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Abstract
Our previous studies have shown that in long-term two-bottle preference tests, mice from the C57BL/
6ByJ (B6) inbred strain drink more monosodium glutamate (MSG) and inosine monophosphate
(IMP) than mice from the 129P3/J (129) inbred strain. The goal of this study was to examine whether
this variation in consumption could be attributed to strain differences in perception of the taste quality
of MSG and IMP. We developed a conditioned taste aversion (CTA) in B6 and 129 mice to 100 mM
MSG or 10 mM IMP and used a brief-access taste assay to examine CTA generalization. B6 and 129
mice did not differ in the generalization patterns following CTA to MSG: mice from both strains
generalized CTA from MSG to NaCl. In contrast, strain differences in the generalization patterns
were evident following the CTA to IMP: while mice from both strains generalized CTA from IMP
to MSG, 129 mice tended to have stronger CTA generalization to saccharin and D-tryptophan, both
of which are perceived as sweet by humans. These data suggest that the strain differences in MSG
consumption are not due to variation in perception of the taste quality of MSG. Instead, the differential
intake of IMP likely reflects strain differences in the way the taste quality of IMP is perceived. Our
data suggest that mice perceive MSG and IMP as complex taste stimuli: some taste components are
shared between these two substances, but their relative intensity seems to be different for MSG and
IMP. The amiloride-sensitive salt taste component is more prevalent in MSG than in IMP taste, and
in B6 compared with 129 mice.
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1. Introduction
It was believed for many years that there are four basic taste qualities, namely sweet, bitter,
salty and sour. However, a century ago Ikeda [1] reported that monosodium glutamate (MSG)
has a unique taste which he believed was the fifth basic taste. He named this taste quality
umami. Five years later, Kodama [2] discovered another substance that had an umami quality
to it, inosine mono phosphoric acid (IMP). Since these discoveries, many amino acids and
nucleotides have been found to have umami taste characteristics [3,4]. Recently, the
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metabotropic glutamate receptors mGluR4 and mGluR1 [5-7] and the T1R1 + T1R3
heterodimer receptor [8,9] have been proposed to function as umami taste receptors.

Although MSG is the prototypical umami taste stimulus, its taste is complex to humans and
other animals. Studies with rodents suggest that in addition to a unique taste [10], MSG may
also evoke NaCl-like [11,12] and sucrose-like [13-16] taste sensations. It has been suggested
that in humans, IMP itself is tasteless, even though aquatic IMP solutions appear to have a
taste. This apparent contradiction has been explained by a hypothesis that IMP enhances the
umami taste of the subthreshold concentrations of glutamate contained in saliva and thus can
evoke a taste sensation [17,18]. However in mice, oral application of water solutions of IMP
activates afferent gustatory nerves presumably in the absence of salivary glutamate [19,20],
which suggests that IMP evokes its own taste in mice.

In long-term two-bottle preference tests, mice from the C57BL/6ByJ (B6) strain drink more
MSG and IMP than do mice from the 129P3/J (129) strain [21]. The goal of the work reported
here was to investigate whether this variation in consumption could be attributed to strain
differences in perception of the taste quality of MSG and IMP. We focused on the analysis of
taste quality perception based on the following reasoning. Overall taste perception has several
distinct components, including hedonics (affective value, or “pleasantness”) and taste quality
(i.e. sweet, sour, salty, bitter, umami and perhaps others), which are often considered as
orthogonal stimulus dimensions. However, the hedonic and qualitative components of overall
perception are not completely independent because some taste qualities are generally
associated with positive hedonic value (e.g., sweet and umami), while other taste qualities are
generally associated with negative hedonic value (e.g., bitter). MSG and IMP have been shown
to have a complex taste consisting of taste components of different qualities [10-16].
Consequently, the hedonic value of MSG and IMP depends in part on the combined hedonic
values of their qualitatively distinct taste components. Based on this reasoning, differences in
how inbred mice perceive qualities of MSG and IMP may alter their perceived hedonic value
and influence their consumption in preference tests. Our assumption was that if the strains
differ in their CTA generalization patterns, this would provide evidence that they perceive
MSG and IMP differently, and that this difference in taste quality perception could underlie
differences in intake. If, on the other hand, generalization patterns are similar, then the variation
in intake must arise from other factors affecting hedonic responses, for example strain
differences in the post-ingestive consequences of consuming these substances or in associative
learning that integrates taste and post-ingestive effects.

To achieve this goal, we conditioned B6 and 129 mice to avoid 100 mM MSG or 10 mM IMP,
and then examined suppression of their licking responses in brief-access tests to taste stimuli
representing different taste qualities. We also examined the salty (NaCl-like) component of
MSG and IMP taste using mixtures of the taste stimuli with amiloride. Amiloride is an epithelial
sodium channel (ENaC) blocker that inhibits taste responses to NaCl in several animal species
[22-25]. We compared licking responses of mice, conditioned to avoid MSG or IMP, to NaCl,
MSG and IMP alone and these same substances that were mixed with 30 μM amiloride.

2. Materials and methods
2.1. Subjects

Subjects were adult male mice from the C57BL/6ByJ (B6) and 129P3/J (129) strains. At the
beginning of the experiments, the mice were on average 4.3 months old (range 1.9 - 6.8 months;
20 - 30 g body weight). There were no differences in ages of B6 and 129 mice (4.2 ± 1.7 and
4.4 ± 1.8 months, respectively; p = 0.75, t-test). Animals were divided into 8 groups (6-10 mice
per group; see details in Tables 1 and 2), which included two conditioned (MSG-LiCl and IMP-
LiCl) and two control (MSG-NaCl and IMP-NaCl) groups for each of the two strains. The
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animals were housed in individual cages in a temperature controlled room at 23°C on a 12 h
light: 12 h dark cycle (7:00 a.m. on, 7:00 p.m. off). They had free access to pelleted Teklad
Rodent Diet 8604 (Harlan, Madison, WI), but were given restricted access to water as discussed
below.

2.2. Taste stimuli
Mice were presented with deionized water or solutions of taste stimuli in deionized water. The
conditioned stimuli (CS) were 100 mM MSG or 10 mM IMP (disodium salt). These particular
solution concentrations were chosen because in our previous studies they evoked strong
behavioral [21] and neural [20] responses in B6 and 129 mice, suggesting that these solutions
are salient stimuli for conditioning. The test stimuli (TS) were MSG (0.1-1000 mM), IMP
(0.01-10 mM), sucrose (Suc: 300 mM), quinine hydrochloride (Qui: 0.003-0.3 mM), HCl (0.1
mM), citric acid (Citric: 0.1 mM), NaCl (100 mM), D-phenylalanine (D-Phe: 100 mM), D-
tryptophan (D-Trp: 30mM), glycine (Gly: 100 mM), L-alanine (L-Ala: 100 mM), L-glutamic
acid hydrochloride (L-Glu: 1, 10 and 100 mM), L-valine (L-Val: 100 mM), L-leucine (L-Leu:
100 mM), L-arginine (L-Arg: 100 mM), saccharin (sodium salt; Sac: 20 mM), amiloride (30
μM) and mixtures of 30 μM amiloride with MSG (1-1000 mM), IMP (0.1 and 10 mM) or NaCl
(100 mM). The 30 μM amiloride concentration was chosen because it was frequently used in
previous studies and was shown to suppress NaCl responses in taste bud cells [26] and the
chorda tympani nerve [27,28], and disrupt discrimination between NaCl and KCl in behavioral
tests [28,29]. All chemicals were purchased from the Sigma-Aldrich Co. (St. Louis, MO).

2.3. Apparatus
The number of licks was recorded using the Davis MS-160 gustometer (DiLog Instruments,
Tallahassee, FL) or the Licking counter (Neuro Science Idea, Osaka, Japan). The procedures
of counting licks using these devices were similar to those described by Glendinning et al.
[30] and Murata et al. [31], respectively. Both lickometers are designed to record lick numbers
from a single tube. The lick detection principle of the Davis MS-160 gustometer is that a high
frequency electric signal is applied to the sipper tube, and a phase sensitive demodulator detects
the animal’s capacitance when it contacts the sipper tube (no direct current is passed through
the tongue). The Licking counter detects licks by intercepting a laser beam during contact of
the mouse tongue with fluid. Taste solution presentation is automatic in the Davis gustometer
and manual in the Licking counter. For both instruments, timing of solution presentation and
inter-trial intervals were similar, and the numbers of licks were counted during the 10-sec
period starting from the animal’s first lick after test tube presentation. In each group, 2-3
animals were tested in the Davis Rig and the rest were tested in the Licking counter. We tested
each mouse in only one type of lickometer.

2.4. Procedures
Training and testing procedures were identical for mice tested in both devices. All fluids were
always presented in a single tube in a test cage (with the exception of water presented in the
home cage on recovery days after conditioning). On the first and second days of training, each
water-deprived animal was placed in a test cage and given free access to water presented in a
single drinking tube for 30 min without interruptions. From the third to the fifth day, each
animal was trained to drink water on an interval schedule consisting of 10-sec periods of
presentation of water alternating with 20 sec intertrial intervals. Mice were given 1.0 - 1.5 ml
of water in a drinking tube, and the 10-s presentations continued until all water was consumed.
On the sixth day, the trained mice were placed in the test cage and presented with a CS for 30
min without interruptions (during this period, all mice drank at least 0.5 ml of CS). Immediately
after that, mice were given an intraperitoneal (i.p.) injection of 230 mg/kg 240 mM LiCl
(conditioned group) or 230 mg/kg 240 mM NaCl (control group). The seventh day was a
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recovery period, during which the mice remained in their home cages and were given water to
drink for 20-30 min.

Starting from the eighth day, test sessions began. During the test sessions, each fluid was
presented in a single bottle for 10 sec alternated with 20 sec intertrial intervals. Presentations
of taste solutions (CS and TSs) were alternated with presentations of water. For conditioned
mice, each test day started with two or three presentations of the CS. This was done to examine
retention of the CTA. If the animal avoided the CS (i.e., licking rate of the CS did not exceed
20% of the licking rate of water presented between the CS presentations), then the TSs were
presented. If a mouse did not avoid the CS (i.e., licking rate of the CS exceeded 20% of the
licking rate of water), no other TSs were presented, and the mouse was injected with 230 mg/
kg of LiCl i.p. (i.e., the CS-unconditioned stimulus pairing was repeated). After a recovery
day, this mouse was again tested with the CS and if it displayed CS avoidance, TSs were
presented. The CS-unconditioned stimulus pairings needed to be repeated for 12 out of 16 B6
mice (75%) and for 5 out of 17 129 mice (29%; p = 0.01, t-test). There were no differences in
frequency of additional conditioning between mice conditioned with MSG (11 out of 18; 61%)
and IMP (6 out of 15; 40%, p = 0.24). Groups conditioned only once or more than once did
not differ in licking rates or licking suppression rates of the CS (effects of strain, additional
conditioning and their interaction were not significant; F(1,29) < 3.9, p > 0.05; two-way
ANOVA). In all cases, if a mouse has reached the conditioning criterion, it maintained aversion
in the remaining test sessions (on subsequent test days). As a result of using our criterion for
adequate conditioning, mean licking suppression rates for CS exceeded 80% and were often
close to 90%. This is comparable with the CS suppression rates reported in other studies (e.g.,
[10,32]).

The TSs were presented in the same fixed order in mice from all groups, with one exception:
Testing of conditioned (but not control) mice started with series of concentrations of MSG
(presented to mice conditioned to avoid MSG) or IMP (presented to mice conditioned to avoid
IMP) (data not shown). Next, we presented the following 33 TSs to both MSG- and IMP-
conditioned and control mice. We started with presenting five prototypical taste stimuli
(sucrose, quinine, HCl, citric acid, NaCl), MSG, IMP, amino acids and saccharin; this was
followed by amiloride alone, and its mixtures with NaCl, MSG and IMP (the order of
presentation of these TSs was the same as the top to bottom order shown in Tables 1 and 2,
and the left to right order shown on the X-axis in Figures 1 and 2). When more than one
concentration of a tastant was tested, the solutions were presented in the descending order of
concentration. Testing the whole set of TSs was completed in several test sessions (usually in
2-4 test sessions conducted daily). During each session, 13-25 stimuli were tested. The session
was stopped after completion of 25 trials or sooner if licking rate for water fell below 50% of
water licking rate at the beginning of the session. When testing of the whole battery of TSs
was not completed during a session, it continued the next day. Each TS was tested in each
mouse only once.

2.5. Data analysis
The raw licks were counted by the lickometer during the 10-s period starting from the first lick
after test tube presentation. To avoid any systematic differences between apparatus and
between animals, unrelated to MSG or IMP tastes, we calculated normalized licking rates of
individual mice for each stimulus according to the following formula: Normalized licking rate
(%) = (number of licks of the CS or TS /10 sec)/(mean number of licks of water presented in
the same session before and after presenting the corresponding CS or TS /10 sec) × 100. To
assess the strength of the CTA, we calculated licking suppression ratios (LSR) of individual
mice for each stimulus according to the following formula (see [33]): LSR (%) = [1-
(normalized licking rate to a TS of an individual from the conditioned group)/(mean licking
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rate to the same TS in the control group)] × 100. The LSR “100%” indicates complete aversion
and “0%” indicates licking rate similar to that in the control group.

Data were analyzed using two- or three-way ANOVA. When there was a significant effect of
a factor, Tukey HSD or LSD post-hoc tests were carried out to evaluate differences between
individual means. For TSs without amiloride, normalized licking rates were analyzed using
three-way ANOVA (with TS as a within-subject factor, and strain and treatment as between-
subject factors). The significance of licking suppression was assessed by comparing licking
rates in control and experimental groups using post-hoc tests. LSR were analyzed using two-
way ANOVA (with TS as a within-subject factor, and strain as a between-subject factor). To
analyze effects of amiloride on CTA, we examined normalized licking rates and LSR of
conditioned mice using three-way ANOVA (with TS and addition of amiloride as within-
subject factors, and strain as a between-subject factor). The effect of amiloride was assessed
by comparing licking rates for TSs mixed with and without amiloride using post-hoc tests in
conditioned mice.

3. Results
3.1. Generalization of MSG aversions

Licking rates of mice conditioned to avoid 100 mM MSG and control mice are shown in Table
1. An absence of significant strain × treatment × TS interaction or any other effects involving
strain (three-way ANOVA) indicates that B6 and 129 mice had similar CTA generalization
patterns. Significant treatment × TS interaction (p < 0.001) indicates that CTA to 100 mM
MSG generalized to some but not all TSs tested. Conditioned mice significantly suppressed
licking rates for MSG (100, 300 and 1000 mM) and NaCl (100 mM), but not for any of the
other TSs tested. Consistent with these results, LSR did not differ between the two strains (Fig.
1; non-significant effects of strain and strain × TS interaction).

3.2. Generalization of IMP aversions
Licking rates of mice conditioned to avoid 10 mM IMP and control mice are shown in Table
2. Strain × treatment × TS interaction did not reach the level of statistical significance (p =
0.06, three-way ANOVA), but treatment × TS interaction was significant (p < 0.001) indicating
that CTA to 10 mM IMP generalized to some but not all TSs tested. Conditioned mice
significantly suppressed licking rates for IMP (10 mM), MSG (100, 300 and 1000 mM) and
saccharin (20 mM), but not for any of the other TSs tested. Although the effect of the three-
way interaction (strain × treatment × TS) on licking rates only approached but did not reach
the threshold of statistical significance, several other results suggest that there were strain
differences in the CTA generalization patterns. First, several strain-related effects significantly
affected licking rates (strain; strain × treatment; strain × TS; p ≤ 0.03; see Table 2 caption).
Second, LSR were significantly affected by strain × TS interaction (p = 0.006; Fig. 2).

3.3. Effects of amiloride on CTA generalization patterns
The experiments described above have shown that the licking rates to NaCl were significantly
suppressed after CTA with 100 mM MSG. This suggests that MSG has salty (NaCl-like) taste
to mice. The NaCl-like taste could also have been evoked by IMP because we used a disodium
salt of IMP in our experiments. The goal of this experiment was to examine the relative
contribution of the amiloride-blockable NaCl taste component to qualitative taste perception
of MSG and IMP.

We measured licking responses of control and conditioned 129 and B6 mice to NaCl, MSG
and IMP mixed with amiloride and compared them with licking responses to the same TSs
without amiloride. There was little variation in licking responses to TSs mixed with amiloride

Murata et al. Page 5

Physiol Behav. Author manuscript; available in PMC 2010 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in control mice: their normalized licking rates were similar to licking rates of water and ranged
from 86 to 102% (Tables 1 and 2). Therefore, our analyses focused on comparisons of licking
responses in conditioned groups.

In mice conditioned to avoid 100 mM MSG, normalized licking rates (Table 1) and LSR (Fig.
3) were significantly affected by amiloride (with or without) × strain × TS interaction, which
indicates that there were strain differences in effects of amiloride on responses to some but not
all TSs. In both strains, suppression of licking to 100 mM NaCl and 100 mM MSG was
significantly attenuated after addition of amiloride. However, suppression of licking to 300
and 1000 mM MSG, and to 10 mM IMP was significantly attenuated after addition of amiloride
only in B6 mice.

In mice conditioned to avoid 10 mM IMP, normalized licking rates (Table 2) and LSR (Fig.
4) were not significantly affected by amiloride × strain × TS and amiloride × strain interaction,
which indicates that there were no strain differences in effects of amiloride. A significant
amiloride × TS interaction indicates that amiloride affected licking rates for some but not all
TSs. Licking rates to NaCl (100 mM) and MSG (100, 300 and 1000 mM) were significantly
increased after addition of amiloride.

4. Discussion
Previous studies have shown that in the long-term two-bottle tests, B6 mice drink more MSG
and IMP than do 129 mice [21]. To assess whether strain differences in consumption might be
due to differential perception of the taste quality of MSG and IMP, we examined patterns of
generalization of CTA to 100 mM MSG or 10 mM IMP in B6 and 129 mice.

4.1. Strain differences in taste perception of MSG
B6 and 129 mice that were conditioned to avoid MSG had similar patterns of CTA
generalization. Mice from both strains generalized CTA from 100 mM MSG to other MSG
solutions and NaCl. CTA generalization between MSG and NaCl was also shown in previous
studies with mice [10], rats [11] and hamsters [12]. Qualitative taste similarity between MSG
and NaCl was also shown in two other types of experiments. First, MSG and NaCl evoked
similar patterns of responses in single fibers of the chorda tympani gustatory nerve in mice
[19] and hamsters [12]. Second, MSG was shown to have a salty taste quality component in
psychophysical experiments with humans [34,35]. Similarity of MSG and NaCl tastes is
probably attributed to presence of sodium in both compounds. In addition to the taste
component attributed to sodium, MSG evokes other taste sensations, which must be attributed
to glutamate. For example when rats were conditioned to avoid a mixture of MSG with
amiloride, they generalized the CTA to sucrose [13-16]. Besides NaCl-like and sucrose-like
taste components, MSG was also shown to have a unique taste to mice [10], which is probably
equivalent to umami taste in humans.

In our experiments, addition of amiloride attenuated MSG and NaCl licking suppression of
MSG-conditioned mice from both strains. This is consistent with the existence of an amiloride-
blockable NaCl-like taste component of MSG in both B6 and 129 mice. However, effects of
amiloride were stronger in B6 mice than in 129 mice. In MSG-conditioned B6 mice, addition
of amiloride diminished suppression of licks for a wider range of MSG concentrations
compared with 129 mice, and it also attenuated suppression of IMP licking rate. This is
consistent with results of electrophysiological studies showing that amiloride-induced
suppression of activity in the chorda tympani gustatory nerve in response to lingual application
of NaCl was greater in B6 mice compared with 129 mice [27,36,37]. Overall, these data suggest
that an amiloride-blockable NaCl-like taste is a prominent component of MSG taste, and that
it is quantitatively more prevalent (more salient) in B6 than in 129 mice. Nevertheless, these
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quantitative strain differences in strength of the amiloride-sensitive salt taste component did
not affect qualitative taste perception of MSG by B6 and 129 mice: mice from both strains
generalized CTA from MSG to NaCl to the same degree.

We conclude that B6 and 129 mice have a similar perception of the taste quality of MSG, albeit
with quantitative differences in strength of the amiloride-sensitive salt taste component. This
is consistent with the similar responses to glutamate salts in gustatory nerves of these mice
[20]. In addition, taste-naive B6 mice have similar or lower MSG licking rates in brief-access
tests compared with 129 mice (Zolotarev and Bachmanov, unpublished data). Therefore, strain
differences in MSG consumption in the long-term tests are unlikely to be explained by
differences in qualitative or hedonic aspects of taste perception.

We propose that strain differences in MSG consumption in the long-term two-bottle tests are
likely due to differences in postingestive effects of MSG. This conclusion is entirely consistent
with two other lines of evidence: strain-specific effects of prior experience with MSG on its
intake [21], and strain differences in the metabolism of orally administered MSG [38]. In the
latter study [38], we found that after intragastric administration of MSG B6 mice preferentially
metabolize it through gluconeogenesis, whereas the predominant process for 129 mice is
thermogenesis. This suggests that a process related to gluconeogenesis of the ingested
glutamate generates a rewarding stimulus, and that the glutamate-induced post-ingestive
thermogenesis generates an aversive stimulus. These post-ingestive effects could be associated
with MSG taste through learning and consequently influence MSG ingestion. We propose a
hypothesis that these strain-specific rewarding or aversive postingestive effects of glutamate
correspondingly stimulate (in B6 mice) or suppress (in 129 mice) MSG consumption in long-
term tests. However, additional studies are needed to test this hypothesis.

4.2. Strain differences in taste perception of IMP
It has been suggested that in humans, IMP itself is tasteless, but it enhances the umami taste
of the subthreshold concentrations of glutamate contained in saliva and thus can evoke a taste
sensation [17,18]. However, mouse gustatory nerves respond to lingual application of water
solutions of IMP [19,20], which suggests that IMP has a taste to mice. Consistent with this, in
our current study we successfully conditioned mice to avoid IMP. We also found that patterns
of CTA generalization were not identical in MSG- and IMP-conditioned mice, and therefore
IMP taste cannot be explained only by enhancing taste of glutamate.

CTA to IMP generalized to MSG and saccharin solutions. There were some differences
between B6 and 129 mice in CTA generalization patterns: compared with IMP-conditioned
B6 mice, 129 mice had stronger licking suppression in response to saccharin and D-tryptophan.
Amiloride had similar effects on licking rates in IMP-conditioned 129 and B6 mice: in mice
from both strains, adding amiloride attenuated licking suppression for NaCl and MSG, but not
for IMP.

These results suggest that 129 and B6 mice differ in their perception of IMP taste. While mice
from both strains generalized CTA from IMP to MSG, 129 mice tended to have stronger CTA
generalization to saccharin and D-tryptophan, both of which are perceived as sweet by humans.
This suggests that in addition to MSG-like taste, 129 mice may also perceive IMP as having a
sweet taste component. Several studies have shown perceptual [13-16] and neurophysiological
[39] similarities between tastes of MSG and sucrose in rats. Our data suggest that a
commonality of perception of umami and sweet taste stimuli may also exist in mice, but it is
strain specific.

The difference between B6 and 129 mice in perception of IMP taste corresponds to differences
between these strains in the chorda tympani nerve responses to IMP [20]. A larger neural
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response to IMP in 129 mice [20] may reflect a broader range of taste qualities evoked by IMP
in these mice. The differential perception of IMP taste between 129 and B6 strains may
contribute to the strain differences in IMP preference. However, this does not completely rule
out a contribution of post-ingestive effects or their interactions with taste to the strain
differences in IMP preference. Thus, further studies are needed to clarify the contributions of
taste and post-ingestive effects to strain differences in IMP consumption.

4.3. Comparison of taste perception of MSG and IMP
Our finding that CTA generalized from IMP to MSG suggests that these two compounds evoke
a shared taste quality. This is consistent with results of another CTA generalization study in
mice [10]. However, there are also some perceptual differences between MSG and IMP. First,
CTA of MSG did not significantly generalize to IMP. Second, CTA of IMP but not MSG
generalized to saccharin. Third, addition of amiloride attenuated MSG licking suppression in
MSG-conditioned mice, but it did not significantly affect IMP licking suppression in IMP-
conditioned mice. This suggests that amiloride-blockable taste component is more prominent
in MSG taste than in IMP taste (this could reflect either the five times greater Na+ concentration
in 100 mM MSG relative to 10 mM IMP, or a different relative strength of salt and non-salt
components of MSG and IMP tastes). The differences between tastes of MSG and IMP could
be due not only to differences in cation (Na+) concentrations, but also to differential activation
of umami taste receptors. There is evidence that multiple receptor mechanisms underlie umami
taste (e.g., [5-7,40-45]) and that glutamate and purine 5’-nucleotides may activate different
receptors [20,46].

4.4. Concluding remarks
In summary, our data suggest that mice perceive MSG and IMP as complex taste stimuli. Some
taste components are shared between these two compounds, but their relative intensity is
probably different for MSG and IMP. We found differences between 129 and B6 mice in
generalization patterns of CTA to IMP, which suggests that the strain differences in IMP intake
may depend on differences in the way the taste quality of IMP is perceived. However, there
were no strain differences in generalization patterns of CTA to MSG. This suggests that the
strain differences in MSG consumption cannot be attributed to variation in perception of the
taste quality of MSG and must therefore arise from other factors, such as variation in the post-
ingestive consequences of consuming MSG or differences in associative learning that
integrates MSG taste and post-ingestive effects.
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Fig. 1.
Licking suppression ratios (LSR; means ± SE) of 129 and B6 mice conditioned to avoid 100
mM MSG. The LSR “100%” indicates complete aversion and “0%” indicates licking rate
similar to that in the control group. The order of TS (left to right) is the same as the order of
their presentation. Suc, sucrose; Qui, quinine hydrochloride; Citric, citric acid; D-Phe, D-
phenylalanine; D-Trp, D-tryptophan; Gly, glycine; L-Ala, L-alanine; L-Glu, L-glutamic acid;
L-Val, L-valine; L-Leu, L-leucine; L-Arg, L-arginine; Sac, saccharin. Results of two-way
ANOVA: effects of strain [F(1,16) = 0.14, p = 0.7]; TS [F(24,384) = 23.6, p < 0.001]; strain
× TS [F(24,384) = 1.5, p = 0.06]. *Significant licking suppression indicated by significantly
lower normalized licking rates of conditioned mice relative to control mice (p < 0.05; Tukey
post-hoc tests of licking rates pooled between the two strains; see Table 1).
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Fig. 2.
Licking suppression ratios (LSR; means ± SE) of 129 and B6 mice conditioned to avoid 10
mM IMP. #Significant differences between B6 and 129 mice; p < 0.05; LSD post-hoc tests
(more stringent Tukey post-hoc tests did not detect significant differences between 129 and
B6 mice). The post-hoc tests were based on results of two-way ANOVA: effects of strain [F
(1,13) = 14.1, p = 0.002]; TS [F(24,312) = 12.6, p < 0.001]; strain × TS [F(24,312) = 2.0, p =
0.006]. *Significant licking suppression indicated by significantly lower normalized licking
rates of conditioned mice relative to control mice (p < 0.05; Tukey post-hoc tests of licking
rates pooled between the two strains; see Table 2). Other explanations are the same as in Fig.
1.
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Fig. 3.
Effects of amiloride on licking suppression ratios (LSR; means ± SE) of 129 and B6 mice
conditioned to avoid 100 mM MSG. *Significant difference between LSR for TS with and
without amiloride; p<0.05; Tukey post-hoc tests for a three-way (strain × amiloride × TS)
interaction. The post-hoc tests were based on results of three-way ANOVA: effects of strain
[F(1,15) = 13.0 p = 0.003]; amiloride [F(1,15) = 96.2, p < 0.001]; TS [F(6,90) = 50.0, p <
0.001]; strain × amiloride [F(1,15) = 8.7, p = 0.01]; strain × TS [F(6,90) = 2.4, p = 0.04];
amiloride × TS [F(6,90) = 16.7, p < 0.001]; strain × amiloride × TS [F(6,90) = 4.4, p < 0.001].
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Fig. 4.
Effects of amiloride on licking suppression ratios (LSR; means ± SE) of 129 and B6 mice
conditioned to avoid 10 mM IMP. *Significant difference between LSR for TS with and
without amiloride pooled between the two strains; p<0.05; Tukey post-hoc tests for a two-way
(amiloride × TS) interaction. The post-hoc tests were based on results of three-way ANOVA:
effects of strain [F(1,13) = 23.8, p < 0.001]; amiloride [F(1,13) = 47.6, p < 0.001]; TS [F(6,78)
= 53.3, p < 0.001]; strain × amiloride [F(1,13) = 0.9, p = 0.4]; strain × TS [F(6,78) = 5.3, p <
0.001]; amiloride × TS [F(6,78) = 4.4, p < 0.001]; strain × amiloride × TS [F(6,78) = 1.1, p =
0.4].
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Table 1

Normalized licking rates (%) in 129 and B6 mice conditioned to avoid 100 mM MSG (means ± SE)
Solution 129 strain B6 strain

control (NaCl-treated, n =
7)

conditioned (LiCl-treated, n =
9-10)a

control (NaCl-treated, n =
6)

conditioned (LiCl-treated, n =
8)

TS without amiloride
300 mM sucrose 99 ± 2 98 ± 1 97 ± 2 90 ± 5
0.3 mM quinine 64 ± 12 26 ±7 52 ± 16 27 ± 8
0.03 mM quinine 70 ± 11 54 ± 9 83 ± 10 64 ± 12
0.01 mM quinine 85 ± 10 89 ± 8 95 ± 2 79 ± 8
0.003 mM quinine 99 ± 1 96 ± 1 95 ± 2 86 ± 7
0.1 mM HCl 99 ± 4 79 ± 6 93 ± 3 68 ± 10
0.1 mM Citric acid 101 ± 1 96 ± 3 96 ± 4 80 ± 6
100 mM NaCl# 98 ± 2 15 ± 6 93 ± 4 43 ± 12
1000 mM MSG# 95 ± 2 10 ± 3 90 ± 4 15 ± 4
300 mM MSG# 93 ± 3 17 ± 5 92 ± 4 23 ± 6
100 mM MSG# 99 ± 1 9 ± 2 98 ± 1 17 ± 5
1 mM MSG 99 ± 1 95 ± 2 99 ± 2 99 ± 1
10 mM IMP 97 ± 1 47 ± 14 99 ± 1 50 ± 11
0.1 mM IMP 100 ± 0.5 99 ± 1 97 ± 1 98 ± 3
100 mM D-phenylalanine 95 ± 5 77 ± 7 97 ± 1 89 ± 4
30 mM D-tryptophan 95 ± 3 87 ± 8 96 ± 2 86 ± 5
100 mM Glycine 99 ± 1 94 ± 4 98 ± 2 95 ± 6
100 mM L-alanine 99 ± 1 81 ± 7 98 ± 2 81 ± 6
100 mM L-glutamic acid 25 ± 5 21 ± 6 35 ± 13 16 ± 5
10 mM L- glutamic acid 66 ± 10 56 ± 10 79 ± 12 60 ± 7
1 mM L- glutamic acid 93 ± 5 91 ± 2 98 ± 2 86 ± 4
100 mM L-valine 99 ± 1 85 ± 6 97 ± 1 86 ± 7
100 mM L-leucine 98 ± 1 90 ± 8 98 ± 2 82 ± 5
100 mM L-arginine 99 ± 1 82 ± 10 96 ± 2 52 ± 10
20 mM saccharin 92 ± 5 58 ± 12 98 ± 2 72 ± 9

TS with amiloride
0.03 mM amiloride 99 ± 1 99 ± 1 98 ± 2 92 ± 2
100 mM NaCl 99 ± 2 73 ± 10* 98 ± 1 88 ± 5*
1000 mM MSG 86 ± 7 26 ± 6 90 ± 3 64 ± 6*
300 mM MSG 100 ± 1 34 ± 13 100 ± 1 82 ± 5*
100 mM MSG 100 ± 0.5 44 ± 12* 97 ± 1 91 ± 4*
1 mM MSG 100 ± 1 96 ± 3 101 ± 1 97 ± 1
10 mM IMP 99 ± 2 59 ± 11 97 ± 1 83 ± 6*
0.1 mM IMP 101 ± 1 98 ± 2 99 ± 1 94 ± 3
The order (top to bottom) of taste stimuli (TS) is the same as the order of their presentation.

a
n = 10 for TS without amiloride, and n = 9 for TS with amiloride.

#
TS without amiloride: Significant difference between conditioned and control groups pooled between the two strains; p<0.05; Tukey post-hoc tests for

a two-way (TS × treatment) interaction. The post-hoc tests were based on results of three-way ANOVA of normalized licking rates to TS without amiloride:
effects of strain [B6 vs. 129; F(1,27) = 0.002, p = 1.0]; treatment [LiCl vs. NaCl; F(1,27) = 83.2, p < 0.001]; TS [F(24,648) = 43.2, p < 0.001]; strain ×
treatment [F(1,27) = 0.014, p = 0.9]; strain × TS [F(24,648) = 1.2, p = 0.2]; treatment × TS [F(24,648) = 18.0, p < 0.001]; strain × treatment × TS [F
(24,648) = 1.0, p = 0.5].

*
TS with amiloride: Significant difference between licking rates for TS with and without amiloride; p<0.05; Tukey post-hoc tests for a three-way (strain

× amiloride × TS) interaction. The post-hoc tests were based on results of three-way ANOVA of normalized licking rates to TS (NaCl, MSG and IMP)
without and with amiloride in conditioned groups of mice: effects of strain [B6 vs. 129; F(1,15) = 11.8, p = 0.004]; amiloride [with or without; F(1,15) =
99.5, p < 0.001]; TS [F(6,90) = 55.3, p < 0.001]; strain × amiloride [F(1,15) = 8.6, p = 0.01]; strain × TS [F(6,90) = 2.4, p = 0.03]; amiloride × TS [F(6,90)
= 16.5, p < 0.001]; strain × amiloride × TS [F(6,90) = 4.2, p = 0.0009].

Physiol Behav. Author manuscript; available in PMC 2010 October 19.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Murata et al. Page 16

Table 2

Normalized licking rates (%) in 129 and B6 mice conditioned to avoid 10 mM IMP (means ± SE)
Solution 129 strain B6 strain

control (NaCl-treated, n = 7) conditioned (LiCl-treated, n =
7)

control (NaCl-treated, n = 6) conditioned (LiCl-treated, n =
8)

TS without amiloride
300 mM sucrose 97 ± 1 43 ± 12 98 ± 1 70 ±12
0.3 mM quinine 67 ± 13 15 ± 4 48 ± 13 23 ± 6
0.03 mM quinine 75 ± 15 40 ± 4 94 ± 4 56 ± 11
0.01 mM quinine 93 ± 11 57 ± 12 99 ± 2 77 ± 8
0.003 mM quinine 98 ± 2 81 ± 10 94 ± 5 95 ± 3
0.1 mM HCl 89 ± 11 68 ± 10 94 ± 3 84 ± 6
0.1 mM Citric acid 98 ± 2 85 ± 14 98 ± 1 81 ± 8
100 mM NaCl 97 ± 1 26 ± 7 98 ± 1 64 ± 11
1000 mM MSG# 96 ± 2 10 ± 2 99 ± 2 41 ± 8
300 mM MSG# 97 ± 1 30 ± 11 98 ± 1 43 ± 11
100 mM MSG# 98 ± 1 48 ± 12 96 ± 1 31 ± 10
1 mM MSG 101 ± 1 91 ± 7 98 ± 1 93 ± 3
10 mM IMP# 99 ± 1 10 ± 3 100 ± 0.4 16 ± 4
0.1 mM IMP 98 ±1 95 ± 3 98 ± 1 88 ± 4
100 mM D-phenylalanine 93 ± 3 55 ± 17 99 ± 1 81 ± 6
30 mM D-tryptophan 97 ± 2 25 ± 7 96 ± 2 69 ± 10
100 mM Glycine 100 ± 1 35 ± 11 101 ± 2 75 ± 10
100 mM L-alanine 96 ± 2 92 ± 5 99 ± 3 80 ± 9
100 mM L-glutamic acid 39 ± 16 12 ± 3 54 ± 15 16 ± 4
10 mM L- glutamic acid 80 ± 9 43 ± 14 80 ± 10 44 ± 8
1 mM L- glutamic acid 95 ± 2 86 ± 5 99 ± 1 83 ± 5
100 mM L-valine 101 ± 1 60 ± 14 100 ± 2 85 ± 9
100 mM L-leucine 99 ± 2 68 ± 11 98 ± 1 80 ± 8
100 mM L-arginine 98 ± 1 45 ± 14 96 ± 1 68 ± 9
20 mM saccharin# 97 ± 1 12 ± 3 98 ± 1 64 ± 11

TS with amiloride
0.03 mM amiloride 102 ± 1 101 ± 1 100 ± 1 98 ± 2
100 mM NaCl 100 ± 1 73 ± 14* 99 ± 2 90 ± 3*
1000 mM MSG 90 ± 6 30 ± 7* 97 ± 3 77 ± 6*
300 mM MSG 100 ± 0.4 59 ± 12* 99 ± 1 89 ± 4*
100 mM MSG 101 ± 1 74 ± 11* 99 ± 1 86 ± 5*
1 mM MSG 102 ± 1 98 ± 2 100 ± 1 97 ± 1
10 mM IMP 100 ± 1 28 ± 6 98 ± 1 40 ± 10
0.1 mM IMP 100 ± 1 98 ± 2 101 ± 1 96 ± 2
The order (top to bottom) of TS is the same as the order of their presentation.

#
TS without amiloride: Significant difference between conditioned and control groups pooled between the two strains; p<0.05; Tukey post-hoc tests for

a two-way (TS × treatment) interaction. The post-hoc tests were based on results of three-way ANOVA of normalized licking rates to TS without amiloride:
effects of strain [F(1,24) = 11.1, p = 0.003]; treatment [F(1,24) = 213.4, p < 0.001]; TS [F(24,576) = 19.5, p < 0.001]; strain × treatment [F(1,24) = 7.8,
p = 0.01]; strain × TS [F(24,576) = 1.6, p = 0.03]; treatment × TS [F(24,576) = 8.0, p < 0.001]; strain × treatment × TS [F(24,576) = 1.5, p = 0.06].

*
TS with amiloride: Significant difference between licking rates for TS with and without amiloride pooled between the two strains; p<0.05; Tukey post-

hoc tests for a two-way (amiloride × TS) interaction. The post-hoc tests were based on results of three-way ANOVA of normalized licking rates to TS
(NaCl, MSG and IMP) without and with amiloride in conditioned groups of mice: effects of strain [F(1,13) = 22.8, p < 0.001]; amiloride [F(1,13) = 51.2,
p < 0.001]; TS [F(6,78) = 56.2, p < 0.001]; strain × amiloride [F(1,13) = 1.0, p = 0.3]; strain × TS [F(6,78) = 5.7, p < 0.001]; amiloride × TS [F(6,78) =
4.1, p = 0.001]; strain × amiloride × TS [F(6,78) = 1.1, p = 0.4].
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