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Abstract

Previously, published studies have reported mixed results regarding the role of the TRPM5 cation channel in signaling sweet taste
by taste sensory cells. Some studies have reported a complete loss of sweet taste preference in TRPM5 knockout (KO) mice,
whereas others have reported only a partial loss of sweet taste preference. This study reports the results of conditioned aversion
studies designed to motivate wild-type (WT) and KO mice to respond to sweet substances. In conditioned taste aversion
experiments, WT mice showed nearly complete LiCl-induced response suppression to sucrose and SC45647. In contrast, TRPM5
KO mice showed a much smaller conditioned aversion to either sweet substance, suggesting a compromised, but not absent,
ability to detect sweet taste. A subsequent conditioned flavor aversion experiment was conducted to determine if TRPM5 KOmice
were impaired in their ability to learn a conditioned aversion. In this experiment, KO and WT mice were conditioned to a mixture
of SC45647 and amyl acetate (an odor cue). Although WT mice avoided both components of the stimulus mixture, they avoided
SC45647 more than the odor cue. The KO mice also avoided both stimuli, but they avoided the odor component more than
SC45647, suggesting that while the KO mice are capable of learning an aversion, to them the odor cue was more salient than the
taste cue. Collectively, these findings suggest the TRPM5 KO mice have some residual ability to detect SC45647 and sucrose, and,
like bitter, there may be a TRPM5-independent transduction pathway for detecting these substances.
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Introduction

The capability to taste is one of our most crucial senses, en-
abling an animal to identify and select what they ingest. For

example, umami tastes may signal the presence of protein, and

sweet may signal the presence of carbohydrates, whereas bitter

often indicates the presence of toxic substances. Understand-

ing themechanisms throughwhich these tastes are perceived is

fundamental to understanding how food choice may be influ-

enced and has important implications for clinical populations

with dietary challenges, such as diabetics and the elderly.
Substances that humans perceive as sweet, bitter, or umami

are generally detected by Type II taste sensory cells via

G-protein–coupled receptors (GPCRs) (Roper 2007). Acti-

vation of taste GPCRs causes activation of the coupled

G-protein gustducin (McLaughlin et al. 1992), and, in turn,

gustducin’s bc subunit activates phospholipase Cß2, which

cleaves phosphatidylinositol 4,5-bisphosphate into inositol

trisphosphate and diacylglycerol (Rossler et al. 1998; Liu
and Liman 2003; Zhang et al. 2003). Inositol triphosphate

then binds to the inositol triphosphate receptor on the mem-

brane of the endoplasmic reticulum, resulting in the release

of internal Ca2+ stores (Bernhardt et al. 1996; Spielman et al.

1996; Clapp et al. 2001). Ca2+ binds to transient receptor po-

tential channels, subfamily M, member 5, or TRPM5 chan-

nels. These are nonselective monovalent cation channels

that, when open, allow the influx of Na+ to depolarize the
cell (Liu and Liman 2003; Perez et al. 2003; Damak et al.

2006). Depolarization likely releases adenosine triphosphate

to bind to receptors on the afferent gustatory nerve or to

Type III or presynaptic cells (Finger et al. 2005; Kinnamon

2009).

Much of the initial interest in TRPM5 channels focused on

their role in bitter taste. Early studies on TRPM5 knockout
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(KO) mice developed by Zhang et al. (2003) in San Diego

found that these mice lacked all responses (behavioral and

nerve responses) to bitter substances. However, Damak

et al. (2006), using KO mice they developed independently

at Mount Sinai, showed that these mice displayed behavioral
and nerve responses to bitter substances, although these re-

sponses were smaller than those of wild-type (WT) mice. Oli-

veira-Maia et al. (2009) also demonstrated the importance of

TRPM5 in bitter taste detection, in this case using nicotine.

They found that TRPM5 KO mice still showed chorda tym-

pani nerve responses to nicotine, but they were greatly re-

duced compared with WT mice. Moreover, TRPM5 KO

mice are able to develop a preference for and regulate the
dietary intake of sucrose and glucose (Ren et al. 2010). Col-

lectively, these studies suggest that at least some bitter tastes

and possibly other substances may involve TRPM5-depen-

dent as well as TRPM5-independent pathways.

The importance of the TRPM5 channel in signaling the

presence of sweet stimuli is still not clear. TRPM5 channels

appear to have a role for signaling sweet substances but stud-

ies, employing 2-bottle or brief-access behavioral methods
and nerve recordings, have yielded somewhat mixed results

for KO mice. Like bitter, Zhang et al. (2003) did not detect

a response to sucrose or SC45647 (an artificial sweetener)

with their KOmice, nor did they see a response by the chorda

tympani nerve for either substance. Their data suggest that

signaling for these 2 substances is solely dependent upon

a TRPM5 pathway. On the other hand, Damak et al.

(2006) using 2-bottle preference tests reported only a reduced
response to sucrose and to SC45647 by their TRPM5 KO

mice. However, in their procedures, the mice were tested first

with sucrose and then with SC45647. Sclafani et al. (2007,

2010) found that KO mice can show a preference for sucrose

after having experienced the postingestive effects of sucrose.

Given the order of testing, it is possible that the preferences

for both taste substances might have been affected by the ex-

posure of these mice to the postingestive effects of sucrose.
Integrated chorda tympani nerve recordings of Damak et al.

(2006) showed a reduced response to sucrose, to several other

natural sweeteners, and to saccharin but no detectable re-

sponse to SC45647. In addition, recordings of the glosso-

pharyngeal nerve were unable to detect a significant

response to either sucrose or SC45647. Ohkuri et al.

(2009) also reported chorda tympani nerve responses to su-

crose and glucose in TRPM5mice, although they were weak-
er than WT mice. In sum, it is not clear from these reports

whether mice with the TRPM5 channel genetically deleted

are still capable of detecting substances that elicit a sweet

taste in humans.

Behavioral studies of the role of TRPM5 in signaling sweet

substances have been limited mostly to brief-access testing.

These methods are capable of detecting the hedonic value of

a taste stimulus, but they are not necessarily sensitive to
other attributes of a taste stimulus. To further explore the

capacity of TRPM5 KO mice to detect sweet substances,

TRPM5 KO mice developed at Mount Sinai were obtained

from R.F.M. for testing with conditioned taste aversion

(CTA) methods. CTAmethods were chosen because the pre-

cise effect of the KO on taste is unknown. That is, a genetic

KO of a taste receptor or downstream signaling channel such
as TRPM5 may alter how the taste is perceived or abolish

signaling for the taste all together. For example, it is possible

that a taste signal is still being transmitted, but the KO elim-

inates some component of a taste quality without eliminating

all of the quality or it weakens or eliminates any hedonic in-

formation (i.e., there is a taste sensation, but it is not neces-

sarily attractive or aversive). CTA methods motivate the

mouse to assign a negative hedonic value to the taste sub-
stance serving as the conditioned stimulus (CS), even when

the substance might not be capable of eliciting an innately

positive hedonic response or has only a weak hedonic value

for the mouse. To assess the role of the TRPM5 channel in

sweet taste, we examined both a natural sweetener (sucrose)

and an artificial sweetener (SC45647) using CTA methods

with concentrations at the lower end of the range from which

Damak et al. (2006) found responses. The advantage of using
SC45647 is that it has no known postingestive effect on

sweetener preference over a wide range of concentrations.

Postingestive effects must be considered in these types of ex-

periments because, as Sclafani and Glendinning (2003, 2005)

and Sclafani et al. (2007, 2010) have shownwith 24-h 2-bottle

tests, sugars in particular can cause physiological changes af-

ter consumption that affect the preference for the taste solu-

tion and may alter the effectiveness of conditioning. Because
the KO mice exhibited a weak CTA to each sweet stimulus

compared with WT mice, KO mice were also tested with

a conditioned flavor aversion (CFA) to determine if they

had deficits in their ability to learn a conditioned aversion.

The terms sweet and bitter are based on human perceptional

experiences and are used for convenience to describe the sub-

stances used to test taste sensations of mice.

Materials and methods

Subjects

Breeding pairs of TRPM5–/– KO mice, developed from

C57BL/6J embryonic stem cells and maintained in that back-

ground, were obtained from R.F.M. and maintained in a sep-
arate breeding colony from the WT mice. The targeting

construct, described by Damak et al. (2006), had the entire

Trpm5 gene removed, including the promoter region, exons

1–4, and the translation start site within exon 2. Polymerase

chain reaction verification of the KO was conducted on ran-

domly selected mice to ensure the genetic status of the mice.

Once the pups were weaned, they were moved to the colony

used to maintain all mice involved in behavioral experiments.
WT C57BL/6J mice were obtained at 40–50 days of age from

Taconic Farms and maintained in the same colony room with

the KOmice. None of the mice were put on water deprivation
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until they were at least 70 days of age. All mice were acclima-

tized to a 22-h water-deprivation schedule for at least 10 days

before the first experiment. Throughout the experiment, all

mice were allowed 1 h of water access in the home cage each

day beginning 30min after the end of each 15-min session. The
mice were maintained on a 12:12 h light:dark cycle. All testing

occurred at the same time each day during the light portion of

the cycle. Food (PurinaLabChow)was available ad libitumon

the home cage.All procedureswere approved by theUniversity

of Vermont Institutional Animal Care and Use Committee.

Apparatus

All CTA training and testing took place in a computer-con-

trolled lickometer (Davis MS160, DiLog Instruments). The
apparatus consisted of a chamber with clear Plexiglas on the

sidewalls and a stainless steel wall with an opening at one

end. A shutter covered the opening until the computer

opened it to allow brief access to the sipper tube of a bottle.

These bottles, containing stimulus solutions, were placed in

a tray, which can be moved laterally by the computer. Once

the computer positioned the assigned bottle, it opened the

shutter to give the mouse access to the sipper tube and then
counted each contact with the sipper tube. The diameter of

the opening of the sipper tube was 2.5 mm.

Procedure

CTA experiments

These aversion experiments were designed to determine if

TRPM5 KO mice were able to detect 2 substances that elicit

a sweet sensation in humans. In one experiment, WT and

KO mice were tested after conditioning with 300 mM sucrose

as the CS and as the results reported below suggest, KO mice

showed some ability to avoid sucrose when pairedwith LiCl. In

viewof the potential for postingestive effects of sucrose to act as
a CS (Sclafani and Glendinning 2003, 2005; Sclafani et al.

2007), a second experiment was conducted using 0.5 mM

SC45647, an artificial sweetener which does not appear to have

postingestive metabolic effects at this concentration, as a CS.

The methods used in each experiment were the same except for

the CS presented on conditioning day. Therefore, the proce-

dures for these 2 experiments are presented together.

Throughout each experiment, each session lasted until 34
stimuli had been presented or 15 min elapsed, whichever oc-

curred first. For each experiment, 32 water-deprived mice (16

WT and 16KO) were trained to lick water for 5 days to ensure

consistent licking. On day 6, mice were presented with the

stimulus assigned as the CS. During these sessions, an equal

number of CS solutions were randomly intermixed with water

presentations. Immediately following exposure to the CS, the

micewere randomly selected to receive an IP injection of either
LiCl (225 mM; 0.1 ml/10 g body weight) to induce gastric dis-

tress or 150 mM saline (control). The next day was a recovery

day in which the mice were presented only water in the test

apparatus. On day 8, conditioning procedures were repeated.

All mice licked during at least 10 of the CS trials during the

first session and at least 7 trials during the second conditioning

session. The next 2 days were recovery days in which water-

only trials were presented to extinguish contextual condition-
ing and stabilize the motivational states of the mice. On day

11, the mice were tested with an array of 6 test solutions. The

mice were then given one more day with water-only presenta-

tions. The next day, a second test session was conducted using

the same array of solutions.

Preliminary CTA data indicated that WT mice were capa-

ble of responding to SC45647 at concentrations of 0.01 mM

or less. These data also suggested that KO mice could detect
SC45647 at concentrations between 0.01 and 0.05 mM and

sucrose at 25 mM or possibly lower. For the CTA experi-

ments, 2 concentrations of each substance were selected such

that one should be well above aversion threshold and a sec-

ond should be near the aversion threshold. Consequently, 6

solutions were tested during each test session: 1) water, 2)

0.05 and 0.5 mM SC45647, 3) 30 and 300 mM sucrose,

and 4) 75 mM NaCl. This selection enabled an evaluation
of the strength of aversive conditioning to the CS and the

degree to which the aversion generalized to the opposite

sweet substance. NaCl, a taste stimulus signaled by different

transduction mechanisms (Roper 2007), was used to deter-

mine if the aversion was specific for the CS or a neophobic

response (Spector and Grill 1988). Once the shutter opened

to expose the sipper tube, the mouse had 60 s to lick or the

shutter closed, a score of zero was registered, and the com-
puter initiated the next intertrial interval. If the mouse began

to lick the sipper tube, the computer counted all contacts

with the sipper tube for 5 s before closing the shutter. During

each test session, the first 3 stimulus presentations were al-

ways water trials before each of 2 consecutive blocks of trials

were presented. Each stimulus solution was tested twice,

once in each block. The order of stimulus presentations

was randomized within a block for each mouse using a mod-
ified Latin square procedure. Each stimulus was separated by

1–2 water rinse trials. Because water was presented fre-

quently, 3 of the 8 tubes containedwater tominimize the pos-

sibility of the mouse associating a single tube with water.

Intertrial intervals were 5 s. All solutions were mixed fresh

in deionized water (Millipore) on conditioning and test days.

CFA experiment

The TRPM5 KO mice showed a weakened ability to form an

aversion to either sucrose or SC45647. This raises a question

about whether TRPM5KOmice have a learning impairment,

which could interfere with their ability to learn a conditioned

aversion. To examine this issue, WT and KO mice from the

CTA experiments were tested in a CFA experiment to deter-
mine whether the TRPM5 KO mice can form a conditioned

aversion to a CS that included nontaste cues. At least 3 weeks

after the completion of the initial CTA experiments, 4 mice
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from each group in the CTA experiments were randomly se-

lected for the CFA experiment. Training, conditioning, re-

covery, and testing procedures followed the same daily

cycle as the first experiment, except that the mice were con-

ditioned using a mixture of 0.1 mM SC45647 and 0.001%
amyl acetate (a ‘‘banana’’ odor) as the CS. This mixture

was used successfully as a flavor mixture to assess taste func-

tions of P2X2/P2X3Dbl–/– mice in a previous study (Eddy

et al. 2009). SC45647 was used as the taste stimulus to min-

imize any potential postingestive effects and other oral sen-

sations that might accompany other taste stimuli, for

example, aversive properties of citric acid (Finger et al.

2005) and osmotic effects of NaCl. Because all the mice in
this experiment had already been conditioned with either

SC45647 or sucrose, lower concentrations of SC45647 were

selected to minimize the potential of the taste stimulus to be

much more salient than the odor component of the mixture.

The concentrations of amyl acetate selected for conditioning

and testing are well above absolute thresholds in WT mice

(Song et al. 2008; Van Houten et al. 2008) and have little ef-

fect on taste detection (Slotnick et al. 1997). Those KO and
WT mice conditioned with LiCl in the first experiment were

also conditioned using LiCl in the CFA experiment. Like-

wise, mice initially conditioned using saline in the first exper-

iment were conditioned with saline in this experiment.

During each test session, the lick rates of the WT and

TRPM5KOmice were measured when presented with 1) wa-

ter (0 mM), 2) SC45647 (0.02 and 0.1 mM), 3) amyl acetate

(0.0005% and 0.001%), and 4) the stimulus mixture (0.1 mM
SC45647 + 0.001% amyl acetate).

Data analysis

To minimize a bias resulting from shifting motivational states

during the session and to help minimize postingestive cues,

scores were included for analysis only as long as the mouse
continued to lick during the water rinse trials. More specifi-

cally, if themean lick rate of 3 consecutivewater trials dropped

below 40% of the mean lick rate of the first 3 water trials or if

10 min had elapsed after the beginning of the first trial (which-

ever came first), then the data for the trials which followed

were excluded from any data analyses. In the CTA experi-

ments, any trial without a lick response was not included in

the data set for statistical analyses, but they were counted sep-
arately to determine their frequency. Because the mice were

trained to avoid an odor cue combined with a taste cue in

the CFA experiment, any trial with zero licks within the set

of trials meeting the criteria above was given a score of 0.5.

Before analyzing the data for the CTA or CFA experiments,

the lick rates for each subject were normalized to minimize the

impact of differences in basal lick rates or differences in initial

motivational states. This was accomplished by dividing the
mean lick rates for each taste stimulus, including 2 water trials

(each preceded by at least one water rinse trial) treated as taste

stimuli, by the mean lick rate during the water rinse trials of

that subject, then multiplying by 100. These normalized lick

rates were initially examined with a 3-factor analysis of vari-

ance (ANOVA) procedure for mixed designs treating the in-

jection condition (LiCl or saline) and mouse type (WT or

TRPM5 KO mice) as between-subject variables and test solu-
tion (6 levels) as a within-subject variable. For significant in-

teractions, simple effects tests and t-tests with Bonferroni

corrections were then used as needed to partition the data

to determine where differences existed between WT and

KOmice (Howell 2007). A conditioned aversion was revealed

when the LiCl-injected mice showed significantly lower lick

rates compared with the saline-injected mice, indicating that

this aversion was learned and was not due to a naturally oc-
curring (unconditioned) aversive quality.

Results

CTA experiments

In general, the results of the CTA experiments described below

show that the WT mice developed strong aversions for either

sweet substance that generalized well to the opposite sweet sub-

stance. As expected, these aversions were concentration depen-

dent and were not the result of neophobia. TRPM5 KO mice

were able to learn and generalize an aversion to either sweet

substance in a concentration-dependent manner, an effect that
also was not due to neophobia. However, their aversion re-

sponse was much weaker than the response of the WT mice,

indicating a weakened ability to detect each substance.

Sucrose experiment

The 3-way ANOVA indicated significant main effects of

mouse type, injection conditions, and all interactions (all

P < 0.001), including the 3-way interaction (F5,156 = 3.73,

P < 0.005; see Figure 1). An initial 2-way ANOVA for mixed

designs indicated that the lick rates of the saline-injected WT
and KO mice did not differ significantly from each other nor

were there any differences between the lick rates for any of the

test solutions. The 2-way ANOVA for mixed designs used to

examine the lick data of the saline- and LiCl-injectedWTmice

indicated significant effects for injection (F1,12 = 105.44, P <

0.001), test solution (F5,70 = 34.85, P < 0.001), and the inter-

action between the 2 variables (F5,70 = 21.38, P < 0.001). Sim-

ple effects tests indicated that the LiCl-injected WT mice
licked significantly less (all P < 0.001) for both concentrations

of sucrose and both concentrations of SC45647 than the sa-

line-injectedWTmice. The 2-way ANOVA of the data for the

TRPM5 KO mice also found a significant main effect for in-

jection condition (F1,12 = 25.71, P < 0.001) and for the test

solutions (F5,70 = 13.42,P < 0.001). It also indicated that there

was a significant interaction between the 2 variables (F5,70 =

12.02, P < 0.001). Simple effects tests indicated that the
LiCl-injected KO mice licked significantly less than the sa-

line-injected KO mice (P < 0.01 or less) for both concentra-

tions of SC45647 and both concentrations of sucrose.
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These tests also showed that the normalized lick rates of LiCl-

injected mice were not different from saline-injected mice

when presented with 75 mM NaCl. A 2-way ANOVA for

mixed designs, used to compare the data for the LiCl-injected

WT mice with the data for the LiCl-injected KO mice, indi-

cated the KO mice licked significantly more frequently than

the WT mice (F5,70 = 40.43, P < 0.001). It also detected a sig-
nificant effect of solution (F5,70 = 52.50, P < 0.001) and a sig-

nificant interaction between mouse type and solution (F5,70 =

5.76, P< 0.001). The simple effects tests indicated that the KO

mice licked more frequently for both concentrations of

SC45647 and 300 mM sucrose than the WT mice (P <

0.001). The groups did not differ in their lick rates during wa-

ter trials, 30 mM sucrose or 75 mM NaCl. Finally, 1-way

ANOVAs were conducted on the data of each of the LiCl-
injected groups to determine if there was a concentration-

dependent decrease in lick rates for sucrose. Similar ANOVAs

were also conducted on the SC45647 data for each group.

Each of these ANOVAs identified a significant concentra-

tion-dependent decreases in lick rates for each substance of

these substance (F2,14 ‡ 17.42,P< 0.01). Post hoc comparisons

indicated that WT and KO mice had significantly different

(P < 0.025 or less) normalized lick rates for all 3 concentra-
tions (0, 30, and 300 mM), except for KO mice at 0 and

30 mM, which only approached significance (P < 0.06).

For generalization to SC45647, lick rates of both mouse types

decreased significantly for all concentrations as concentrat-

ion increased from 0 to 0.05 mM and from 0.05 to 0.5 mM

(all P < 0.005).

SC45647 experiment

The data for the groups conditioned with 0.5 mM SC45647

as the CS were analyzed in a similar manner (see Figure 2).

The 3-way ANOVA comparing the data of the 2mouse types

in each of the 2 injection conditions tested with all 6 solutions

indicated that all main effects and all interactions, except

Mouse Type · Injection, were significant (all P < 0.025 or
less). The 2-way mixed ANOVA comparing the 2 saline-

injected groups did not detect any significant differences be-

tween the normalized lick rates of the 2 groups. The ANOVA

comparing the saline-injected WT mice with the LiCl-

injected WT mice indicated that the LiCl mice licked less

than the saline-injected mice (F1,12 = 62.54, P< 0.001). It also

indicated that the main effect for solution (F5,70 = 40.04, P <

0.001) and the Injection · Solution interaction (F5,70 = 26.63,
P < 0.001) were significant. The simple effects test showed

that LiCl-injected WT mice licked significantly less for the

0.05 and 0.5 mMSC45647 and the 300 mM sucrose solutions

than the saline-injected mice (P < 0.001). The 2-way AN-

OVA comparing the lick rates of the 2 groups of TRPM5

KOmice also showed an effect of LiCl injections on normal-

ized lick rates that depended upon the solution (Injection:

F1,12 = 15.88, P < 0.002; Solution: F5,70 = 8.69, P < 0.001;
and Injection · Solution: F5,70 = 5.62, P < 0.001). The cor-

responding simple effect tests indicated that the LiCl-injected

KO mice licked significantly less for the 0.5 mM SC45647

and the 300 mM sucrose solutions than saline-injected

KO mice (P < 0.001). The 2-way ANOVA that compared

the normalized lick rates of LiCl-injected WT mice with

the lick rates of the LiCl-injected TRPM5KOmice indicated

that WT mice licked more frequently, although the magni-
tude of the difference was dependent upon the solution

(Mouse Type: F1,12 = 22.86, P < 0.001; Solution: F5,70 =

49.83, P < 0.001; and Type · Solution: F5,70 = 11.87, P <

0.001). This was clarified by simple effects tests that com-

pared the lick rates of WT and KO mice injected with LiCl

for each solution. These tests revealed that the WT mice

licked significantly less for the 0.05 and 0.5 mM SC45647

and for 300 mM sucrose than the KO mice (all P <
0.001). Additional analyses of the lick rates for each concen-

tration of SC45647 showed that both types of mice signifi-

cantly decreased their lick rates for 0.05 mM SC45647

Figure 1 Comparison of water-deprived WT (top panels) and TRPM5 KO
(bottom panels) mice on a CTA test in which 300 mM sucrose was the CS
and the generalization test was to SC45647. Lick rates for each taste
solution were normalized by dividing the mean lick rate for each taste
solution by the mean lick rate for water, then multiplying by 100. The mean
(�standard error of the mean) normalized lick rates (ordinate) are plotted
against the corresponding taste stimulus (abscissa). Scores for 0 mM were
derived from water trials selected from those preceded by at least one other
rinse trial. LiCl-injected WT and KO mice showed significant aversions to
sucrose and generalization of those aversions to SC45647 compared with
saline-injected mice. However, the lick rates of the KO mice were not
suppressed nearly as much as those of the WT mice (P < 0.001). Lick rates
for 75 mM NaCl were not diminished by LiCl (Saline-injected: Solid bar; LiCl-
injected: Striped bar), indicating that this was not a neophobic response.
**P < 0.01, ***P < 0.001.
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and again at 0.5 mM (all P < 0.008). During generalization

testing, neither WT nor KO mice showed a significant de-

crease in lick rates for 30 mM sucrose compared with
0 mM, but both mouse types licked significantly less for

300 mM sucrose than for 30 mM sucrose.

In summary, WTmice showed strong conditioning to their

respective CS and generalization to the opposite sweet stim-

ulus after 2 days of conditioning. Lick rates of WT mice de-

creased to below 20% of water lick rates for the high

concentration of both sweet substances. On the other hand,

the lick rates of LiCl-injected TRPM5 KOmice decreased to
about 60–68% of water lick rates for both substances, indi-

cating that the aversion exhibited by the KO mice was much

weaker than the amount of aversion exhibited by the WT

mice, even with 2 conditioning sessions. Neither mouse type

showed any detectible evidence of neophobia. Together,

these data suggest that the TRPM5 KO mice are capable

of detecting sucrose and SC45647, but the sensory signal

is compromised by the genetic deletion.

CFA experiment

In brief, the results of the CFA experiments indicate that the

WT and KO mice showed a strong and comparable aversion
to the stimulus compound. However, WT mice appeared to

be responding more to the sweet stimulus than to the odor

cue, whereas the KOmice appeared to be respondingmore to

the odor cue rather than to the taste cue.

SC45647 + amyl acetate CS compound

The 3-way ANOVA revealed significant main effects for the

injection and solution variables, and significant interactions
including the 3-way interaction between Mouse Type · Injec-

tion · Solution (F5,156 = 7.65, P < 0.001). The 2-way ANOVA

comparing the saline-injectedWT andKOmice did not detect

any differences in their lick rates. The 2-way ANOVA used to

examine the responses of the 2 groups of WT mice indicated

that the LiCl-injected mice licked significantly less than the sa-

line-injected mice (F1,12 = 64.05, P < 0.001). Normalized lick

rates were also dependent upon the solution variable (F5,70 =

18.56, P < 0.001) and the interaction between the injection

condition and solution (F5,70 = 14.70, P < 0.001). The simple

effects tests showed that the LiCl-injectedWTmice licked sig-

nificantly less than control WT mice for all solutions except

water (P < 0.01 or less). Paired t-tests with Bonferroni correc-

tions were used to compare the lick rates for the taste/odor

mixture with solutions of either SC45647 or amyl acetate

(see Figure 3). LiCl-injected WT mice licked the SC45647/
amyl acetate mixture significantly less than they licked for ei-

ther solution of amyl acetate alone or for 0.02mMSC45647 (P

< 0.025 or less). Their normalized lick rates for themixture did

not differ from the lick rates for 0.1 mM SC45647. This sug-

gests that the aversion seen with theWTmice was based more

on the SC45647 component of the mixture than amyl acetate

or the mixture of the 2 stimuli.

The ANOVA analysis of the 2 groups of TRPM5 KO mice
lick data also found significant effects of injection (F1,12 =

143.70, P < 0.001), solution (F5,70 = 40.36, P < 0.001), and

the Injection · Solution interaction (F5,70 = 30.37, P <

0.001). Simple effects testing indicated that the LiCl-injected

KO mice licked significantly less (P < 0.001) of the 3 solutions

containing amyl acetate. They also licked significantly less for

0.02 mM (P < 0.01) and 0.1 mM (P < 0.001) SC45647 than

their saline-injected KO counterparts. Bonferroni-corrected
paired t-tests applied to the data of the LiCl-injected KO mice

showed that their lick rates for water were significantly greater

than their lick rates for 0.02 mM (P < 0.015) and 0.1 mM

SC45647 (P < 0.002). The difference between 0.02 and 0.1

mMSC45647 began to approach but did not reach significance

(P < 0.15). Together, these analyses indicate that the KO mice

had an aversion to both concentrations of this sweet substance

when the odor cue was not present. TRPM5 KO mice licked
the mixture significantly less than they did for 0.0005% amyl

acetate or either concentration of SC45647 (P < 0.015 or less).

However, their lick rates for the mixture did not differ from

Figure 2 Comparison of water-deprived WT (top panels) and TRPM5 KO
(bottom panels) mice on a CTA test in which 0.5 mM SC45647 was the CS
and the generalization test was to sucrose. Lick rates for each taste solution
were normalized by dividing the mean lick rate for each taste solution by the
mean lick rate for water, then multiplying by 100. The mean (�standard
error of the mean) normalized lick rates (ordinate) are plotted against the
corresponding taste stimulus (abscissa). Scores for 0 mM were derived from
water trials selected from those preceded by at least one other rinse trial.
LiCl-injected WTand KO mice showed significant aversions to SC45647 and
generalization of those aversions to sucrose compared with saline-injected
mice. However, the lick rates of the KO mice were not suppressed nearly as
much as those of the WT mice (P < 0.001). Lick rates for 75 mM NaCl were
not altered by LiCl (Saline-injected: solid bar; LiCl-injected: striped bar),
indicating that this was not a neophobic response. ***P < 0.001.
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their lick rates for 0.001% amyl acetate, suggesting that the
learned aversion for KO mice was based more on the odor

component of the mixture than on the taste component or

an association based on the combination of the 2 stimuli.

The ANOVA comparing the lick rates of the LiCl-injected

WT and KO mice uncovered significant effects for solution

(F5,70 = 45.67, P < 0.001) and for the interaction between sol-

utions and mouse type (F5,70 = 9.26, P < 0.001). Simple ef-

fects testing indicated that the WT mice licked significantly
less for 0.1 mM SC45647 (P < 0.001) and significantly more

for 0.001% (P < 0.005) amyl acetate solutions than the KO

mice. The normalized lick rates of WT and KO mice did not

differ for the other solutions, including the compound of

0.001% amyl acetate mixed with 0.1 mM SC45647.

Because rats and mice are able to detect many substances by

olfactory cues, it is often assumed that if a mouse can smell

a solution in a sipper tube for which themouse has an aversion,
it will avoid the solution without drinking from the tube. To

assess the prevalence of this occurring in the CFA experiment,

the data that met the criteria for analyses were examined to

count the number of trials in which the mice did not lick. Be-

cause the frequency of nonlick trials was generally low, the

counters were pooled over concentrations for each substance.

Of the NaCl-injected mice, the WT mice had only 1 nonlick

trial, and KO mice had 0 nonlick trials for SC45647 solutions.
In contrast, the LiCl-injected WT mice had 5 nonlick trials of

the 49 SC45647 trials (10.2%), 12 nonlick trials of 52 amyl ac-

etate trials (23.1%), and 9 nonlick trials of the 25 amyl acetate +

SC45647 trials (35.5%) in the CFA experiment. The LiCl-
injected KO mice did not have any nonlick trials when pre-

sented SC45647 alone but did not drink during 15 of 60 amyl

acetate trials (25%) and 9 of 31 mixtures (27.4%). This analysis

was similarly applied to both CTA experiments and, because

the data for theNaCl- andLiCl-injectedmicewere very similar,

the data for the 2 CTA experiments were pooled. For the KO

mice, there was only one nonlick trial across both experiments.

For the WT mice in both CTA experiments, there were only 6
nonlick trials in the 143 SC45647 trials (4.2%), 7 nonlick trials

in the 132 sucrose trials (5.3%), and 1 nonlick trial in the 70

NaCl trials (1.4%). Although these data are only an indirect

measure of how odor cues might affect licking of a conditioned

aversive stimulus, they suggest that when a detectable odor cue

is salient part of theCS,micemay avoid completely the solution

asmuch as a quarter to a third of the time. Complete avoidance

of SC45647 and sucrose occurred infrequently, especially by the
KOmice. It should be emphasized, however, that these data do

not rule out the possibility that odor cues were present or that

they might have influenced the number of licks in a trial.

Discussion

Previous work has not shown conclusively howmuch, if any,

sweet taste capabilities remain intact in TRPM5 KO mice.
Other behavioral studies of the TRPM5 channel have fo-

cused largely on bitter taste capabilities using substance that

have inherent negative hedonic qualities (e.g., Devantier

Figure 3 Comparison of water-deprived WT and TRPM5 KO mice on a CTA test after conditioning with a stimulus mixture (CS compound) of 0.1 mM
SC45647 + 0.001% amyl acetate. Lick rates (ordinate) were normalized as a ratio in the same manner as described for Figures 1 and 2. Mean (�standard error
of the mean) normalized rates (ordinate) are plotted for each test solution (abscissa). Scores for 0 mM were derived from water trials preceded by at least one
other rinse trial. Saline-injected (solid bars) WT and KO mice did not avoid any stimulus. The LiCl-injected (striped bars) WT mice reduced their lick rates for
solutions containing only SC45647, but the amount of response suppression seen for 0.1 mM SC45647 was equivalent to the amount of suppression elicited
by the stimulus mixture. LiCL-injected WT mice suppressed their licking of the amyl acetate solutions more than did the saline-injected WT mice. However,
they showed significantly less suppression than the LiCl-injected KO mice. The LiCl-injected TRPM5 KO mice exhibited comparable avoidance of the stimulus
mixture and 0.001% amyl acetate. Their lick rates for 0.02 and 0.1 mM SC45647 were significantly lower than those of saline-injected KO mice, although
their rates for 0.1 mM SC45647 were significantly greater than those of the WT mice. These results show that the TRPM5 KO mice are capable of learning the
association between an odor cue and gastric distress but have a weakened ability to identify the taste components of the stimulus mixture. #P < 0.025, *P <
0.01, **P < 0.005, and ***P < 0.001.
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et al. 2008; Oliveira-Maia et al. 2009), divalent salts (Riera

et al. 2009), or sweet–bitter interactions (Talavera et al.

2008). These studies used either 2-bottle or brief-access pref-

erence tests. Here, we focused on sweet taste using sucrose,

a natural sweetener, and SC45647, an artificial sweetener.
CTA methods were chosen because they motivate mice to

assign a negative hedonic value to a taste substance and

to respond to the taste qualities of a substance, even if the

natural hedonic value of stimulus is weak or the taste stim-

ulus is only weakly detectable. A hallmark feature of CTA

conditioning is that an aversion to one substance will gener-

alize to other substances with similar taste qualities, a form

of stimulus generalization that is well documented (Spector
and Grill 1988; Spector 2003; Bouton 2007). That is, in gen-

eral, the greater the similarities between the taste qualities

elicited by 2 substances, the greater the strength of general-

ization of the aversion from the CS to the second substance.

Typically, a control substance that elicits different taste qual-

ities (NaCl in these experiments) is also included during gen-

eralization testing to ensure that the animal is not simply

avoiding any taste stimulus (neophobia) but rather only
those that elicit a similar sensation (no evidence of neopho-

bia in any condition). The WT mice exhibited strong CTAs

to sucrose and to SC45647, which generalized to the opposite

sweet substance. The LiCl-injected KOmice showed a signif-

icant reduction in licking for the assigned CS and compara-

ble generalization to the opposite substance, although the

strength of these effects was much smaller than that seen

in the WT mice. Notably, the magnitude of the reduction
by the KO mice was similar for both sucrose and

SC45647 after 2 pairings of the assigned CS with LiCl. It

is possible that the size of the effect might be smaller or un-

detectable after only one pairing or larger after more pairings.

The strength of the CTA is also influenced by the intensity of

the stimulus (Spector and Grill 1988; Spector 2003; Bouton

2007). For example, a low intensity CS solution will not gen-

erally elicit as much avoidance or response suppression as the
concentration of the solution initially paired with LiCl. The

magnitude of the response suppression for the CS substance

and the generalization substance were concentration depen-

dent for both strains. The inability by both strains of mice

to detect generalization to 30 mM sucrose after conditioning

to SC45647 likely indicates either that this concentration eli-

cited a sensation relatively weak compared with 300 mM su-

crose and/or was ignored because of the water-deprivation
state of the animals. The results of the CTA and CFA experi-

ments presented here indicate that TRPM5KOmice have a re-

duced, but still present, ability to detect both sucrose and the

artificial sweetener, SC4547. There are several possible factors

that might explain these findings.

One such possibility is a difference in the nature of the ge-

netic methods used to create the 2 different TRPM5 KO

strains. Zhang et al. (2003) found that their TRPM5 KOmice
lacked all responses to bitter, sweet, and umami. The construct

used by Zhang et al. (2003) for generating the San Diego KO

strain resulted in the sparing of 1 of 6 transmembrane domains

and theC terminus of TRPM5. If this incomplete TRPM5KO

generates protein, it may act as a dominant negative to inter-

fere with taste responses. In contrast, the construct used by

Damak et al. (2006) to generate the Mount Sinai TRPM5
KO strain led to the deletion of the entire Trpm5 region such

that no partial protein would be present. These authors de-

tected evidence of nerve and behavioral responses by their

TRPM5 KO mice to some bitter, sweet, and umami substan-

ces, although these responses were diminished compared with

WT mice. Another potentially important difference between

the 2 different strains of TRPM5 KO mice is that the Mount

Sinai mouse was developed in C57BL/6J embryonic stem cells
and maintained in that background, whereas the Zhang et al.

(2003) mouse was generated in R1 129 embryonic stem cells

and backcrossed for 2 generations with C57BL/6J mice, fol-

lowed by intercrossing. The contribution of 129 traits (e.g.,

sweet-insensitive ‘‘nontaster’’) or founder effects could con-

tribute to the lack of sweet responses detected. A direct com-

parison of the 2 strains of mice with the same behavioral

measures is needed to assess any potential differences in the
taste responses between these 2 independently derived TRPM5

mice strains.

Another possible explanation is that the suppression of

licking by LiCl-injectedmice is the result of postingestive fac-

tors. Sclafani et al. (2007, 2010) found that extensive expe-

rience with carbohydrates in 24-h 2-bottle tests can induce

postingestive effects that influence subsequent taste preferen-

ces inWTmice. In contrast, this experience generally has on-
ly minimal effects on taste preferences of TRPM5 KO mice,

although these mice appeared capable of responding to post-

ingestive effects of Polycose and lipids. de Araujo et al.

(2008) reported that TRPM5 mice can be conditioned to se-

lect a specific sipper tube associated with sucrose but not su-

cralose which is a noncaloric sweetener. Also, Ren et al.

(2010) found that TRPM5 KO mice can learn to regulate di-

etary intake of sucrose and glucose on the basis of caloric
intake. Both studies reported evidence that the regulation

of sucrose intake was the result of central mechanisms re-

sponding to changes in blood glucose levels following su-

crose ingestion. de Araujo et al. (2008) found that blood

glucose levels were already increasing by 10 min after the

start of ingestion, which might generate the necessary signal-

ing to influence the lick rates late in the test sessions of this

study. Ren et al. (2010) also found that WT mice began to
show increases in respiration, an indirect measure of the met-

abolic effects of glucose levels, about 10 min after beginning

to ingest glucose and these effects peaked within a few mi-

nutes. However, TRPM5 KO mice did not show a change

in respiration until 20 min after glucose ingestion and were

much slower to reach a peak effect. In the current experi-

ments, the conditioning sessions were limited to a maximum

of 15 min to minimize any overlap of oral sensations with the
postingestive effects of sucrose intake during conditioning.

Only the data for no more than the first 10 min of each test
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session were evaluated to minimize the opportunity for the

mice to change their lick rates on the basis of potentially de-

tectable changes in internal states during the test session.

More importantly, SC45647, an artificial sweetener, was also

used as a CS and for generalization testing because it has no
known postingestive effects reported in the literature for the

concentrations used in these experiments. One related study

showed that activation of T1R3 receptors in the intestine can

influence hormonal signals of the gut (Margolskee et al.

2007). Because SC45647 presumably is able to activate these

receptors in the gut, it might be possible for SC45647 at the

concentrations used in this study to also influence these sig-

nals, but this has not been tested to the authors’ knowledge.
However, another noncaloric, highly preferred sweetener,

sucralose, infused directly into the stomach did not affect

preference learning in the same manner as sucrose (Sclafani

et al. 2010). Even so, our analyses detected evidence of CTA

for each substance, which generalized equally between su-

crose and SC45647 for both mouse strains. WT mice re-

sponded to each sweetener in a similar manner and

showed comparable degrees of generalization to the opposite
substance. TRPM5 KO mice also responded similarly to su-

crose and SC45647, albeit with a much weaker aversion to

the conditioning sweetener and weaker generalization to

the opposite substance than seen with the WT mice. Postin-

gestive effects cannot be ruled out but, when combined with

the time course of postingestive effects reported in other

studies, the similarities of the respective CTA response func-

tions of WT and KO mice to sucrose and SC45647 suggest
that the lick rates seen in these experiments are likely influ-

enced by oral rather than postingestive cues.

Because the TRPM5KOmice showed only modest aversive

response to either CS under the same learning conditions as

theWTmice, we conducted the CFA experiment to determine

if the lack of avoidance was due to some change in taste sig-

naling and not due to a compromised ability to learn the task

or associate the LiCl-induced malaise to an aversive CS. In the
CFA experiment, we presented the mice with a stimulus mix-

ture consisting of SC45647 and amyl acetate,which elicits a ba-

nana-like odor. This experiment revealed that TRPM5 KO

mice are indeed capable of forming a conditioned aversion un-

der these conditions. When presented with the taste/odor mix-

ture, the KO mice suppressed their lick rates to a level

equivalent to the response of LiCl-injected WT mice. Thus,

the weak aversion to sucrose or SC45647 was likely to be
the result of a weak taste or other oral signal during condition-

ing and testing and not due to a deficit in ability to learn.

The results of the flavor CFA experiment are also very in-

teresting because they suggest that the KO mice are quite ca-

pable of detecting amyl acetate. A recent report had raised

the question of whether the TRPM5 channel might play an

important role in olfactory transduction. The TRPM5 chan-

nel is found widely throughout the olfactory epithelium and
vomeronasal organ (Kaske et al. 2007; Lin et al. 2008). The

function of these channels has yet to be elucidated, but mor-

phological and immunocytochemical evidence suggest that

the TRPM5 channel may not be directly involved in olfac-

tory signaling pathways because these channels are found in

microvillous cells rather than chemosensory cells of the ol-

factory epithelium (Hansen and Finger 2008). In the present
study, the functionality of the olfactory system of the

TRPM5 KO mice was tested with just one odor. Neverthe-

less, these KOmice appeared to detect the odor easily, trans-

mit the signal centrally, and associate the odor with the

effects of LiCl. This leads to a question of whether the

KO mice might have detected sucrose and SC45647 through

olfactory cues. This cannot be ruled out. Zukerman et al.

(2009) have shown that T1R3KOmice can learn a taste pref-
erence for sucrose when they experience high concentrations

of sucrose at least in part through olfaction. In our experi-

ence (Eddy et al. 2009), when mice learn a CFA, they will

often not lick at all during a trial in which the odor is present.

This was verified in part in the CFA experiment by the non-

lick data for the amyl acetate and taste–odor mixture stimuli.

The frequency of nonlicking for either sucrose or SC45647

alone was very low for WT and even less for KO mice, sug-
gesting that the odor of these solutions may have been only

weakly salient in the CTA experiments.

A closer look at the pattern of responses to the individual

components of the taste/odor mixture also supports the no-

tion that the KO mice were able to detect a taste quality.

When presented with SC45647 or amyl acetate alone, WT

mice clearly showed a strong avoidance of the taste stimulus,

similar to that seen with the stimulus mixture, whereas the
aversion to the odor cue was significantly less than to the

mixture. These data suggest that both CSs, after 2 pairings

with LiCl to induce aversive conditioning, were capable of

suppressing lick rates when tested either individually or to-

gether, but the suppression elicited by the taste stimulus was

greater than the suppression elicited by the odor stimulus.

The greater impact of the taste stimulus may have been in

part due to a bias generated by the previous conditioning
with the taste stimulus because the concentration of the odor

stimulus used in this experiment is clearly salient to mice

(Song et al. 2008; Van Houten et al. 2008; Eddy et al.

2009). These training conditions and the responses of the

WTmice to the individual stimuli and to the mixture are sim-

ilar to the Kamin blocking effect that is well characterized in

the learning literature (Bouton 2007). This effect can be seen

when the subject is first conditioned with a single stimulus
(CS1), then subsequently is conditioned again but this time

with CS1 paired with a second stimulus (CS2) forming what

is called a stimulus compound in the learning literature (Bou-

ton 2007). Subsequent testing of the stimulus compound can

show strong conditioning by its control over behavior. When

testing the individual stimuli, CS1 is also able to exert

a strong effect on behavior alone, but CS2 is only able to

exert a weak effect on behavior; that is, CS1 blocks in part
any conditioning to CS2. In the CFA experiment, CS1 would

be the taste stimulus, and CS2 would be the odor stimulus of
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the mixture, which appeared to have a weaker effect on lick

rates than the sweetener. In contrast, the genetic deletion ap-

peared to reduce the Kamin effect. TRPM5 KO mice ex-

hibited a strong aversion for the stimulus mixture and

a near equivalent aversion to the 0.001% amyl acetate stim-
ulus presented alone, but only a weak aversion to SC45647

alone. This suggests that the new odor cue was more salient

than SC45647 for the KO mice and thus was more easily as-

sociated with the gastric distress induced by LiCl. Impor-

tantly, however, these mice also showed some suppression

of licking to SC45647, even though the CS concentration

was lower than that used in the first experiment and the

TRPM5 channel was absent from their taste transduction
pathway. This also opens the possibility that the previous

conditioning to the taste of SC45647 might have actually po-

tentiated the conditioning for amyl acetate (Batsell et al.

2001). However, an additional control condition using naı̈ve

KO mice would be needed to determine if SC45647 poten-

tiated odor learning. In either case, the results of this exper-

iment show that the TRPM5 KO mice are capable of

learning a conditioned aversion and that even with amyl ac-
etate present, the KO mice responded to SC45647.

The findings of these experiments are congruous with other

evidenceofTRPM5-dependentandTRPM5-independentpath-

ways for detecting bitter (Talavera et al. 2008; Oliveira-Maia

et al. 2009) and sweet tastes (Ohkuri et al. 2009; Oliveira-Maia

et al. 2009). It has been known for a long time that quinine is

capable of inhibiting sweet tastes, and recent evidence suggests

thattheTRPM5channel iskeytothatinteraction.Talaveraetal.
(2005) studiedsinglefiberandwhole-nerve responses to sucrose,

quinine andquinidine (quinine stereoisomer), anddenatonium.

They found that quinine and quinidine inhibited sucrose re-

sponses inWTmice but not inTRPM5KOmice. They hypoth-

esized that quinine is able to interact directly with the sweet

transduction pathway by inhibiting the TRPM5 channel. Be-

causequinineonlypartially inhibited the sweet responseandbe-

causequininehadnoeffecton the responseofTRPM5KOmice
to sucrose and glucose, they argued that there were 2 TRPM5-

independent pathways, one that carried signals for bitter and

another for sweet. Additional physiological evidence for

a TRMP5-independent pathway for sweet was reported by

Ohkuri et al. (2009). These investigators examined the effects

of temperature and the sweet-inhibiting effects of gurmarin

on sweet responses of the chorda tympani nerve. They found

the nerve responses of TRPM5KOmice to sucrose and glucose
considerably smaller thanthoseofWTmice.More importantly,

the nerve response of TRPM5KOmice to sucrose and glucose

were reduced, but not completely abolished by gurmarin, an ef-

fect thatwasunalteredby temperature.ATRPM5-independent

transduction pathway within taste sensory cells might be acti-

vated by a different sweet receptor (Zukerman et al. 2009) or

a second messenger pathway other than IP3, the pathway nor-

mallyassociatedwithactivationofTRPM5channels.Anumber
of investigators have reported evidence showing that sucrose

can increase cyclic adenosine monophosphate (cAMP) levels

in taste sensory cells as well as IP3. Increases in cAMP levels

are believed to activate a nucleotide-gated channel or activate

protein kinase A to phosphorylate a K+ channel in taste cells

(Cummings et al. 1993, 1996; Bernhardt et al. 1996; Misaka

et al. 1997; Nakashima and Ninomiya 1999; Lindemann
2001;Trubeyet al. 2006).Thepresent studyprovidesbehavioral

evidence that supports a TRPM5-independent signal transduc-

tion pathway for sweet taste, possibly involving a cAMP trans-

duction pathway. Further studies are required to verify and

elucidate the nature of a TRPM5-independent pathway.

In summary, the experiments presented in this study chal-

lenged TRPM5 KO mice to develop a conditioned aversion

to sucrose and the artificial sweetener, SC45647, to deter-
mine if these KO mice can taste sweet qualities and how

much of a loss of function is induced by the genetic deletion.

Collectively, the results of the CTA and CFA experiments

suggest a residual ability to detect sucrose and SC45647 in

TRPM5 KO mice and the existence of a TRPM5-indepen-

dent pathway for sweet signaling. These findings are consis-

tent with previous studies indicating alternative signaling

pathways for sweet taste may be present in these KO mice.
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