KO mice, which suggests that ENaCs 
and CALHM1 are part of the same transduction pathway. 
However, for the brief-access tests, amiloride increased 
licking to 1000 mM NaCl in CALHM1 KO mice, which is 
consistent with CALHM1 being associated with an ami-
loride-insensitive (i.e., non-ENaC) transduction pathway. 
We are not sure how to reconcile these results. One possi-
bility is that electrophysiological responses reflect only the 
fungiform and anterior foliate papillae that are innervated 
by the CT (Hill 2004), whereas the behavior reflects the 
involvement of the entire mouth. Perhaps the blunted avoid-
ance of 1000 mM NaCl mixed in water by CALHM1 KO 
mice was mediated by parts of the mouth innervated by the 
greater superficial petrosal nerve, which conveys amiloride-
sensitive NaCl responses in rats (see Sollars and Hill 1998; 
but also Harada et al. 1997 for conflicting results). However, 
behavior toward NaCl is thought to be dominated by the CT 
in rodents, which argues against this interpretation (Blonde 
et al. 2010). Other possibilities include differences caused by 
the mixed genetic background of the mice and by experience 
because the behavioral tests with NaCl in amiloride were 
conducted only after exposing the animals to NaCl in water, 
whereas the electrophysiology was conducted in naive ani-
mals. Additional work is needed to resolve this.

CALHM1 mediation of transduction for nonsodium 
compounds

We observed CALHM1 involvement in nonsalty taste quali-
ties that was largely consistent with prior work (Taruno, 
Vingtdeux, et  al. 2013). In contrast to WT controls, our 
CALHM1 KO mice were completely indifferent to saccharin 
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in two-bottle tests and had minimal (but not absent) sucrose-
elicited CT responses, confirming the importance of 
CALHM1 for the transduction of sweetness. We also rep-
licated the observation that CALHM1 KO eliminates the 
avoidance of bitter compounds (Taruno, Vingtdeux, et  al. 
2013) in our two-bottle tests with quinine. Unlike Taruno, 
Vingtdeux, et  al. (2013), we did not observe an effect of 
CALHM1 KO on electrophysiological responses to quinine. 
In both studies, the CT responses of CALHM1 KO mice 
were about half  the magnitude of those in the WT group; 
but in our case, there was too much variability for the dif-
ference to be statistically significant. The mismatch between 
the weak electrophysiological and solid behavioral results 
for quinine may simply relate to the relatively unimportant 
role played in bitter taste by the CT, which is less sensitive to 
bitter stimuli than is the glossopharyngeal nerve (Tanimura 
et al. 1994).

Consistent with the prior study (Taruno, Vingtdeux, 
et al. 2013), CALHM1 ablation did not affect two-bottle 
preferences for HCl, and our CT data with HCl match 
the earlier electrophysiological data with citric acid in that 
neither of  these sour stimuli evoked different responses in 
the CALHM1 WT and KO groups. We also replicated the 
original observations that CALHM1 KO influences lick-
ing to high concentrations of  the mineral salts, KCl and 
NH4Cl.

Summary of gustatory transduction of sodium

Our results, along with those published by Taruno, 
Vingtdeux, et  al. (2013), indicate that sampling of  NaCl 
initiates multiple events with their relative contribu-
tions depending on the concentration of  sodium. At very 
low sodium concentrations, there is no involvement of 
CALHM1, but there is permeation of  sodium through 
ENaCs and also at least one other type of  channel found in 
taste buds, with the relative contributions of  the 2 varying 
among different mouse strains (Ishiwatari and Bachmanov 
2012; Cherukuri et al. 2013). At concentrations of  ~56 mM 
or more, sodium (and probably KCl and NH4Cl) acti-
vates Type 2 cells containing CALHM1, which contribute 
slightly to the overall response to NaCl. At progressively 
higher sodium concentrations, CALHM1 plays an increas-
ingly important role in the neural response. Additional 
work will be needed to determine whether this is due to 
the activation of  a high-threshold sodium (or salt) receptor 
found in Type 2 cells, whether it arises due to other sodium-
responsive cell types communicating with Type 2 cells, or 
whether both of  these mechanisms (and perhaps others as 
well) are involved.

Supplementary material

Supplementary material can be found at http://www.chemse.
oxfordjournals.org/.
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