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Leptin receptors are present in taste buds and previous research indicates that leptin administration modified
electrophysiological and behavioral responses to sweet taste. It is now known that sweet taste is temperature
dependent. We examined the influence of (1) stimulus temperature on chorda tympani (CT) nerve re-
sponses to sucrose, saccharin and NH4Cl; and (2) leptin administration on CT nerve responses to sucrose,
saccharin and other basic taste stimuli at 35 °C that maximized sweet-taste sensitivity in C57BL/6 mice.
We found that the CT nerve responded with greater magnitude to sucrose and saccharin as stimulus
temperature increased from 23 to 35 °C and then declined at higher temperatures. In contrast, the CT
nerve responses to NH4Cl increased in magnitude as temperature increased from 23 to 44 °C. We also
showed that leptin selectively increased the CT nerve responses to sucrose at 35 °C in both fasted
and free-fed mice. The responses of mice treated with the saline vehicle did not change. Our findings
are consistent with the notion that leptin binds with its receptors in fungiform taste buds and alters
the message conveyed by sugar-responsive neurons to the brain.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The adipose-derived hormone leptin is well known for the key
role it plays in suppressing consumption and increasing energy expen-
diture by its action on leptin receptors in critical hypothalamic nuclei
[1,2]. Less well studied is the role of leptin in altering taste function.
Kawai, et al. [3] were the first to study the influence of leptin on taste.
They showed that intraperitoneal administration of leptin into fasted
mice reduced the integrated responses of the chorda tympani (CT)
and glossopharyngeal (GL) nerves to ≈24 °C sucrose and saccharin,
but not to NaCl, HCl, or QHCl. They showed further in patch-clamp
studies of isolated taste receptors cells from circumvallate papillae
that leptin activated outward potassium currents and hyperpolarized
taste cells making them less responsive to taste stimulation [3]. These
electrophysiological findings were followed by anatomical evidence
demonstrating that leptin receptors were located on taste buds of
fungiform and circumvallate papillae [4,5]. This story is, however, incom-
plete because it is not yet known whether leptin receptors, activated
potassium currents and hyperpolarization occur only in taste cells
with the machinery for sweet taste transduction.

Sweet-taste transduction involves two G protein-coupled recep-
tors, T1R2 and T1R3, which dimerize to form the sweet receptor
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responsive to a broad range of sugars and artificial sweeteners [6,7].
There is also a T1R-independent mechanism for sweet-taste trans-
duction involving glucose transporters [8,9]. Many studies, including
our own, have shown that sweet taste sensitivity is temperature
dependent [10,11]. It has been shown that a member of the tran-
sient receptor potential (TRP) superfamily of ion channels, TRPM5,
underlies the temperature-dependent nature of sweet taste [12–14].
TRPM5 is a Ca2+- and voltage-activated nonselective cation channel
that is a working component downstream from the G-protein-
coupled sweet taste receptor, T1R2 and T1R3 [6,15–18], and is thought
to amplify the taste signal by facilitating taste cell depolarization. In
fact, TRPM5 knockout (KO) mice have greatly reduced, but not
abolished responses of the CT nerve to sweet compounds, suggesting
the existence of TRPM5-dependent and TRPM5-independent trans-
duction pathways for sweet taste [7,19]. In addition, TRPM5 is a
heat-activated channel whose activity has been shown to increase be-
tween 15° and 35 °C [14,20].

To date, the only electrophysiological study that has investigated
the influence of leptin on taste nerve responses was done using
chemical stimuli delivered at room temperature (≈24 °C) to the
lingual taste buds [3]. This study was performed under less than
optimal conditions before the influential role of temperature and
TRPM5 on sweet taste was thoroughly appreciated. We have had
a long-standing interest in how temperature influences neural res-
ponses to chemical stimulation of lingual receptors [10,21–23]. Because
of this interest, we have adopted a stimulus delivery systemwith which
we can control the temperature of the stimulus solutions over a wide
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temperature range. Accordingly, we conducted the present study to
serve two main purposes. Our first purpose was to confirm and extend
prior work investigating the influence of temperature on sweet taste
using our stimulus delivery system in mice. We examined the influence
of stimulating temperature on the CT nerve responses to sucrose, sac-
charin, andNH4Cl from23 to 44 °C in C57BL/6mice. Our second purpose
was to extend prior work investigating the influence of leptin adminis-
tration on the CT nerve responses to sucrose, saccharin and other basic
taste stimuli at 35 °C that maximized sweet-taste sensitivity.

2. Materials and general methods

2.1. Subjects

Adult male C57BL/J6 (Jackson Laboratory, Bar Harbor, ME) mice
weighing 26–32 g at the start of the experiments were housed indi-
vidually in transparent plastic cages in a temperature-controlled col-
ony room (22 °C–24 °C) and maintained on a 12:12-h light–dark
cycle with lights on at 7:00 am. All the animals were habituated to
the animal facility for at least 1 week before CT recording or behavior-
al testing. All mice had ad libitum access to Purina Rat Chow (no.
5001) and de-ionized water unless otherwise indicated. The Institu-
tional Animal Care and Use Committee at Florida State University ap-
proved all procedures.

2.2. Electrophysiological recordings of taste responses of the mouse
chorda tympani

The mice were anesthetized with intraperitoneal administration
of ketamine (30 mg/kg body weight) followed by urethane (1.2 g/kg).
Supplemental urethane injections were given to maintain a deep
level of anesthesia without reflex response to foot pinch. The mice
were tracheotomized with PE50 tubing, and secured in a non-
traumatic head holder (Model 926B Mouse Nose/Tooth Bar Assembly,
David Kopf Instruments, Tujunga, CA). Using a mandibular approach,
the right CT branch of the facial nerve was exposed and transected
where it enters the tympanic bulla. The CT nerve was desheathed,
and placed on a platinum wire electrode (positive polarity) and the
entire cavity was then filled with high quality paraffin oil (VWR) to
isolate the nerve signal from ground and maintain nerve integrity. An
indifferent electrode (negative polarity) was attached to the skin
overlying the craniumwith a tinned-copper alligator clip. Neural activ-
ity was differentially amplified (X10,000; A-M Systems, Sequim, WA,
bandpass 300–5000 Hz), observed with an oscilloscope, digitized with
waveform hardware and software (Spike 2; Cambridge Electronic
Design, Cambridge, England), and stored on a computer for off-line
analysis.

2.3. Chemical stimuli and solution delivery

The tongue was slightly extended and held in place by withdraw-
ing the thread, sutured to the tongue's ventral surface, and securing it
to the grounding table. Solutions were presented to the anterior ton-
gue at a constant flow rate (50 μl/s) and controlled temperature
[24,25] by an air-pressurized 32-channel commercial fluid-delivery
system and heated perfusion cube (OctaFlow Multi-function Multi-
valve Perfusion System, ALA Scientific Instruments, Farmingdale,
NY). All solutions were made from reagent-grade chemicals and dis-
solved in a dilute salt mixture (0.015 M NaCl, 0.022 M KCl, 0.003 M
CaCl2, and 0.0006 MgCl2) of artificial saliva [26]. We recorded CT
nerve responses to 10-s applications of each taste stimulus. Each
stimulus was followed by a rinse of artificial saliva (AS) for 60–90 s
to ensure that nerve activity returned to stable baseline levels. Ampli-
fied nerve activity was monitored on-line, digitized using Spike 2, and
integrated with a root mean square (RMS) calculation with a time
constant of 200 ms. The average baseline neural activity immediately
preceding each chemical stimulus presentation was subtracted from
the integrated response resulting from the 10-s stimulus to calculate
the area under the curve (AUC).

3. Experiment 1

In this experiment, we tested the influence of temperature on CT
nerve responses to a sucrose concentration series and to a single con-
centration of sodium saccharin and NH4Cl.

3.1. Subjects and taste protocol

Six mice were used to investigate the effects of different tempera-
tures on CT nerve responses to sweet stimuli. For each mouse, we
recorded CT nerve responses to a sucrose concentration series (0.1,
0.3, 0.6 and 1.0 M sucrose) and to 0.02 M sodium saccharin and
0.1 M NH4Cl at eight different temperatures in 3 °C intervals from
23 to 44 °C. To control for individual differences among preparations,
we also applied 0.6 M NaCl periodically during the recording session.
The AUC responses to the sweet stimuli and NH4Cl were normalized
to the average response to 0.6 M NaCl for each animal. We used
0.6 M NaCl for normalization in this experiment because our prelim-
inary tests indicated that CT nerve responses to NaCl stimuli were
least affected by differences in stimulus temperature. The response
to 0.6 M NaCl was also used to evaluate the stability of the prepara-
tion. A recording was considered stable when the responses to
0.6 M NaCl at the beginning and at the end of each stimulation series
deviated by no more than 15%. Only responses from stable recordings
were used for data analysis.

3.2. Data analysis

All data are presented as group means±SEM. Differences be-
tween the responses at different temperatures were performed
using two-way and one-way repeated measure ANOVA followed by
post hoc pairwise comparisons using contrast coefficients. All analy-
ses were performed using Statistical Program for Social Sciences soft-
ware (SPSS 13.0) with statistical significance accepted when Pb0.05.

3.3. Results

A two-way repeated measures ANOVA showed that the CT nerve
responses to sucrose varied significantly as a function of stimulus
concentration [F(1.25,189.75)=136.90, Pb0.001] and stimulus tem-
perature [F(1.61,189.39)=4.67, Pb0.01]. As depicted in Fig. 1A, the
average sucrose response was maximum at 35 °C across all stimulus
concentrations. There was a relatively sharp decline in response mag-
nitude at both lower and higher stimulus temperatures for the three
strongest sucrose concentrations and a more modest decline for the
weakest sucrose concentration. This is evident from the graphs as
well as from post hoc comparison tests. For 0.1 M sucrose, the re-
sponse magnitude at 35 °C was significantly greater than that at
23 °C (Pb0.01), 26 °C (Pb0.01), 41 °C (Pb0.01) and 44 °C (Pb0.05).
For 0.3 M sucrose, the response at 35 °C was significantly greater
than that at 23 °C, 26 °C, 29 °C, 41 °C and 44 °C (all P-valuesb0.05).
Similarly for 0.6 M sucrose, the average response at 35 °C was signif-
icantly greater than that at 23 °C, 26 °C, 29 °C, 32 °C, 38 °C, 41 °C and
44 °C (all P-valuesb0.05). For 1.0 M sucrose, the average response at
35 °C was significantly greater than that at 23 °C, 26 °C, 41 °C and
44 °C (all P-valuesb0.05).

As shown in Fig. 1B, temperature had a similar effect on CT nerve
responses to 0.02 M saccharin as sucrose. The average response to
sodium saccharin was maximum at 35 °C and response magnitude
declined at lower and higher temperatures [F(1.49,45.51)=5.28,
Pb0.05]. Post hoc comparison tests showed that the average response



Fig. 1. In C57BL mice, the whole nerve responses of the chorda tympani to lingual application of sucrose (A), saccharin (B), and NH4Cl (C) at different stimulus temperatures.
*Significantly different from 35 °C, Pb0.05, **Pb0.01, ***Pb0.001.
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at 35 °C was significantly greater than that at 23 °C, 26 °C, 29 °C, 41 °C,
and 44 °C (all P-valuesb0.05).

As shown in Fig. 1C, temperature had a completely different pat-
tern of influence on responses to 0.1 M NH4Cl than on responses to
sucrose and sodium saccharin. The responses of the CT nerve to
NH4Cl increased progressively as temperature increased from the
lowest to the highest temperature [F(2.38,44.62)=34.83, Pb0.001].
Post hoc comparisons revealed that the average response to NH4Cl
at 35 °C was significantly greater than that at 23 °C [F(1,10)=38.56,
Pb0.01], 26 °C [F(1,10)=49.87, Pb0.001], 29 °C [F(1,10)=16.71,
Pb0.01], and 32 °C [F(1,10)=48.39, Pb0.001], but less than that at
41 °C [F(1,10)=19.30, Pb0.01] and 44 °C [F(1,10)=40.27, Pb0.01].
4. Experiment 2

In this experiment, we tested the influence of peripheral leptin
administration on CT nerve responses to chemical stimulation of
the tongue at 35 °C.
4.1. Subjects

Twenty-eight mice were divided into four equal groups of 7
animals each. Two free-fed groups were maintained on unrestricted
laboratory chow and water before CT nerve recording and during
testing received intraperitoneal administration of either leptin
(free-fed leptin) or vehicle (free-fed saline). Two fasted groups were
given unrestricted access towater and deprived of food for 24 h before
CT nerve recording and during testing received either leptin (fasted
leptin) or vehicle (fasted saline). Leptin (The National Hormone and
Peptide Program, NHPP) was dissolved in PBS (pH 8.0) at a concentra-
tion of 200 mg/dl. Mice in the leptin groups (free-fed and fasted)
received recombinant leptin at a dose of 100 ng/g body weight
while mice in the saline groups received saline.

4.2. Taste stimuli protocol

Chorda tympani recording and chemical stimulation procedures
followed the same methods as outlined in Experiment 1. In this
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study, we recorded CT nerve responses to a sucrose concentration
series (0.1, 0.3, 0.6 and 1.0 M sucrose), a NaCl concentration series
(0.1, 0.3, 0.6 and 1.0 M NaCl) and to 0.01 M citric acid, 0.02 M sodium
saccharin, 0.02 M QHCl, and 0.1 M monosodium glutamate (MSG). To
control for individual differences among preparations, we also applied
0.1 M NH4Cl periodically during the recording session. The AUC
responses to all stimuli were normalized to the average response
to 0.1 M NH4Cl for each animal. Taste solutions and rinse with
AS were applied at 35 °C. The complete stimulus protocol was
presented twice, once before and 30 min after the mice were
treated with either leptin or saline.
4.3. Effect of leptin on food intake

Wedeterminedwhether the leptin dose used for CT nerve recording
also altered food intake in mice.
4.4. Subjects

Twelve naïve male mice were divided into two equal groups of 6
animals each. The mice in both groups had unrestricted access to
water and laboratory chow and food intake and body weight were
measured daily at 6:00 PM. The animals were adapted to this schedule
for four consecutive days. After the measurement period on day 4,
mice in the leptin group received intraperitoneal administration of
leptin at a dose 100 ng/g body weight, while mice in the saline
group received saline. Twenty-four hours after the injection, daily
food intake was measured again.
Fig. 2. The whole nerve responses of the chorda tympani (CT) to lingual application of sucr
before and after leptin treatment. On the left side are raw electrophysiological traces from t
greater after leptin treatment, Pb0.01.
4.5. Data analysis

All data are presented as the mean±SEM. We analyzed the differ-
ences in the CT responses before and after the drug injection using a
two-way, repeated measures ANOVA followed by post hoc pairwise
comparisons using contrast coefficients. Mauchly's test of sphericity
was used to assess homogeneity of variance between treatment groups
[27], and if sphericity was violated, Greenhouse–Geisser corrections
were applied. The differences in food intake between leptin- and
saline-treated groups on day 5 were compared by an independent-t
test. All analyses were performed using the Statistical Program for So-
cial Sciences software (SPSS 13.0) with statistical significance accept-
ed with Pb0.05.
4.6. Results

For the free-fed leptin group, a two-way repeated measures
ANOVA with Greenhouse–Geisser correction revealed that CT res-
ponses to sucrose varied significantly as a function of stimulus con-
centration [F(2.2,44.8)=103.77, Pb0.001] and treatment condition
[F(1,46)=13.88, Pb0.01]. As shown in Fig. 2A, responses to su-
crose increased predictably with concentration. In addition, CT
nerve responses to sucrose were overall greater 30 min after leptin
treatment than before treatment. Post hoc analyses showed that CT
responses to 0.1 M [F(1,12)=14.85, Pb0.01] and 0.3 M [F(1,12)=
29.14, Pb0.01] were greater following leptin. Similar to sucrose,
CT nerve responses to NaCl responses also varied significantly
with stimulus concentration [F(1.6,45.4)=179.37, Pb0.001]. However
in contrast to sucrose, the responses to all NaCl concentrations, citric
ose (A), NaCl (B), and citric acid, saccharin, QHCl and MSG (C) in free-fed C57BL mice
he CT nerve and on the right the average responses from 7 mice/group. **Significantly

image of Fig.�2


Fig. 3. The whole nerve responses of the chorda tympani (CT) to lingual application of sucrose (A), NaCl (B), and citric acid, saccharin, QHCl andMSG (C) in fasted C57BL mice before
and after leptin treatment. On the left side are raw electrophysiological traces from the CT nerve and on the right the average responses from 7 mice/group. **Significantly greater
after leptin treatment, Pb0.01, ***Pb0.001.

Fig. 4. The average (±SEM) daily food intake before and after leptin or saline injection.
*Significantly different after drug injection, Pb0.05.
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acid, saccharin, QHCl and MSG remained unchanged after leptin treat-
ment (see Fig. 2B and C).

For the free-fed saline group, there was a similar pattern of CT
nerve responses to all the chemical stimuli — high responsiveness
to sucrose and NaCl that increased with stimulus concentration, and
modest responses to the other stimuli. As expected, the CT responses
to all stimuli were similar before and after saline treatment (data
not shown).

For the fasted leptin group, a two-way repeated measures ANOVA
with Greenhouse–Geisser correction found that the CT responses to
sucrose varied significantly as a function of stimulus concentration
[F(1.8,45.2)=93.50, Pb0.001] and treatment condition [F(1,46)=
25.40, Pb0.01]. As shown in Fig. 3A, responses to sucrose increased
with stimulus concentration and responses to sucrose were greater
30 min after than before leptin. Post hoc analyses showed that the
CT responses to 0.3 M [F(1,12)=38.71, Pb0.001], 0.6 M [F(1,12)=
17.50, Pb0.01] and 1.0 M [F(1,12)=38.89, Pb0.001] sucrose were
significantly greater following leptin. As shown in Fig. 3B, the CT
responses to NaCl also varied significantly as a function of stimulus
concentration [F(1.3,45.7)=195.71, Pb0.001] and were similar be-
fore and after leptin treatment. Similarly, the responses to citric
acid, sodium saccharin, QHCl, and MSG remain unchanged after
leptin treatment (see Fig. 3C).

For the fasted saline group, there was a similar pattern of CT nerve
responses to all the chemical stimuli — high responsiveness to
sucrose and NaCl that increased with stimulus concentration,
and modest responses to the other stimuli. As expected, the CT
responses to all stimuli were similar before and after saline treat-
ment (data not shown).
As can be seen in Fig. 4A, the average food intake values for the
two groups of mice were similar for the 4 days preceding leptin or
saline treatment. We calculated the average daily food intake over
the 4 days preceding the drug injection for the two groups. An
independent-t test indicated that there was no difference in baseline
food intake between leptin and saline groups. However, after the in-
jection on day 4, the average 24-h food intake of the saline group
increased while that of the leptin group decreased. This resulted in
a significant group difference in food intake (t=−3.14, Pb0.05).
In fact, 6/6 saline-injected mice increased their food intake on day
5 compared to day 4 of testing, whereas 5/6 leptin-injected mice
decreased their food intake.

image of Fig.�3
image of Fig.�4
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5. Discussion

In Experiment 1, we found that the CT nerve responses to the four
different sucrose concentrations peaked at 35 °C and declined at both
higher and lower temperatures. This was most apparent for 0.6 M
sucrose with the response to it at 35 °C being significantly greater
than that to all other temperatures. For the 3 other sucrose concen-
trations, the CT responses at intermediate temperatures (32–38 °C)
were similar to each other and significantly reduced at the lowest
(23 and 26 °C) and highest (41 and 44 °C) temperatures. This overall
pattern shown in the present study is consistent with prior research
showing sweet taste's dependence on temperature [28,29]. We
adopted 0.6 M NaCl responses as our standard, because as shown in
a previous study as well as based on our preliminary studies, NaCl
responses were least affected by temperature [30]. This is most likely
due to the temperature insensitivity of the epithelial sodium channel
(ENaC), which mediates a significant portion of the NaCl response in
the rat CT [10,31].

The temperature dependence on taste varied with the modality of
the stimuli. In contrast to sucrose with peak responses at 35 °C, the CT
responses to NH4Cl increased with increasing temperature with the
weakest response at 23 °C and largest response at 44 °C. As far as
we know, this is the first study to show the influence of temperature
on CT responses to NH4Cl in mice, a finding consistent with results
from a previous study in rats [22,29]. Despite its common use as a
standard stimulus in peripheral nerve recordings, temperature's
influence on CT responses to NH4Cl maymake it a questionable choice
as a standard for studies involving the study of taste–temperature
interaction.

The most dominant finding of Experiment 2 was that acute leptin
administration enhanced CT responses to several sucrose concentra-
tions at 35 °C in both free-fed and fasted mice, without affecting the
responses to other basic taste stimuli. The responses to a broad
range of NaCl concentrations, citric acid, saccharin, quinine, and
MSG were unaffected by leptin administration. It is important to
note that the leptin dose (100 ng/g body weight) used in our CT studies
suppressed the 24-h food intake of 6 fasted mice compared to 6 fasted
vehicle-treated controls, and leptin's effect on CT responses was more
pronounced in fasted than free-fed mice. Finally, the CT responses to
all stimuli before leptin administration were the same between fasted
and free-fed mice. This finding indicates that food restriction alone
does not alter CT responses to chemical stimulation of fungiform taste
buds.

The present results on leptin were opposite to the results from a
previous study showing that leptin reduced CT nerve responses to
sucrose and saccharin [3]. There were several methodological differ-
ences between the two studies that may have played a role in the
outcome. For example, the two studies used different strains of
C57 mice. The previous study used BABL/c and C57BL/KsJ-db mice,
while we used C57BL6 [3]. Additionally, the two studies differed in
anesthetic (sodium pentobarbital vs urethane), stimulation proce-
dure (gravity flow system with tongue enclosed in a flow chamber
vs OctaFlow system over an open tongue), and response measure
(amplitude of integrated response at single time point vs area
under curve over entire stimulation period). The two studies also
differed in two other ways known to directly influence to sweet
taste sensitivity. In the previous study, water was the solvent and
rinse solution for stimuli delivered at 24 °C, whereas in the present
study artificial saliva was the solvent and rinse solution for stimuli
delivered at 35 °C. Artificial saliva and temperature have both been
shown to increase CT nerve responses to sucrose [28,32]. While all
of the methodological differences outlined above may have contri-
buted to the discrepant leptin finding, we suspect that stimulus
temperature may be the most important factor.

Many studies, including our own, have shown that sweet taste
sensitivity is temperature dependent [10,11]. After the original
study of leptin on CT nerve responses [3], subsequent research
showed that the temperature sensitive heat-activated channel
TRPM5 co-expressed with sweet taste-signaling molecules [33–35].
In addition, TRPM5 mediated the temperature-dependent nature of
sweet taste [13,14]. It was concluded that sweet taste signaling relies
on both TRPM5-dependent and TRPM5-independent transduction
pathways [7,19]. The activity of TRPM5 increased between 15° and
35 °C [14,20], thus, it was not surprising that we found the CT nerve
responded with greater magnitude as the temperature of sucrose
increased from 23 °C to 35 °C. The CT nerve responses to sucrose
were significantly lower, however, at 41 °C and 44 °C indicating that
these temperatures were beyond the optimal range for TRPM5 activity.
The previous study investigated leptin's influence on sweet taste when
TRPM5was relatively inactive (TRPM5-independent) at 24 °C [3], while
in the present study sweet taste sensitivity was studied under optimal
TRPM5-dependent conditions at 35 °C. Althoughwe don't know exactly
how leptin enhances the CT responses to 35 °C sucrose, it likely involves
the TRPM5-dependent pathway. Based onwork from recent studies, we
suspect that leptin binds to leptin receptors on TRC [4,5] thereby
increasing cation conductance leading to depolarization [36–40]
and increased intracellular calcium concentration [41], which then
promotes TRPM5-dependent sweet taste signaling.

As mentioned earlier, we used artificial saliva containing all the
major ions normally found in saliva as the rinse solution and solvent
for all the chemical stimuli. Saliva is a critical factor impacting taste
sensitivity [42,43]. The ionic conditions surrounding the taste cells
are essential in taste transduction. Matsuo and Yamamoto showed
that under artificial saliva-adapted conditions, the CT nerve responses
to sucrose were significantly greater than those obtained when the
tongue was adapted to distilled water [32]. Similarly, Breza, et al.
found a threefold higher number of sucrose-sensitive neurons in
rats adapted to 35 °C artificial saliva compared to rats adapted to
room temperature deionized water [44]. Accordingly, artificial saliva
is especially important for maintaining chemical sensitivity and re-
sponse stability to sucrose in mice during long recording periods
both before and 30 min after leptin or saline administration.

In conclusion, our study found that leptin administration increased
the CT nerve responses to 35 °C sucrose stimuli in both free-fed and
fasted mice, which was also proved to be the optimum temperature
for sweet taste in mice. This finding contrasts with results from an
earlier report that found that leptin decreased CT responses to 24 °C
sucrose [3]. There were many methodological differences between
the studies, but stimulus temperature and adapting rinse are two
factors critically important to sweet taste signaling and most like-
ly contributed to the dissimilar findings. The fact that the two
studies used different strains of mice is another likely factor that
may have played a role, as well. With respect to the present findings,
we propose that leptin binds to leptin receptors on TRC and augments
the activity of the TRPM5 channel at 35 °C. In doing so, leptin enhances
the intensity signal conveyed by sugar-responsive neurons to the brain,
presumably making sucrose taste more sweet and energy-rich. Conse-
quently, intake declines in the service of energy balance and prevention
of overfeeding.

Acknowledgments

The National Institute on Deafness and Communication Disorders,
grant DC-004785, supported this research. Dr. Joseph M. Breza is cur-
rently a postdoctoral fellow in the Division of Oral Biology, College of
Dentistry, at the Ohio State University.

References

[1] Farooqi IS, O'Rahilly S. Leptin: a pivotal regulator of human energy homeostasis.
Am J Clin Nutr 2009;89(3):980S–4S.

[2] Belgardt BF, Bruning JC. CNS leptin and insulin action in the control of energy
homeostasis. Ann N Y Acad Sci 2010;1212:97–113.



539B. Lu et al. / Physiology & Behavior 107 (2012) 533–539
[3] Kawai K, Sugimoto K, Nakashima K, Miura H, Ninomiya Y. Leptin as a modulator of
sweet taste sensitivities in mice. Proc Natl Acad Sci U S A 2000;97(20):11044–9.

[4] Shigemura N, Miura H, Kusakabe Y, Hino A, Ninomiya Y. Expression of leptin
receptor (Ob-R) isoforms and signal transducers and activators of transcription
(STATs) mRNAs in the mouse taste buds. Arch Histol Cytol 2003;66(3):253–60.

[5] Shigemura N, Ohta R, Kusakabe Y, Miura H, Hino A, Koyano K, et al. Leptin modu-
lates behavioral responses to sweet substances by influencing peripheral taste
structures. Endocrinology 2004;145(2):839–47.

[6] Zhao GQ, Zhang Y, Hoon MA, Chandrashekar J, Erlenbach I, Ryba NJ, et al. The
receptors for mammalian sweet and umami taste. Cell 2003;115(3):255–66.

[7] Ohkuri T, Yasumatsu K, Horio N, Jyotaki M, Margolskee RF, Ninomiya Y. Multiple
sweet receptors and transduction pathways revealed in knockout mice by tem-
perature dependence and gurmarin sensitivity. Am J Physiol Regul Integr Comp
Physiol 2009;296(4):R960–71.

[8] Toyono T, Seta Y, Kataoka S, Oda M, Toyoshima K. Differential expression of the
glucose transporters in mouse gustatory papillae. Cell Tissue Res 2011;345(2):
243–52.

[9] Yee KK, Sukumaran SK, Kotha R, Gilbertson TA, Margolskee RF. Glucose transporters
and ATP-gated K+ (KATP) metabolic sensors are present in type 1 taste receptor 3
(T1r3)-expressing taste cells. Proc Natl Acad Sci U S A 2011;108(13):5431–6.

[10] Breza JM, Curtis KS, Contreras RJ. Temperature modulates taste responsiveness
and stimulates gustatory neurons in the rat geniculate ganglion. J Neurophysiol
2006;95(2):674–85.

[11] Cruz A, Green BG. Thermal stimulation of taste. Nature 2000;403(6772):889–92.
[12] Clapham DE. TRP channels as cellular sensors. Nature 2003;426(6966):517–24.
[13] Ishimaru Y, Matsunami H. Transient receptor potential (TRP) channels and taste

sensation. J Dent Res 2009;88(3):212–8.
[14] Talavera K, Yasumatsu K, Voets T, Droogmans G, Shigemura N, Ninomiya Y, et al.

Heat activation of TRPM5 underlies thermal sensitivity of sweet taste. Nature
2005;438(7070):1022–5.

[15] Lindemann B. Receptors and transduction in taste. Nature 2001;413(6852):219–25.
[16] Liman ER. TRPM5 and taste transduction. Handb Exp Pharmacol 2007;179:287–98.
[17] Zhang Y, Hoon MA, Chandrashekar J, Mueller KL, Cook B, Wu D, et al. Coding of

sweet, bitter, and umami tastes: different receptor cells sharing similar signaling
pathways. Cell 2003;112(3):293–301.

[18] Liu D, Liman ER. Intracellular Ca2+ and the phospholipid PIP2 regulate the taste
transduction ion channel TRPM5. Proc Natl Acad Sci U S A 2003;100(25):
15160–5.

[19] Damak S, Rong M, Yasumatsu K, Kokrashvili Z, Pérez CA, Shigemura N, et al.
Trpm5 null mice respond to bitter, sweet, and umami compounds. Chem Senses
2006;31(3):253–64.

[20] Liman ER. Thermal gating of TRP ion channels: food for thought? Sci STKE
2006;2006(326):pe12.

[21] Lundy Jr RF, Contreras RJ. Tongue adaptation temperature influences lingual nerve
responses to thermal and menthol stimulation. Brain Res 1995;676(1):169–77.

[22] Lundy Jr RF, Contreras RJ. Temperature and amiloride alter taste nerve responses
to Na+, K+, and NH+4 salts in rats. Brain Res 1997;744(2):309–17.

[23] Pittman DW, Contreras RJ. Responses of single lingual nerve fibers to thermal and
chemical stimulation. Brain Res 1998;790(1–2):224–35.

[24] Lundy Jr RF, Contreras RJ. Gustatory neuron types in rat geniculate ganglion.
J Neurophysiol 1999;82(6):2970–88.
[25] Smith JC, Davis JD, O'Keefe GB. Lack of an order effect in brief contact taste tests
with closely spaced test trials. Physiol Behav 1992;52(6):1107–11.

[26] Hirata S, Nakamura T, Ifuku H, Ogawa H. Gustatory coding in the precentral exten-
sion of area 3 in Japanese macaque monkeys; comparison with area G. Exp Brain
Res 2005;165(4):435–46.

[27] Maxwell SE, Delaney HD. Designing experiments and analyzing data: a model
comparison approach (2nd Ed). Mahwah NJ: LEA; 2004.

[28] Bartoshuk LM, Rennert K, Rodin J, Stevens JC. Effects of temperature on the per-
ceived sweetness of sucrose. Physiol Behav 1982;28(5):905–10.

[29] Green BG, Frankmann SP. The effect of cooling on the perception of carbohydrate
and intensive sweeteners. Physiol Behav 1988;43(4):515–9.

[30] Nakamura M, Kurihara K. Differential temperature dependence of taste nerve
responses to various taste stimuli in dogs and rats. Am J Physiol 1991;261(6
Pt 2):R1402–8.

[31] Breza JM, Contreras RJ. Anion size modulates salt taste in rats. J Neurophysiol
2012;107(6):1632–48.

[32] Matsuo R, Yamamoto T. Effects of inorganic constituents of saliva on taste
responses of the rat chorda tympani nerve. Brain Res 1992;583(1–2):71–80.

[33] Pérez CA, Margolskee RF, Kinnamon SC, Ogura T. Making sense with TRP channels:
store-operated calcium entry and the ion channel Trpm5 in taste receptor cells.
Cell Calcium 2003;33(5–6):541–9.

[34] Kaske S, Krasteva G, König P, Kummer W, Hofmann T, Gudermann T, et al. TRPM5,
a taste-signaling transient receptor potential ion-channel, is a ubiquitous signal-
ing component in chemosensory cells. BMC Neurosci 2007;8:49.

[35] Pérez CA, Huang L, Rong M, Kozak JA, Preuss AK, Zhang H, et al. A transient recep-
tor potential channel expressed in taste receptor cells. Nat Neurosci 2002;5(11):
1169–76.

[36] Powis JE, Bains JS, Ferguson AV. Leptin depolarizes rat hypothalamic paraventri-
cular nucleus neurons. Am J Physiol 1998;274(5 Pt 2):R1468–72.

[37] Qiu J, Fang Y, Rønnekleiv OK, Kelly MJ. Leptin excites proopiomelanocortin neurons
via activation of TRPC channels. J Neurosci 2010;30(4):1560–5.

[38] Hisadome K, Reimann F, Gribble FM, Trapp S. Leptin directly depolarizes prepro-
glucagon neurons in the nucleus tractus solitarius: electrical properties of
glucagon-like peptide 1 neurons. Diabetes 2010;59(8):1890–8.

[39] Cowley MA, Smart JL, Rubinstein M, Cerdán MG, Diano S, Horvath TL, et al. Leptin
activates anorexigenic POMC neurons through a neural network in the arcuate
nucleus. Nature 2001;411(6836):480–4.

[40] Qiu J, Fang Y, Bosch MA, Rønnekleiv OK, Kelly MJ. Guinea pig kisspeptin neurons
are depolarized by leptin via activation of TRPC channels. Endocrinology
2011;152(4):1503–14.

[41] Glavaski-Joksimovic A, Rowe EW, Jeftinija K, Scanes CG, Anderson LL, Jeftinija S.
Effects of leptin on intracellular calcium concentrations in isolated porcine soma-
totropes. Neuroendocrinology 2004;80(2):73–82.

[42] Matsuo R. Role of saliva in the maintenance of taste sensitivity. Crit Rev Oral Biol
Med 2000;11(2):216–29.

[43] Matsuo R, Yamauchi Y, Morimoto T. Role of submandibular and sublingual saliva
in maintenance of taste sensitivity recorded in the chorda tympani of rats.
J Physiol 1997;498(Pt 3):797–807.

[44] Breza JM, Nikonov AA, Contreras RJ. Response latency to lingual taste stimulation dis-
tinguishes neuron types within the geniculate ganglion. J Neurophysiol 2010;103(4):
1771–84.


	Leptin increases temperature-dependent chorda tympani nerve responses to sucrose in mice
	1. Introduction
	2. Materials and general methods
	2.1. Subjects
	2.2. Electrophysiological recordings of taste responses of the mouse chorda tympani
	2.3. Chemical stimuli and solution delivery

	3. Experiment 1
	3.1. Subjects and taste protocol
	3.2. Data analysis
	3.3. Results

	4. Experiment 2
	4.1. Subjects
	4.2. Taste stimuli protocol
	4.3. Effect of leptin on food intake
	4.4. Subjects
	4.5. Data analysis
	4.6. Results

	5. Discussion
	Acknowledgments
	References


