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Abstract

Leptin, a peptide hormone released by adipose tissue, acts on the hypothalamus to control 
cravings and appetite. Leptin also acts to decrease taste responses to sweet substances, though 
there is little detailed information regarding where leptin acts in the taste transduction cascade. 
The present study examined the effects of leptin on sweet-evoked responses and neurotransmitter 
release from isolated taste buds. Our results indicate that leptin moderately decreased sweet-
evoked calcium mobilization in isolated mouse taste buds. We also employed Chinese hamster 
ovary biosensor cells to examine taste transmitter release from isolated taste buds. Leptin reduced 
ATP and increased serotonin release in response to sweet stimulation. However, leptin has no effect 
on bitter-evoked transmitter release, further showing that the action of leptin is sweet specific. Our 
results support those of previous studies, which state that leptin acts on taste tissue via the leptin 
receptor, most likely on Type II (Receptor) cells, but also possibly on Type III (Presynaptic) cells.
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Introduction

It is well established that appetite is regulated primarily by neuronal 
circuits in the central nervous system (CNS) (the hypothalamus, 
brain stem, and reward centers) and their communication with the 
gut (Ahima and Antwi 2008). Hormones secreted by the gut, adi-
pose tissue, and other peripheral organs target these CNS centers to 
help regulate feeding. These hormones include leptin, ghrelin, insu-
lin, and others. Hormones that regulate appetite can also affect taste 
(Shin et al. 2008; Horio et al. 2010; Martin et al. 2010; Yoshida 
2012; Dotson et  al. 2013). Interestingly, some of these hormones 
influence taste by binding directly to receptors on taste bud cells 
(Dando 2010; Dotson et al. 2013). Taste lies at the initial step of 
feeding and is used to identify potential food items (Norgren et al. 
2006; Duffy 2007). Thus, appetite-regulating hormones likely influ-
ence the selection, consumption, and palatability of food.

Sweet, bitter, and umami stimuli bind to and activate taste G pro-
tein-coupled receptors, leading to a PLC-IP3-mediated rise in intra-
cellular Ca2+ concentration and membrane depolarization in taste 
cells (reviewed in Chaudhari and Roper 2010). These events initiate 
secretion of the taste transmitter ATP via pannexin 1 hemichannels or 
calcium homeostasis modulator 1 (CALHM1) channels (Huang et al. 
2007; Romanov et al. 2007; Taruno et al. 2013). ATP activates gus-
tatory sensory afferent fibers (Rong et al. 2000; Finger et al. 2005). 
ATP released during sweet, bitter, or umami stimulation also causes 
neighboring Presynaptic (Type III) cells to release serotonin (5-HT) 
(Huang et al. 2007). Serotonin provides negative paracrine feedback 
onto Receptor cells, reducing ATP secretion (Huang et  al. 2009). 
These cell–cell interactions within the taste bud all contribute to shap-
ing the final output signal to the afferent taste fibers (Roper 2013; 
Chaudhari 2014).
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Leptin is a peptide hormone released by adipose tissue that 
acts in the hypothalamus to inhibit food intake. Its role in appe-
tite regulation is critical; leptin deficiency is associated with severe 
obesity (Schwartz et al. 2000). In addition to its known targets in 
the hypothalamus, leptin receptors have been identified in peripheral 
tissue, including liver, lungs, muscle, and pancreatic β-cells, suggest-
ing important roles for leptin along with its role in appetite regula-
tion (Ghilardi et al. 1996; Kieffer et al. 1996; Hoggard et al. 1997). 
Importantly, leptin receptor (Ob-Rb) expression has been reported 
in taste tissue and is suggested to play an integral role in the regula-
tion of sweet stimuli (Kawai et  al. 2000; Shigemura et  al. 2003). 
Further, diurnal variations in circulating plasma leptin levels have 
been correlated with sweet taste thresholds in humans (Nakamura 
et al. 2008) and mice (Kawai et al. 2000).

There is little detailed information regarding where leptin acts in 
the taste transduction cascade. Kawai et al. (2000) reported that lep-
tin hyperpolarizes a population of taste cells, though they were only 
able to indirectly infer that these cells were sweet-sensing receptor 
cells. Also, intraperitoneal administration of leptin reduced sweet-
evoked chorda tympani (CT) and glossopharyngeal nerve responses 
(Kawai et al. 2000). However, a more recent study reported that in 
some conditions, leptin increases CT nerve responses to sweet stimu-
lation (Lu et al. 2012). We undertook a study to examine the effects 
of leptin on sweet-evoked responses and neurotransmitter release 
from isolated taste buds. Our results indicate that leptin reduces 
ATP and increases serotonin release in response to sweet stimulation. 
Leptin has no effect on bitter-evoked transmitter release.

Materials and methods

Animals
All experimental protocols in this study were approved by the 
University of Miami Animal Care and Use Committee. Adult 
C57BL/6J mice (wild-type) mice of both sexes were sacrificed by 
CO2 exposure followed by cervical dislocation.

Isolating taste buds
To isolate taste buds, the tongues were dissected from C57BL/6J 
mice. The oral epithelium was peeled from the surface after incubat-
ing with an enzyme mixture (1 mg/mL collagenase A, Roche; 2.5  mg/
mL dispase II, Roche; 0.25  mg/mL elastase, Worthington; and 1 mg/
mL trypsin inhibitor, Sigma) (Huang et al. 2007; 2011). Taste buds 
were removed from the circumvallate (CV) papillae with a fire-pol-
ished glass micropipette. For imaging taste-evoked Ca2+ mobilization, 
isolated taste buds were loaded with the calcium-sensitive dye, Fura-
2AM (5 µM, Invitrogen), following a previously described protocol 
(Huang et al. 2005; DeFazio et al. 2006; Dando et al. 2012). Taste 
buds were then placed in a recording chamber, secured with Cell-Tak 
(BD Biosciences) and superfused with Tyrode’s buffer (140 mM NaCl, 
5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10  mM HEPES, 10 mM glu-
cose, 10 mM Na-pyruvate, 5 mM NaHCO3, pH 7.2, 300–330 mOsm).

Transmitter release using biosensors
Taste buds were isolated from mouse circumvallate papillae of 
C57BL/6J mice as described above and transferred to a recording 
chamber where they were superfused with physiological buffer. 
Genetically engineered Chinese hamster ovary cells expressing 
5-HT2c (serotonin) and P2X2/X3 receptors, as well as endogenous 
P2Y (ATP) receptors, were loaded with 5 µM Fura-2AM as described 
by Huang et al. (2007) and transferred into the recording chamber 
with the taste buds. Biosensor sensitivity was screened by testing their 

responses to either 5-HT (3 nM) or ATP (1 µM). Responsive biosen-
sors were moved with a fire-polished glass micropipette adjacent 
to isolated taste buds to monitor transmitter release from the taste 
buds. When recording 5-HT secretion, ATP receptors on the biosen-
sors were desensitized by application of 500 µM ATP for 30 min. 
Conversely, when recording ATP secretion, biosensor 5-HT2c recep-
tors were desensitized with 10 µM 5-HT for 20 min (Huang Y, per-
sonal communication). 5-HT or ATP release was detected by sharp 
increases in intracellular Ca2+ effected through purino- or serotonin 
receptors, monitored with Fura-2 imaging (Huang et al. 2007). In 
separate control experiments, we confirmed that the biosensor cells 
were unaffected by KCl, sweet or bitter taste stimuli, leptin, and 
the leptin receptor antagonist (superactive mouse leptin antagonist 
[SMLA]), at concentrations used in this study.

Ca2+ imaging
Images were recorded at ×20 using an Olympus IX71 inverted fluo-
rescence microscope. Fluorescence of Fura-2AM-loaded cells was 
captured using Indec Workbench v5 software. Cells were excited at 
340 and 380 nm and emission was recorded at 510 nm. The F340/
F380 ratio was converted to [Ca2+]i using a Fura-2AM calcium imag-
ing calibration kit (Invitrogen) (Grynkiewicz et al. 1985).

To test the actions of leptin on taste-evoked calcium responses of 
taste buds, we perfused 1 µg/mL leptin (Kawai et al. 2000) over taste 
buds during stimulation with tastants. Taste-evoked Ca2+ responses 
were determined in the presence and absence of leptin. Responses 
in the presence of leptin were normalized to the responses in the 
absence of leptin from the same experiment and compared using 
paired t-tests. All statistical analyses were conducted using GraphPad 
Prism version 5 for Windows (GraphPad Software).

To test the effects of leptin on taste transmitter secretion, we 
measured taste-evoked ATP and 5-HT release from CV taste buds in 
the presence and absence of 100–1000 ng/mL leptin. For 5-HT secre-
tion experiments, isolated taste buds were preloaded with 500 µM 
5-OH-l-tryptophan (5-HT precursor; Sigma) for 30 min to maximize 
the signal (Huang et al. 2005). Biosensor responses were normalized 
to responses in the absence of leptin from the same experiment. We 
analyzed the effect of leptin on ATP and 5-HT release by compar-
ing normalized biosensor responses in the presence and absence of 
leptin, using paired t-tests.

Stimuli
Taste stimuli for sweet consisted of sucralose (1 mM) and SC45647 
(0.1 mM); for bitter, a mixture of denatonium (1 mM) and cyclohex-
imide (10 µM) (Sigma). Other stimuli included KCl-Tyrode’s (50 mM 
KCl substituted equimolar for NaCl), 1–10 µM ATP (Sigma), 3 nM 
5-HT (Sigma), 100–1000 ng/mL leptin (Invitrogen), and 2.5–25 µg/
mL SMLA (Protein Laboratories Rehovot). All stimuli and pharma-
cological agents were diluted in Tyrode’s buffer. SMLA was diluted 
in 0.01% bovine serum albumin Tyrode’s.

Results

Effect of leptin on taste-evoked Ca2+ responses
A recent report cited unpublished findings that leptin directly acts 
on sweet-evoked Ca2+ mobilization (Jyotaki et al. 2010). To test this 
hypothesis, we examined the effect of leptin on sucralose-evoked 
Ca2+ responses in isolated mouse circumvallate taste buds. We found 
that at very high concentrations (1000 ng/mL), leptin caused a small 
but statistically significant depression (0.82 ± 0.05, n = 8) of sucra-
lose-evoked Ca2+ mobilization in sweet-sensitive taste cells (paired 
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t-test, 2-tailed, P = 0.02) (Figure 1). None of these cells responded 
to 50 mM KCl, consistent with their being Type II Receptor cells 
(DeFazio et al. 2006).

Effect of leptin on taste-evoked transmitter secretion
The modest effect of leptin on sweet-evoked Ca2+ mobilization in taste 
cells was unexpected, given its suppression of taste nerve response 
to sweet substances (Kawai et  al. 2000). Thus, we next explored 
taste mechanisms downstream of Ca2+ mobilization and specifically 
whether leptin reduced taste-evoked transmitter secretion. Yoshida 
et al. (2013) had proposed a hypothetical model for the action of 
leptin on sweet-receptive taste cells that included suppression of ATP 
release, but this had not yet been explored experimentally.

First, we used transmitter biosensors to test the effect of leptin 
on taste-evoked ATP secretion from isolated taste buds. ATP release 
elicited by sweet stimulation decreased significantly in the pres-
ence of 200–1000 ng/mL leptin (paired t-test, 2-tailed, P < 0.0001) 
(Figure 2A and 2B). In contrast, leptin, even at 1000 ng/mL, had no 
significant effect on bitter-evoked ATP release (paired t-test, 2-tailed, 
P = 0.344) (Figure 2C).

Leptin suppressed sweet-evoked ATP secretion in a roughly con-
centration-dependent manner, with little to no effect seen at 100 ng/
mL and unambiguous suppression at or near 1000 ng/mL (Figure 3). 
Because leptin is proposed to act on taste cells via the leptin receptor, 
we tested whether the specific antagonist SMLA reduced the actions 
of leptin (Shpilman et al. 2011). In 3 experiments, we were able to 
record ATP release before, during, and after leptin treatment (200 ng/
mL), with and without SMLA (5 µg/mL). The results showed that 
SMLA reversed the inhibitory effect of leptin on sweet-evoked ATP 
secretion (ANOVA, P < 0.01; Tukey test, P < 0.05 for all compari-
sons) (Figure 4). SMLA on its own had no effect on the biosensors 
nor on ATP release from taste buds.

During gustatory stimulation, Type II Receptor cells release 
ATP which excites neighboring Type III Presynaptic cells to secrete 
serotonin (Huang et al. 2007). Serotonin provides negative (parac-
rine) feedback onto Type II cells, reducing their ATP output (Huang 

et al. 2009). Thus, we investigated whether leptin also alters taste-
evoked 5-HT release. Unexpectedly, leptin (1000 ng/mL) signifi-
cantly increased sweet-evoked 5-HT secretion (paired t-test, 2-tailed, 
P = 0.01) (Figure 5). In marked contrast, leptin had no effect on bitter-
evoked 5-HT secretion (paired t-test, 2-tailed, P = 0.38) (Figure 6A).

As stated, Type III (Presynaptic) cells are indirectly stimulated to 
secrete 5-HT when taste buds are exposed to sweet or bitter tastants due 
to ATP released from Receptor (Type II) cells. Presynaptic (Type III) cells 
are also depolarized by KCl. Depolarization elicits Ca2+ influx through 
voltage-gated Ca2+ channels in these cells and directly stimulates 5-HT 
exocytosis (Huang et al. 2007; 2009). We tested whether leptin alters 
direct, depolarization-evoked 5-HT secretion. Figure  6B shows that 
even a high concentration of leptin (1000 ng/mL) wdid not significantly 
affect KCl-evoked 5-HT release (paired t-test, 2-tailed, P = 0.13).

Discussion

This study was designed to test the effects of leptin on chemotrans-
duction mechanisms in isolated taste buds from mouse circumvallate 

Figure 1. Calcium responses of isolated circumvallate taste buds to sucralose 
in the absence and presence of leptin. (A) Stimulation of mouse taste buds 
with 1 mM sucralose (arrows) elicits Ca2+ responses that are significantly 
decreased by 1000 ng/mL leptin (bar). (B) Summary of data from 8 taste buds 
during stimulation with sucralose alone (open circle) and in the presence of 
leptin (filled circles). Leptin caused a moderate, yet significant decrease in 
the sucralose-evoked calcium responses (a decrease to 0.82 ± 0.05). Paired 
t-test, 2-tailed, P < 0.02. *indicates statistical significance. Bar on right shows 
the mean and 95% confidence interval. Responses for each experiment were 
normalized to the sucralose-alone response. None of the cells that responded 
to sucralose were responsive to 50 mM KCl.

Figure  2. Sweet-evoked neurotransmitter secretion from taste buds, 
measured with ATP-biosensors. (A) ATP biosensor responses to sweet taste 
stimulation with 1 mM sucralose + 0.1 mM SC45647 (arrows) before and 
during bath application of 1000 ng/mL leptin (bar). (B) Summary of data from 
9 taste buds. For each data point, the biosensor response during exposure 
to leptin was normalized to the corresponding response before adding 
leptin. The ATP biosensor response during sweet stimulation (open circle) 
decreased significantly in the presence of 200–1000 ng/mL leptin (filled 
circles). Paired t-test, 2-tailed, P < 0.0001. (C) 1000 ng/mL leptin did not affect 
bitter-evoked (10 µM cycloheximide + 1 mM denatonium) ATP secretion from 
4 taste buds. Paired t-test, 2-tailed, P = 0.344. Responses were normalized to 
the stimulus-alone response. Bars on right shows means ± 95% confidence 
intervals (ns, nonsignificant; *indicates statistical significance.).

Figure 3. Sweet-evoked ATP secretion from isolated CV taste buds measured 
using biosensors during application of varying concentrations of leptin (100–
1000 ng/mL). We observed little if any effect at 100 ng/mL and unambiguous 
suppression at 1000 ng/mL. Responses were normalized to the stimulus-
alone response and fit with an exponential curve.
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papillae, particularly for sweet and bitter tastes. Our findings show 
that leptin produces only modest reduction of taste-evoked Ca2+ 
mobilization in taste bud cells but has a striking action on taste-
evoked transmitter secretion, specifically for sweet stimuli.

Previous studies have reported that leptin hyperpolarizes taste 
cells via activation of K+ channels (Kawai et al. 2000; Yoshida et al. 
2013). However, the identity of the cells responding to leptin was not 
established; it is uncertain that they were sweet-sensing taste recep-
tor cells. More recent studies found that impulse activity in sweet-
sensing taste cells was depressed by leptin (Yoshida et al. 2013). Our 
report firmly establishes that leptin caused a small but significant 
depression of taste-evoked Ca2+ mobilization in sweet-sensitive, Type 
II (Receptor) taste cells, at least for high leptin concentrations. The 
mechanism by which leptin decreased Ca2+ responses is unknown. 

Activation of Ob-Rb induces numerous downstream signals such 
as signal transducer and activator of transcription 3 (STAT3) 
(Shigemura et al. 2003). It seems unlikely that the observed, leptin-
mediated, reduction in sweet-evoked calcium mobilization is medi-
ated by transcription factors. However, leptin-induced activation of 
Ob-Rb has been shown to stimulate numerous kinases including 
ERK1/2 and PI3K (Lin et al. 2014). Increased activation of cytosolic 
kinases may regulate the function of either ryanodine receptors or 
TRP channels to decrease intracellular [Ca2+]. Jyotaki et al. (2010) 
describe unpublished findings that leptin suppresses sweet-evoked 
Ca2+ responses in enteroendocrine STC-1 cells and drew parallels 
with taste cells. Clearly, the mechanisms by which leptin reduces 
sweet-evoked Ca2+ mobilization require further study.

The main effect of leptin appeared to be on the release of 
taste transmitters, ATP and serotonin (5-HT). Leptin significantly 
decreased sweet-evoked ATP secretion from taste buds but had the 
converse effect on 5-HT release evoked by sweet stimuli. Leptin did 
not alter transmitter release in response to stimulation with a mix-
ture of denatonium and cycloheximide, potent bitter taste stimuli. 
Though we did not test all classes of taste stimuli over an expansive 
concentration range, our results support the current body of evi-
dence that leptin’s effect on taste is sweet-specific. Taste stimulation 
directly elicits ATP release by exciting Type II (Receptor) taste cells, 
and indirectly by cell–cell interactions in the taste bud causes Type III 
cells to secrete 5-HT release. We surmise that the principal action of 
leptin is on sweet-sensitive Receptor cells, although there is no direct 
evidence for the expression of leptin receptors specifically on those 
cells. In principal, because 5-HT is an inhibitory transmitter in the 
taste bud (Huang et al. 2009), leptin may instead have a principal 
action on Presynaptic (Type III) cells, increasing 5-HT secretion (as 
we show), and thereby inhibiting Receptor cells and ATP release. 
Because 5-HT release is itself initiated by Receptor cells, such an 
enhanced negative feedback mechanism would depend on the abil-
ity of leptin to markedly increase the gain of ATP-induced 5-HT 
release, and this effect would need to be specific for sweet-evoked 
ATP release. Our study does not examine this conundrum, and how 
leptin enhances serotonergic mechanisms in taste buds remains 

Figure 4. ATP secretion from isolated CV taste buds in response to sweet, 
leptin (200 ng/mL), and SMLA (5 µg/mL) measured using biosensors. Leptin 
significantly reduced sweet-evoked ATP secretion, and the addition of SMLA 
recovered the sweet-evoked response. Data were analyzed with a one-way 
ANOVA followed by Tukey post hoc test for pairwise comparisons, P < 0.05 
for significant differences. *indicates statistical significance. Responses were 
normalized to the sweet-alone response. Bars indicate the mean and 95% 
confidence interval (ns, nonsignificant).

Figure 5. Sweet-evoked serotonin (5-HT) secretion from taste buds, measured 
with biosensors. (A) 5-HT biosensor responses to sweet taste stimulation 
with sweet (arrows) before and during bath application of 1000 ng/mL leptin 
(bar). 5-HT secretion is significantly enhanced in the presence of leptin. (B) 
Summary of data from 8 taste buds. The 5-HT biosensor response during 
sweet stimulation (open circle) increased significantly in the presence of 
leptin (filled circles). Paired t-test, 2-tailed, P  =  0.01. *indicates statistical 
significance. Bar on right shows the mean and 95% confidence interval. 
Responses for each experiment were normalized to the sweet-alone 
response.

Figure  6. Leptin had no effect on bitter- and depolarization-evoked 5-HT 
secretion from taste buds. (A) There was no significant difference in bitter-
evoked (10 μM cycloheximide + 1 mM denatonium) 5-HT secretion before 
(open circle) and during 1000 ng/mL leptin (filled circles) (n = 6 taste buds).  
(B) Leptin did not affect depolarization-evoked (50 mM KCl) 5-HT secretion 
from 11 taste buds. Responses were normalized to the stimulus-alone 
response. Paired t-test, 2-tailed, P > 0.13. Bar on right shows the mean and 
95% confidence intervals (ns, nonsignificant).
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unanswered. Though the specific cell target of leptin is unclear, the 
end result of a leptin-mediated decrease in ATP secretion, shown in 
this study, would affect transmission of the signal to the taste affer-
ent fibers, in accordance with the results of Kawai et al. (2000). This 
lends support to the argument that leptin modulates food intake not 
only at the level of the CNS through its action in the hypothalamus, 
but also in the periphery by influencing sweet taste.

Our findings on isolated taste buds are consistent with leptin 
having a negative action on sweet-evoked responses in gustatory 
nerves, as originally reported by Kawai et al. (2000). However, data 
in Kawai et al. (2000) differ from findings by Lu et al. (2012) who 
reported that administering leptin enhanced sweet-evoked responses 
in the CT nerve if taste stimuli were warmed to 35 °C. It is impor-
tant to note that our studies and those of Kawai et al. (2000) were 
conducted at room temperature, which might readily explain the dif-
ferent results.

Leptin concentrations that we and others (Kawai et al. 2000) used 
on isolated taste buds are relatively high compared to circulating 
plasma levels in mice (~2–15 ng/mL [Ahrén 2000]). Nonetheless, our 
experiments with the leptin receptor antagonist, SMLA, support that 
leptin acts on taste tissue via the leptin receptor (Figure 4). Studies 
show that taste buds express the leptin receptor, Ob-Rb (Kawai 
et al. 2000; Shigemura et al. 2003; 2004). Yoshida et al. (2013) cite 
unpublished observations that 30%–40% of taste cells that express 
a sweet receptor also express the leptin receptor. Our results suggest 
an alternate or at least additional potential target for leptin, Type 
III (Presynaptic) cells. Future studies should examine leptin receptor 
expression and leptin-mediated changes in transmitter release from 
isolated single taste cells to further resolve the specific cell target(s) 
for leptin in taste buds and the mechanism of leptin’s sweet-specific 
action.
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