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Abstract 

 

Title of Thesis:  Hormonal modulation of taste  

Name:    Amanda Elson, Doctor of Philosophy, 2011 

Dissertation Directed by:  Steven D. Munger, Ph.D., Professor 

Department of Anatomy and Neurobiology 

 

The gustatory system provides critical information about the quality and 

nutritional value of food before it is ingested. Of the known taste qualities, sweet is the 

most palatable, and often signals foods that are calorically-dense. Thus, an animal’s 

ability to detect sweet foods is essential for its survival. Balance, however, is paramount, 

and numerous hormones work to modulate food intake in the context of nutritional needs 

and metabolic status.  

Many of these hormones also modulate taste responsiveness to sweet stimuli. For 

example, glucagon-like peptide-1, which prepares the body to accept incoming nutrients, 

is also produced in taste buds. There, it appears to either enhance or maintain taste 

responsiveness to sweet stimuli through local actions on their cognate receptors. In 

addition, leptin, which signals to the rest of the body the amount of energy stored as fat, 

also acts on taste cells through its receptor, and appears to decrease responses to sweet.  

The work in this dissertation seeks to identify how another hormone, glucagon, a 

promoter of glucose homeostasis, might modulate sweet taste. The first set of studies 

characterizes the immunohistochemical expression patterns of glucagon in taste cells, and 

its role in taste behaviors. I show that glucagon and its receptor are expressed on a subset 



 

 

of taste cells that are likely sweet-sensitive, and that glucagon works to maintain or 

enhance responsiveness to sweet, but not other taste qualities. The second set of studies 

seeks to determine if glucagon can work in concert with leptin to modulate behavioral 

responsiveness to sweet. Here, I show that leptin’s actions on sweet taste are actually 

dependent on the sucrose concentration used: leptin decreases responsiveness to high 

concentrations, but enhances or maintains responsiveness to low concentrations. 

Furthermore, combining leptin and glucagon manipulations did not result in additional 

taste suppression in either sucrose range. However, leptin treatment “rescued” the 

suppressive effects of disrupted glucagon signaling in the low sucrose range. I also show 

immunohistochemical evidence that the leptin receptor and glucagon are expressed on the 

same taste cells. In aggregate, these data suggest that glucagon and leptin modulate sweet 

taste responsiveness in a context-dependent manner. 
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1 An introduction to gustatory function and modulation 
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1.1 Overview of gustation  

 At first glance, taste is a crude sensory system. We can hear a symphony, see a 

painting, smell an infinite array of different scents, and feel a caress, a tickle, an itch, a 

burn, or anything in between. By contrast, taste stimuli elicit only five different qualities: 

sweet, bitter, sour, salty and umami (the earthy taste of glutamate; (1, 2). The notion that 

we “taste” flavors of foods is only partially true; we also rely heavily on other sensory 

systems (primarily olfactory, somatosensory and visual) to perceive an overall flavor (1).  

However, the peripheral gustatory system plays a pivotal role in an animal’s 

ability to survive. Through its perception of the five basic taste qualities, an animal can 

screen potential foods and determine if something should be ingested or avoided (1). 

Some taste qualities reflect nutrient content. For example, sweet-tasting foods are usually 

energy-dense and carbohydrate-rich (2), while foods with an umami taste often contain 

high concentrations of certain amino acids (1, 2, 5). Salty foods contain important 

electrolytes necessary for proper metabolism and water balance (3). The sense of taste 

also lets us know what to avoid: sour foods are high in acids and may be unripe or spoiled 

(7, 8); bitter foods may signal the presence of plant toxins (9, 10); and excessively salty 

foods could damage kidney function and promote hypertension (3). In this way, the taste 

system acts as a gatekeeper, helping us to discern what should be consumed.  

The apparent simplicity of the peripheral taste system belies an increasingly 

complex picture of the mechanisms that govern it. The cells on the tongue are not mere 

detectors. Indeed, it is clear that a great deal of processing occurs at the peripheral level, 

before signals are sent to the brainstem via cranial nerves (4). The means by which cells 
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communicate with each other and with afferent nerve fibers continues to be an active area 

of study. 

 

A small disclaimer: Sweet, bitter, umami, salty and sour refer to human perceptual taste 

qualities, and may not be directly relevant to other species. Furthermore, they are not 

inherent qualities of the stimuli themselves. However, for clarity and brevity, these 

descriptors will be used throughout this text. 

 

1.2 Detection of taste stimuli 

 Specialized epithelial cells of the gustatory epithelium, called taste cells 

(TCs), are responsible for the detection of taste stimuli that elicit each of the five basic 

taste qualities. (There is evidence that some TCs are able to respond to calcium (31-33) 

and lipids (34-37), though the idea that these stimuli elicit distinct perceptual qualities 

remains controversial.) Most TCs are grouped into taste buds, onion-shaped clusters of 

50-100 cells that are found primarily on the tongue and soft palate (Figure 1; (12, 13)). 

Taste buds, in turn, are clustered within papillae. The majority of taste buds are found 

closer to the tongue’s base, within the circumvallate and foliate papillae (13, 14). The 

anterior portion of the tongue is peppered with fungiform papillae, containing one taste 

bud each (13, 14). Importantly, all taste bud-enriched portions of the tongue are 

responsive to all five taste stimuli; the notion that the tongue’s surface can be segregated 

into regions responsive to a certain taste quality has been debunked (3, 15).  
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Figure 1:  Anatomy of the peripheral gustatory system 
 
Left panel: Taste cells (TCs) on the tongue’s surface detect stimuli that elicit taste 

qualities. TCs are clustered in taste buds (right panel) that are organized into three main 

papillae types (middle and left panels): vallate (circumvallate in humans) (CV), foliate 

and fungiform. The majority of taste buds is at the tongue’s base, in CV and foliate 

papillae. The anterior portion of the tongue is covered with fungiform papillae, 

containing one taste bud each. 
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1.2.1 Taste cell types 

There are three subtypes of TCs: I, II, and III. These TC types were first defined 

by morphological criteria (e.g., the number of apical microvilli and shape of nuclei; 

Figure 2) and electron density, but were later found to roughly correspond to functional 

classes (16, 17). Type I comprise approximately 50% of TCs in a taste bud, and are 

identified by dark granules in their apical regions, from which project apical microvilli. 

Type I cells also have invaginated nuclei. These cells are sometimes called “dark cells” 

because they have an electron-dense cytoplasm that makes them look darker when 

visualized by an electron microscope (18, 19). Within the taste bud, Type I cells are 

thought to play more of a glial-type role, and express transporters and enzymes for 

neurotransmitter clearance (20, 21). In addition, these cells also express an amiloride-

sensitive sodium conductance, suggesting the presence of epithelial sodium channels 

(ENaCs) and a role in salt taste (5). Type II cells, sometimes called “receptor cells”, 

express sweet, umami or bitter taste receptors along with the signaling machinery 

required to transduce this information (19, 23). Type II cells represent around 25-30% of 

TCs in a taste bud, and are morphologically characterized by being elongated and 

spindle-shaped, with large, round nuclei (18, 19). They also extend short, apical 

microvilli into the taste pore. Type II cells also make purinergic connections with 

ascending gustatory nerves, and neighboring cells (24, 25). Type III cells, by contrast, 

form “classical” synapses with ascending nerves: these cells exhibit synaptic vesicles at 

their basal portion, and obvious synapses, complete with postsynaptic membrane 

thickening observed at the level of the electron microscope (26, 27). Accordingly, Type 

III TCs are identified by the presence of synaptic machinery, such as the synaptosomal-
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associated protein SNAP-25 (16, 17, 24, 28). At least some Type III cells are sensitive to 

sour stimuli (7, 27, 29, 30). These cells show dense-core vesicles in the cytoplasm, near 

the cell’s base, and project a single, large microvillus into the taste pore. Type III cells 

also have large, invaginated nuclei, like Type I cells (18, 19). Biochemical markers 

related to TC function are listed in Figure 2.  
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Figure 2: Taste cell (TC) types 

TCs fall into three morphological subtypes, I, II, and III, which roughly correspond to 

functional classes. TC types can also be categorically identified by biochemical markers 

that reflect their functional roles. Some biochemical markers categorically label all TCs 

within a subtype (For instance, PLCβ2 labels all Type II cells). However, some 

biochemical markers (in parentheses) only label a subset of a given TC type.  

Type I cells (~ 50% of TCs in a taste bud) contain dark granules in their apical regions, 

from which project apical microvilli. Type I cells also have invaginated nuclei. These 

cells play a glial-like supporting role in the bud, and can be marked by enzymes involved 

in neurotransmitter clearance. 

Type II cells (~ 25-30% of TCs in a taste bud) are elongated and spindle-shaped, with 

large, round nuclei and short, apical microvilli extended into the taste pore. This is where 

receptors for sweet, umami (T1Rs) and bitter (T2Rs) are expressed. Upon stimulation, 

these cells release ATP onto Type III cells and ascending nerve fibers (primarily chorda 

tympani and glossopharyngeal nerves). 

Type III cells (~ 10-15% of TCs in a taste bud) form classical synapses with ascending 

gustatory nerves, and can also be identified by associated synaptic machinery such as 

Synaptosomal-associated protein 25 (SNAP-25). These cells project a single, large 

microvillus into the taste pore. Type III cells also have large, invaginated nuclei, like 

Type I cells. Upon depolarization, these cells release 5HT onto ascending nerve fibers 

(primarily chorda tympani and glossopharyngeal nerves) and neighboring cells.  
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1.2.2 Sour and Salty Taste Transduction 

Surprisingly little is known about sour (i.e., acid) and salty taste transduction 

mechanisms. Both taste qualities are considered aversive. However, both sour and salty 

stimuli can be appetitive in low doses, as evidenced by the frequent use of salts and acids 

(e.g., citric or acetic acids) in our favorite foods (1, 6). Ion channels (rather than 

metabotropic receptors) play a primary role in the detection of both salty and sour tasting 

stimuli (7). Strong acids appear to activate sour-sensitive TCs through the direct influx of 

protons passing through apical channels in Type III cells, resulting in cellular 

depolarization and action potential generation (7). The mechanisms by which weak acids 
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are transduced are less clear, but may involve acids crossing the plasma membrane (39). 

In addition, recent evidence has identified sour taste detection mechanisms as a means of 

detecting CO2, as we do when drinking carbonated beverages. CO2 elicits a gustatory 

nerve response that is absent when sour-sensitive cells are genetically ablated (40). This 

phenomenon is mediated by carbonic anhydrase 4 (Car4), which can catalyze CO2 and 

water to bicarbonate and protons (40). These protons could then flow through apical 

channels in Type III cells (7), and activate these sour-sensitive cells in the manner 

described above. 

To date, many of the molecular players mediating sour taste transduction remain 

unknown. For instance, the proton-conducting channel mediating sour taste transduction 

in Type III TCs has not been determined (8). Curiously, sour-sensitive TCs express the 

polycystic kidney disease-like (PKD2L1) TRP channel, but the functional role of 

PKD2L1 in sour taste detection remains elusive (7, 8, 27, 29). PKD2L1 forms a complex 

with PKD1L3 in both native TCs and in heterologous cells, suggesting that PKD2L1 and 

PKD1L3 could form a sour taste receptor (42, 43). However, this mechanism is unlikely 

because mice engineered to lack PKD1L3 do not show any taste abnormalities (9).  

Furthermore, although PKD2L1 is expressed in all taste papillae, PKD1L3 is not 

expressed in fungiform and palate papillae, suggesting that PKD2L1 and PKD1L3 are not 

obligatory binding partners in all sour-sensitive TCs (29). Thus, the molecular identity of 

the principle sour taste receptor remains unclear. 

Salt taste can be both highly appetitive (in low concentrations) or highly aversive 

(in high concentrations) (3, 6). Perhaps not surprisingly, these different salt 

concentrations are detected through distinct pathways (44-48). To date, little is known 
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about the molecules that mediate the detection salts in the amiloride-insensitive, aversive 

salt pathway. There is evidence that a variant of the nonselective cation channel Vanilloid 

receptor-1 variant (TRPV1) could function as the non-sodium salt taste receptor (7, 10-

15). However, TRPV1-/- mice show no major abnormalities in salt taste responsiveness, 

and even exhibit enhanced detection of salt (14). Although the underlying mechanisms 

remain elusive, it is generally accepted that the aversive salt detection pathway helps 

animals avoid hypersalinity and thus protect kidney function (3).  

Low concentrations of salt, by contrast, are appetitive, particularly in sodium-

depleted animals (51-53). This appetitive salt mechanism is activated exclusively by low 

(under 150mM) concentrations of Na+, a critical ion for many physiological actions (16). 

Lower concentrations of Na+ are thought to activate epithelial sodium channels (ENaCs), 

which are blocked by amiloride (46, 54). As an amiloride-sensitive Na+ conductance is 

expressed on a subset of Type I cells (5), it has been proposed that a subset of these cells 

respond to sodium taste stimuli. However, while it is evident that ENaCs are required for 

sodium taste in mice (16), the expression of ENaCs on Type 1 cells, although likely (5, 

17), has not been confirmed.  

 

1.2.3 Sweet, Bitter and Umami Taste Transduction 

 Sweet, bitter and umami tasting stimuli are detected by G protein-coupled 

receptors, which are expressed in subsets of Type II cells. Sweet and umami stimuli 

activate members of the Type 1 taste receptor (T1R) family, which function as 

heterodimers: T1R2 + T1R3 comprise the sweet receptor (55), while T1R1 + T1R3 form 
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an umami receptor (1, 56). Type 2 taste receptors (T2Rs) are responsible for the detection 

of bitter stimuli (57-59).  

Interestingly, T1Rs and T2Rs share common downstream signaling elements to 

transmit taste information ((23), Figure 3A). When a tastant binds to its specialized 

receptor, the associated heterotrimeric G protein is activated, promoting the dissociation 

of the α subunit (often, but not always, α-gustducin) from the ßγ subunits (60-62). These 

ßγ subunits, in turn, activate phospholipase C ß2 (63-65), which then cleaves 

phosphatidylinositol-4,5-bisphosphate (PIP2) to produce second messengers 

diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) (12, 63, 65, 66). The role of 

DAG in taste transduction is not fully understood, although it appears to inactivate K+ 

channels, thereby promoting the depolarized state of the cell. (18). IP3, however, is 

known to release Ca2+ into the cytosol from intracellular stores via its Type III receptor 

(IP3R3) (12, 68).  The subsequent increase in intracellular Ca2+ leads to an activation of 

sodium permeable transient receptor potential M5 channel (TRPM5), which allows the 

Type II TCs to be depolarized (23, 69-71). Once depolarized, this class of TC can then 

communicate with neighboring TCs and ascending nerve fibers via the neurotransmitter 

adenosine triphosphate (ATP; (24, 72-74)).  
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Figure 3: Parallel sweet taste transduction pathways in taste cells of the tongue and 

enteroendocrine cells of the gut. 

(A) Activation of the T1R2 + T1R3 receptor by “sweet” stimuli leads to the activation of 

PLCβ2, the production of the second messenger IP3, and the subsequent release of Ca2+ 

from intracellular stores via its IP3R3 receptor. The rise in intracellular Ca2+ leads to the 

activation of the TRPM5 channel, allowing for an influx of Na+, cell depolarization and 

the release of ATP onto afferent gustatory nerve fibers. (B) Enteroendocrine L cells of 

the gastrointestinal tract appear to use similar molecular machinery to respond to sweet 

stimuli present in the gut lumen. In this case, cell activation leads to hormone secretion 

(e.g., GLP-1), which is released into the bloodstream and onto afferent nerves. 
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PLCß2, IP3R3 and TRPM5 are all critical components of sweet, bitter and umami 

transduction cascades and are expressed in most, if not all, Type II cells (17, 19, 23). 

Consistent with this is the observation that mice lacking PLCß2 (23), IP3R3 (19) or 

TRPM5 (23, 76) are impaired in their ability to taste to sweet, umami or bitter stimuli 

(though the degree of taste loss is somewhat controversial). However, individual Type II 
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cells express only one of the three receptor types (T1R1+T1R3, T1R2+T1R3, or T2Rs) 

(3, 55). Similarly, the G protein gustducin is only expressed in about 33% of Type II TCs 

(77). Even so, gustducin knockout mice also show deficits in their responsiveness to 

sweet, bitter or umami stimuli (60, 62, 78, 79). 

 Although this PLCß2-mediated pathway common for sweet, bitter and umami 

taste transduction is well characterized, other signaling mechanisms may play a role in 

the transmission of taste stimuli, as well. Underlying this point, mice lacking PLCß2 (80) 

and TRPM5 (81, 82) exhibit residual responsiveness to one or more of these three 

stimuli. Additional signaling mechanisms may include 3’,5’-cyclic adenosine 

monophosphate (cAMP): cAMP levels increase in the presence of sweet stimuli, and 

decrease in the presence of bitter and umami stimuli (83, 84). Upregulated intracellular 

cAMP in Type II cells is associated with their depolarization and subsequent ATP release 

(18, 20, 21). In addition, one model proposes that cAMP can impact cellular adaptation to 

sweet taste through the activation of protein kinase A (22). In this scenario, PKA would 

first inhibit K+ channels, thereby promoting cell depolarization. Next, in the prolonged 

presence of sweet-tasting stimuli, PKA could promote adaptation by inhibiting T1R-

activated PLCβ2 and intracellular Ca2+ release, reducing the activation levels (22). This 

model will need to be tested in future studies.  

 

1.3 Neurotransmission in taste buds 

Stimulus-dependent depolarization of TCs results in the release of 

neurotransmitters, which target receptors on nerve fibers and on other TCs within the 

bud. Thus, it appears that significant processing of taste information may occur before it 
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is transmitted to the CNS. The notion that TCs are not simply passive sensors is relatively 

new (4), and the mechanisms by which TCs communicate with each other and with 

cranial nerves is an active area of study. Two neurotransmitters that have received a great 

deal of interest are ATP and serotonin (5-HT; Figure 4). It is generally accepted that 

activation of Type II cells by sweet, bitter or umami stimuli leads to ATP release though 

pannexin and/or connexin hemichannels (72, 74, 85, 86). ATP can then act on 

neighboring Type III cells or on afferent nerve fibers (25, 72, 73, 85). ATP can then 

depolarize Type III cells, and subsequently promote the release of 5-HT (73, 87). 

However, ATP may also act as an autocrine signal for Type II TCs, which also express 

purinergic receptors (23). ATP also appears to act as the principal transmitter for 

communicating with afferent nerve fibers, which express P2X purinergic receptors (24, 

88). Furthermore, 5-HT released from Type III cells can then send inhibitory signals back 

onto Type II cells, as a negative feedback loop, thereby preventing excessive TC 

activation (24, 73).  

  The discovery that many TCs, along with ascending nerve fibers, express 

purinergic receptors for ATP indicated the importance of this atypical neurotransmitter in 

peripheral taste function (24). In addition, glial-like Type I TCs typically express ecto-

ATPase, indicating a local mechanism for ATP clearance from taste buds (21). Together, 

ATP and 5-HT are part of a growing number of signals involved in TC communication 

within the taste bud that can impact taste processing before gustatory information reaches 

the brain (11, 73). 
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Figure 4: Taste cell communication via ATP and 5HT 

Activation of Type II TCs sweet, bitter or umami stimuli leads to ATP release. ATP then 

acts on Type II and Type III TCs within the taste bud and on ascending gustatory nerve 

fibers that innervate the bud. Type III TCs release 5-HT, which can act on both ascending 

nerve fibers (e.g., chorda tympani in the anterior portion of the tongue; glossopharyngeal 

in the posterior portion of the tongue) and on Type II TCs. Excitatory inputs marked by 

arrows. Figure adapted from Huang et al. (23). 
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1.4 Central processing of gustatory information 

 After its initial processing within the taste buds, gustatory information is sent to 

the brainstem through several cranial nerves. Taste buds in the anterior tongue and in the 

palate send information through the chorda tympani and superior petrosal branches of the 

facial nerve, respectively, while taste information from the posterior tongue is transmitted 

via the glossopharyngeal nerve (25). Taste buds on the epiglottis transmit information 

through the superior laryngeal nerve, a branch of the vagus nerve (24, 89, 90). 

These cranial nerves transmit gustatory information to the nucleus of the solitary 

tract (NTS) in the brainstem (91, 92), the first site of taste information processing within 

the central nervous system. These neurons, though broadly tuned, tend to respond best to 

a particular taste quality, and do so through the temporal characteristics of their responses 

(i.e., spike timing) (94-96). In rodents, information is next sent on to the parabrachial 

nucleus (PBN) of the pons (26) where this temporal coding of taste quality persists (27). 

In primates, this relay station is bypassed on the way to the next relay station in the 

thalamus (92, 93). From here, multiple projections are made to forebrain regions, such as 

the gustatory cortex, the primary somatosensory cortex and the amygdala (28). Thalamic 

projections are also sent to the caudal orbitalfrontal cortex, where gustatory information 

integrates with inputs from the olfactory bulb (92, 99-102). Through these diverse 

projections, flavor preferences are formed, involving other key sensory systems, 

including visual, somatosensory and olfactory systems (98, 103, 104). From the 

amygdala, projections are sent to the lateral hypothalamus and the midbrain dopamine 

regions, which comprise a key reward center that likely mediates the hedonic aspects of 

taste (105-108). Finally, top-down modulation can occur when forebrain regions send 
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projections back to the PBN and NTS. These projections are critical for learning 

conditioned taste aversions (i.e., rejecting sweet tasting substance once it has been paired 

with the delivery of a noxious stimulus) (29-33). Through these divergent projections, 

animals integrate gustatory information with complementary inputs from other sensory 

systems, and are able to evaluate the more hedonic aspects of food intake.  

 

1.5 Post-ingestive contributions to taste preferences 

Post-ingestive factors, such as the presence of sweet stimuli in the gut, can 

influence taste preferences. For instance, rodents are able to form a positive association 

between an intragastric infusion of a sweet solution and a particular flavor (112, 113). 

The associated flavor becomes more palatable, suggesting that post-oral factors are 

largely responsible for the flavor preference (114, 115). Mice lacking T1R3, an 

obligatory part of the sweet taste receptor, are also capable of making this association, 

suggesting that an underlying mechanism is independent of the sweet taste receptor (34). 

The particular agent that drives this gut-derived flavor preference, however, remains 

elusive.  

Moreover, mice that lack functional sweet-sensitive TCs are still capable of 

forming preferences for sweet-tasting solutions. For instance, TRPM5 knockout mice 

lack this critical component of the sweet taste receptor pathway and fail to form sweet 

taste preferences under standard behavioral conditions (23). Nevertheless, these mice are 

able to form preferences for sucrose solutions if they are given ample time to associate a 

sucrose solution with a particular spout (six days; (116)). Furthermore, after 30 minutes 

of exposure to sucrose, TrpM5-/- mice show increases in dopamine levels in the nucleus 
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accumbens, a key reward center (116).  In addition, these mice, like T1R3-/- mice (34), 

form preferences associated with intra-gastric infusions of glucose when adequate time 

for an association has been made. This acquired preference for glucose is accompanied 

by increased rates of glucose oxidation and increases in striatal dopamine levels. In 

TrpM5-/- mice, blocking glucose metabolism also blocks this upregulation of dopamine 

levels (76). Taken together, these results suggest that glucose utilization drives the post-

oral reinforcing effects of sucrose. 

Studies of post-ingestive effects that impact sweet taste preference highlight the 

fundamental, gatekeeping role of taste receptors on the tongue. The peripheral gustatory 

system guides an animal towards particular foods. In truth, the reinforcing properties of 

sweet-tasting foods are only initiated in taste buds; mechanisms driving feeding are 

largely downstream, in the gut and brain. Nevertheless, taste is a primary driver of 

ingestion, and understanding the mechanisms of taste processing at the level of the taste 

bud informs a larger question of what drives feeding – and over-feeding – in general. 

 

These observations also highlight the importance of using behavioral assays of 

peripheral taste responsiveness that minimize these post-oral contributions to taste 

preferences. In Chapter II, I describe one such behavioral measure, the brief access taste 

test. 

 

1.6 Taste receptors in the gut 

 T1Rs and T2Rs are not restricted to the oral cavity. The first clue to their ectopic 

expression was found over a decade ago, with the discovery that the G protein α-
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gustducin is expressed in the stomach and intestines (35). Subsequent studies identified 

T1Rs and T2Rs in gut enteroendocrine cells and showed that they can promote the 

release of incretins (119, 120). Incretins are hormones that are released in the gut in 

response to ingested food, to modulate nutrient intake and absorption (36). Incretins 

include glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide (GIP), which are 

secreted from intestinal L- and K- cells, respectively (36). Interestingly, these specialized 

enteroendocrine cells express the same taste receptor proteins (T1Rs and T2Rs) and the 

same transduction proteins (gustducin, PLCβ2, TRPM5) as Type II TCs (120, 122-126) 

(Figure 3B). Enteroendocrine L cells secrete GLP-1 in response to glucose stimulation in 

a gustducin and T1R3-dependent manner (120, 127). Furthermore, T1R3 and gustducin 

knockout mice are compromised in their ability to upregulate SGLT1 in response to 

ingested sweeteners, suggesting that this key aspect of nutrient absorption is taste-

receptor dependent (124).  

 Sweet taste receptors have also been identified in glucoregulatory pancreatic islets 

of Langerhans, where glucagon and insulin are secreted from α and β cells, respectively 

(37). Glucagon and insulin work in concert to maintain appropriate glucose levels in the 

bloodstream (38). Nakagawa and colleagues (37) identified T1R2, T1R3 and gustducin in 

pancreatic islet cells. They also specifically found that insulin-producing β-cells secrete 

insulin in response to sweet taste receptor activation. Although this study only reported 

“taste” transduction molecules in β-cells, I obtained preliminary evidence that glucagon-

secreting α-cells express gustducin. These findings suggest that taste receptors may be 

involved in glucagon secretion, as well (see Figure 5) and provide further evidence that 

taste receptors serve important roles in the maintenance of glucose homeostasis. 
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Figure 5: Expression of α -gustducin in glucagon-secreting pancreatic α-cells 

Immunostaining for glucagon-secreting α-cells of the pancreas (red; left panel) and 

α−gustducin (green; middle panel) reveals some co-labeling (merge, right panel). 

Controls for antibody specificity are detailed in Chapter 2. Because both primary 

antibodies were produced in rabbit, primary antibodies were directly conjugated to 

fluorophores, using the Zenon Rabbit IgG labeling kit (Invitrogen).  Scale bar, 20µm 

 

 

 

1.7 Cephalic phase responses 

The sensory perceptions of foods initiate a series of autonomic responses that 

serve as anticipatory cues for incoming nutrients (130, 131). These responses, though 

small and transient in nature, are actually a critical component of nutrient absorption and 

are collectively referred to as cephalic phase responses (CPRs) (130-132). “Cephalic” 

responses to food include the sight, smell and taste of food, the sensory feeling of food in 

the mouth, and even the acts of chewing and swallowing foods (39). CPRs are notable 



 

 

23 

because they link sensory and metabolic systems, and comprise a vast array of 

physiological actions that occur soon after food is perceived (130, 133). 

The best characterized CPR involves insulin, a pancreatic hormone that is critical 

for the regulation of glucose homeostasis. Insulin levels are higher, and are thus more 

capable of accommodating incoming nutrients, when food is orally rather than 

peripherally administered (121, 130, 134, 135). These increased insulin levels appear as 

an initial spike during the cephalic phase of eating (130, 134, 136). This insulin spike is 

important: without it, rodents become hyperglycemic because their bodies cannot 

accommodate the rise in blood glucose levels that accompanies nutrient intake (135, 

137). The cephalic phase insulin response (CPIR) relies heavily on both vagal activity 

(40, 41) and the release of GLP-1 from intestinal L-cells (121, 139). There is also a report 

of glucagon levels rising in response to the cephalic phase of feeding in a sham-feeding 

study in humans (42). However, this finding has not been replicated elsewhere. In 

general, the cephalic phase glucagon response (CPGR) has not been extensively studied.  

It is not surprising that the sense of taste would be implicated in CPRs. For 

instance, one such CPR, increased salivation, not only results in the release of key 

digestive enzymes, but also promotes the spread of taste stimuli to taste receptors (43). 

However, studies of CPRs often employ a sham feeding approach, and thus fail to isolate 

taste from other cephalic components of feeding (133, 141-143). A few studies have 

attempted to investigate the role of taste in eliciting CPRs, but their results are 

inconsistent. For instance, a study in rats found an effect on sweet taste perception in the 

mouth and on the generation of a CPIR (44). However, attempts to study the effect of 

taste on CPRs in humans have revealed no major effects on any CPRs (141, 142, 146). 
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Clearly, future studies will be needed to examine exactly how taste receptors contribute 

to CPRs.  

 

1.8 Digestive hormones in taste buds 

Gut-localized taste receptors appear to regulate the secretion of several digestive 

hormones from the gastrointestinal and associated tissues. A growing body of evidence 

indicates that digestive hormones are also produced in and secreted from TCs in the 

gustatory epithelium. Indeed, the highly conserved, clustered nature of TCs may be well 

suited for intercellular communication by peptide hormones (4). Several digestive 

hormones have been implicated as key signaling agents within taste buds, and are 

modulators of taste information. Many of these hormones are expressed in specific 

subsets of TCs, suggesting a particular role in taste processing. For instance, peptides 

produced only in Type II TCs may function primarily in sweet, bitter or umami taste 

processing. Likewise, the coexpression of multiple digestive hormones in the same TCs 

hints at cooperative actions. Several peptide hormones expressed in TCs are discussed 

below. 

 

1.8.1 Cholecystokinin, neuropeptide Y and vasoactive-intestinal peptide  

Cholecystokinin (CCK), neuropeptide Y (NPY) and vasoactive-intestinal peptide 

(VIP) function at multiple points along the brain-gut axis to affect gastric motility, 

glucose homeostasis, satiety and feeding behaviors. CCK is an intestinal hormone that 

plays a significant role in promoting satiety (45). NPY is expressed in the arcuate nucleus 

of the hypothalamus, a major feeding center, and is thought to drive feeding and reduce 
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energy expenditure (148, 149). The role of VIP in feeding is less clear, although directly 

injecting VIP into the brains of rodents reduces their food intake (46).  

 All three of these peptides are expressed in TCs.  CCK, NPY and VIP are largely 

co-expressed with the taste-specific G protein α-gustducin and with the sweet taste 

receptor subunit T1R2, suggesting that they may all function in the processing of sweet 

taste information (151, 152). The CCK peptide is coexpressed with the CCK-A receptor, 

suggesting an autocrine signaling mechanism (47). NPY appears to act on locally-

expressed NPY-1 receptors, which are expressed on subsets of TCs and on the 

surrounding lingual epithelium. Also, CCK and NPY can positively and negatively 

modulate TC physiology, respectively, through the opening and closing of K+ channels 

(11, 151-153). Finally, rats that lack a functional CCK-A receptor show increased 

preferences for sweet solutions, suggesting that CCK might work to reduce sweet taste 

responses (48, 49). These findings, coupled with the observation that CCK and NPY are 

expressed in the same subset of TCs, suggest that CCK and NPY provide opposing 

modulation of sweet taste function. Even so, the precise role that CCK and NPY might 

play in taste behaviors remains to be determined.  

VIP shares similar expression patterns with CCK and NPY, labeling a subset of 

TCs. It is also coexpressed with cognate receptors, Vasoactive intestinal polypeptide 

receptor 1 and 2 (VPAC1 and VPAC2) (50). In addition, VIP-/- mice exhibit subtle 

differences in their behavioral responsiveness to sweet, sour and bitter tastants when 

compared to wildtype controls suggesting that VIP also plays a modulatory role in taste 

signaling within taste buds (50). 
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1.8.2 Leptin 

Another hormone known to exert effects on the peripheral gustatory system is 

leptin. Leptin is secreted from adipocytes, and signals the amount of energy stored in the 

body as fat. Leptin’s effects on feeding have been extensively characterized: mice lacking 

leptin or its receptor (LepRb, sometimes called ObRb) are obese, demonstrating the 

importance of leptin signaling in the maintenance of energy homeostasis (51). Although 

multiple isoforms of the leptin receptor exist, leptin is thought to exert its effects through 

the long form of its receptor, LepRb (52). This receptor is expressed in numerous tissues 

throughout the body, including a subset of TCs (53, 54). 

Unlike CCK, NPY and VIP, leptin is not produced in TCs (55). Nevertheless, 

circulating leptin is able to suppress gustatory nerve activity and to reduce behavioral 

responses to sweeteners, while an application of leptin to sweet-sensitive TCs 

hyperpolarizes their activity (55). Furthermore, mice lacking leptin or its receptor are 

hyper-responsive to sweet taste (54). Taken together, these data suggest that leptin works 

to suppress responsiveness to sweet when the body’s energy stores are high. 

 

1.8.3 GLP-1  

Glucagon-like peptide -1 (GLP-1) is an incretin hormone produced in intestinal 

enteroendocrine L cells (36, 56, 57). In the gut, the link between GLP-1 and sweet taste 

receptors is evident: activating sweet taste receptors on enteroendocrine cells leads to 

GLP-1 release (58). GLP-1 can then act on neighboring enterocytes, to promote glucose 

absorption through the upregulation of a sodium/ glucose co-transporter (SGLT1); (58, 

59).  
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Studies from our group showed that GLP-1 and its receptor (GLP-1R) are 

expressed in taste buds (59). GLP-1 is expressed on subsets of Type II and Type III cells, 

and its receptor is expressed on closely apposed intragemmal nerve fibers. Sweet taste 

behavioral responsiveness is reduced in GLP-1R knockout mice as compared to wildtype 

controls (59). These results suggest that, in contrast to leptin, GLP-1 normally acts to 

maintain or increase sweet taste responsiveness.  

Mature GLP-1 is derived from its prohormone form, proglucagon via its requisite 

processing enzyme, prohormone convertase 1/3 (PC1/3); (36, 60). In TCs, GLP-1 is co-

expressed with PC1/3, suggesting that it is produced locally in TCs (59). A related 

enzyme, prohormone convertase 2 (PC2), is also found in small numbers of TCs, 

suggesting that other proglucagon-derived hormones, such as glucagon, might also be 

expressed in taste buds (59). The role of glucagon in taste function is a major focus of the 

studies described in this dissertation. 

 

1.8.4 Glucagon  

Glucagon is secreted from pancreatic α-cells and opposes the actions of insulin to 

maintain optimum blood glucose levels (38): When blood glucose levels are low, 

glucagon activates receptors in the liver in order to promote the release of glucose into 

the bloodstream (61). Hepatic glucose release is achieved either by converting exiting 

glycogen stores to glucose (glycogenolysis) or de novo synthesis of glucose from non-

carbohydrate sources, such as amino acids (gluconeogenesis). In turn, insulin balances 

the actions of glucagon: it is secreted in response to elevated blood glucose levels and 

promotes glucose uptake and storage in hepatic cells as glycogen (38, 61, 62). 
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Maintenance of the balance between glucagon and insulin is critical. Individuals with 

diabetes often secrete too much glucagon and not enough insulin, leading to dangerous 

hyperglycemia and related complications (63-65).  

Glucagon, like GLP-1, is processed from proglucagon, a common proprotein 

precursor expressed in various cell types throughout the body. The mature hormone 

produced from proglucagon largely depends upon the prohormone cleaving enzymes 

present. Coexpression of proglucagon with PC1/3 yields mature GLP-1 (36, 65), while 

co-expression with PC2 yields mature glucagon (66). Glucagon is co-expressed with PC2 

in a subset of TCs, indicating a potential role for glucagon in taste bud signaling (59). 

Because of its crucial role in glucose homeostasis, and because of GLP-1’s involvement 

in sweet taste (59), I hypothesized that glucagon signaling in taste buds modulates sweet 

taste responsiveness.  

 

1.9 Overview of the dissertation work 

The peripheral gustatory system allows an animal to detect the quality and safety 

of potential foods. Sweet tasting foods are highly appetitive and readily consumed. In this 

way, an organism’s ability to respond to sweet taste has direct consequences for its 

ingestive behaviors. Therefore, understanding the signals that calibrate responsiveness to 

sweet also provides insight into ingestive behaviors. The overarching hypothesis of the 

work presented herein is that glucagon modulates sweet taste responsiveness through 

local signaling in taste buds. Several testable predictions are generated from this 

hypothesis: 1) Components of glucagon signaling are present in taste buds; 2) Glucagon 

modulates peripheral taste responsiveness; 3) Glucagon and leptin work cooperatively to 
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modulate responsiveness to sweet; and 4) Glucagon, its receptor and the leptin receptor 

(LepRb) are expressed in the same subpopulation of TCs. Complementary studies using a 

range of molecular biological, biochemical and behavioral approaches will be used to test 

these hypotheses.  

In Chapter 2, I determine which TCs subpopulations express glucagon and its 

receptor (GlucR), in the context of known TC immunohistochemical markers (many of 

which are included in Figure 1). I also show that glucagon modulates responsiveness to 

sweet taste, but not to other taste qualities, using mice with perturbed glucagon signaling 

in a taste behavioral assay. In Chapter 3, I show that LepRb and glucagon are expressed 

in the same subset of TCs, that glucagon and leptin work synergistically to modulate taste 

responsiveness, and that the effects of leptin on sweet taste depend on the concentration 

of sweet stimulus tested. In the final chapter, these new findings and their implications 

are summarized and discussed.
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2 Glucagon signaling modulates sweet taste responsiveness
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2.1 Introduction 

 The gustatory and gastrointestinal (GI) systems share a number of common 

features. For example, several proteins involved in taste transduction, including T1R- and 

T2R-type “taste” receptors and the G protein subunit α-gustducin, play chemosensing 

roles in both the mouth and gut (67-71). Similarly, several molecules implicated in gut 

nutrient responses and metabolic homeostasis maintenance are expressed in the gustatory 

epithelium. Receptors for peptide hormones, including cholecystokinin (CCK), 

neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), galanin, ghrelin and leptin, 

are expressed in taste cells (TCs) of the mammalian taste bud (4, 47, 50, 55, 72-76), 

while the glucagon-like peptide-1 (GLP-1) receptor is found on intragemmal fibers of 

afferent taste nerves (59). With the apparent exception of leptin, all of the associated 

peptides are produced locally in subsets of TCs (59, 72-77). The presence of these 

digestive hormones in TCs suggests a role in taste function, and several have been 

implicated in the modulation of responsiveness to sugars and other sweeteners. For 

example, leptin, a satiety signal secreted from fat cells, acts directly on leptin receptors in 

TCs to suppress responsiveness to sweet tasting stimuli (54, 55, 78). In contrast, GLP-1, 

an incretin hormone secreted from intestinal L-cells, is produced locally in TCs and acts 

to enhance or maintain responsiveness to sweet (59). Therefore, the taste bud is well 

positioned as a site for functional modulation by peptide hormones.  

GLP-1 and glucagon are both derived from proglucagon. Glucagon is a major 

counter-regulatory hormone with a primary site of action in the liver, where it stimulates 

glycogenolysis and gluconeogenesis to prevent hypoglycemia. We previously reported 

that glucagon is expressed in a subset of taste cells of the tongue (59). However, we do 



 

 

32 

not know which TCs express glucagon, whether local targets for glucagon exist in taste 

buds, or whether glucagon can affect taste function. Here, we use immunohistochemical 

and behavioral assays in mice to identify a role for glucagon signaling in sweet taste 

function. 

 

2.2 Results  

2.2.1 Glucagon and the glucagon receptor are expressed in a subset of TCs 

 Previously, we reported that both glucagon and the enzyme that processes the 

mature glucagon peptide from proglucagon, proprotein convertase 2 (PC2), are expressed 

in subsets of TCs (59). To better understand glucagon’s role in peripheral taste function, 

we first used reverse-transcriptase polymerase chain reaction (RT-PCR) to determine if 

other components of glucagon’s signaling pathway are expressed in taste tissue or in 

adjacent, non-taste lingual tissue of C57BL/6J mice. We amplified cDNA products for 

the glucagon receptor (GlucR) and for 7B2 (also called secretogranin V, an obligatory 

PC2 chaperone required for the production of mature glucagon) (79-82) from mouse 

circumvallate papillae (Figure 6A). To confirm that the circumvallate cDNA pool 

contained TCs, we also amplified a product for the taste transduction-related G protein 

subunit α-gustducin; no GlucR, 7B2 or a-gustducin products could be amplified from 

non-taste tissue cDNA (Figure 6A), although an actin cDNA could be amplified from 

both samples. These results indicate that key molecules required for the production and 

reception of glucagon signals are present in the mouse gustatory epithelium. 

Next, we characterized the protein expression patterns of glucagon and GlucR in 

taste buds of the mouse. Immunohistochemical analysis of taste buds in the 
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circumvallate, foliate and fungiform papillae revealed that glucagon and GlucR are 

expressed in largely overlapping subsets of TCs in all three papillae types (Figure 6B-D). 

Stereological cell counts in circumvallate taste buds confirmed that most (92.6%) 

glucagon-immunopositive (glucagon+) TCs also express GlucR, while 89.7% of GlucR+ 

TCs express glucagon (Table 1). Similarly, 85.5% of 7B2+ TCs express GlucR while 

89.2% of GlucR+ cells are 7B2+ (Figure 6E; Table 1). The high degree of overlap for 

glucagon, 7B2 and GlucR immunoreactivity suggests that glucagon may act 

predominantly as an autocrine signal in taste buds.  

 

Figure 6: Expression of glucagon signaling components in mouse taste buds.  

A) RT-PCR of mouse CV and surrounding non-taste tissue (NTT). B–D) Coexpression of 

glucagon and GlucR in the same subset of TCs in CV (B), foliate (C), and fungiform (D) 

papillae. E) GlucR and 7B2 are coexpressed in a subset of TCs in CV papillae. F) GlucR 

staining in TCs is absent in GlucR−/− mice. Scale bars: 10 μm (B–E); 50 μm (F). 
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Table 1: Stereological counts of taste cells in circumvallate papillae  

Denominator is the number of cells expressing marker 2; numerator is the number of cells 

expressing both marker 1 and marker 2. Blank entries, not determined. 
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Marker 1 Marker 2 
Glucagon GlucR PLCβ2 5-HT α-gust 7B2 T1R3 

Glucagon - 338/365  7/365   719/776 
GlucR 338/337 - 242/255 13/255 263/480 576/646  

PLCβ2  242/747 -     

5-HT 7/743 13/615  -    

α-Gust  263/696   -   

7B2  576/674    -  

T1R3 719/903      - 

 
 

The taste bud is heterogeneous: it contains several types of cells that can be 

defined by morphological criteria and the expression of key molecules (83). Type II cells 

express the effector enzyme phospholipase C β2 (PLCβ2) (84), while most Type III cells 

are serotonergic (85). To determine which cell types express components of the glucagon 

signaling pathway, we again used multi-label immunohistochemistry and stereological 

cell counting. Serotonergic TCs immunopositive for glucagon or GlucR were rarely seen 

(0.9% and 1.9%, respectively; Figure 7A; Table 1). Glucagon+ and GlucR+ TCs that 

accumulate serotonin were also uncommon (1.9% and 5.1%, respectively). However, 

GlucR immunoreactivity was almost always colocalized with that of PLCβ2 (Figure 7B; 

Table 1): 94.9% of GlucR+ TCs were PLCβ2+. These results differ dramatically with 

those for GLP-1, which is found in both serotonergic and PLCβ2+ TCs, and for the GLP-

1 receptor, which is expressed on afferent nerve fibers innervating the taste bud (59). It 

appears that the glucagon signaling apparatus is almost wholly restricted to Type II TCs 

in circumvallate taste buds.  
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Figure 7: Glucagon and GlucR are expressed in a subset of type II cells.  

A) Glucagon and GlucR are not expressed in 5HT+ TCs. B) GlucR is expressed in a 

subset of PLCβ2+ TCs. C) Partial overlap of GlucR and α-gustducin expression in TCs. 

D) Glucagon and T1R3 coexpression in TCs. E) T1R3 staining in TCs is absent in 

T1R3−/− mice. Scale bars = 10 μm. All sections are from mouse CV. 

 

  

Although almost all GlucR+ TCs express PLCβ2, only about one-third of 

PLCβ2+ (i.e., Type II) TCs express GlucR. The G-protein α-gustducin is also restricted 

to a subset of Type II TCs (86). However, GlucR and α-gustducin only partially overlap: 
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about half (54.8%) of GlucR+ TCs express α-gustducin while 34.8% of α-gustducin+ 

TCs express GlucR (Figure 7C; Table 1). Overlap of glucagon signaling molecules is 

much greater with another marker of some Type II cells, T1R3: 92.7% of glucagon+ TCs 

express T1R3, a subunit of the sweet and umami taste receptors, while 79.6% of T1R3+ 

cells are also glucagon+. Thus, the majority of TCs expressing components of a glucagon 

signaling pathway are T1R3+ Type II cells that are likely involved in the detection of 

sugars and/or amino acids. 

  

2.2.2 Glucagon signaling modulates sweet taste responsiveness in behaving mice 

 Mature glucagon is processed from its proprotein form, proglucagon, by the 

enzyme PC2. The chaperone protein 7B2 is required for PC2 activation and the 

production of mature glucagon (87). We used mice in which the Scg5 gene (which 

encodes 7B2) has been disrupted by gene-targeting (81, 82) to investigate the 

contribution of glucagon signaling to normal taste function. When maintained on a 

C57BL/6J background, these mice are viable and live normal lifespans (81, 87). Scg5 -/- 

mice exhibited no gross taste bud defects, but lacked both 7B2 and glucagon 

immunoreactivity as expected (Figure 8A-D). Scg5 +/+ and Scg5 -/- mice (n = 7-13) were 

assayed for their behavioral responses to prototypical sweet (sucrose; Figure 8E), salty 

(NaCl; Figure 8F), bitter (denatonium benzoate; Figure 8G), and sour (citric acid; Figure 

8H) taste stimuli using a standard brief access taste test. This test minimizes the 

contribution of postingestive effects and is thus more specific for orosensory cues (81, 

87). Scg5 -/- mice were less responsive to sucrose as compared to Scg5 +/+ littermate 

controls (two-way ANOVA: F1,14 = 8.414, p = 0.01; Figure 8B). However, Scg5 +/+ and 
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Scg5 -/- mice showed no significant differences in their responsiveness to NaCl (F1,14 = 

1.084; p=0.32), CA (F1,14 = 0.977; p=0.34), or DB (F1,14 = 0.215; p=0.65) (Figures 8C-F). 

Thus, mice deficient in glucagon show a specific deficit in sweet taste responsiveness. 

 

Figure 8: Altered sweet taste responses of Scg5−/− mice in brief access taste tests.  

A, D) 7B2 is expressed in Scg5+/+ (A) but not Scg5−/− (B) mice. C, D) Glucagon is 

produced in Scg5+/+ (C) but not Scg5−/− (D) mice. E–H) Taste responses, expressed as 

taste/water-lick ratios and as a function of stimulus concentration, of Scg5−/− (red; n=7) 

and Scg5+/+ littermates (black; n=9) to sucrose (E), NaCl (F), DB (G), and CA (H). 

Scg5−/− mice exhibited a reduced responsiveness to sucrose (P=0.01) but not to the other 

taste stimuli. Points are expressed as means ± SE. Dashed reference line indicates lick 

ratio for water (1.0). Scale bars = 10 μM. Curves were fit using a two- or three-parameter 

logistic function described in the Methods section. 
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  The chronic 7B2 deficit in Scg5 -/- mice affects the cleavage of a number of 

proproteins (e.g., proopiomelanocortin) (88) and abolishes glucagon signaling throughout 

the body. This global disruption of 7B2 could indirectly impact cellular functions or 

developmental processes. Therefore, to confirm that the deficit in sweet taste 

responsiveness observed in Scg5 -/- mice is due to the specific loss of glucagon signaling 
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in taste buds, we performed brief access taste tests in C57BL/6J mice in which glucagon 

signaling in the oral cavity is acutely disrupted. To this end, we used a short-term, local 

application of the specific GlucR antagonist L-168,049. This non-peptidyl 

triarylimidazole compound is highly membrane-permeable, has a low IC50 (63 nM) for 

the mouse GlucR, and does not cross-react with the GLP-1 receptor (89). Plasma levels 

of L-168,049, which does not affect blood glucose levels in mice (89) are negligible 24 

hours post-administration (90). The antagonist was dissolved in DMSO and diluted in the 

taste solutions for oral presentation during the taste test (final concentrations: L-168,049, 

1 µΜ; DMSO, 2%). Control animals received the same concentration of DMSO, but no 

L-168,049. Mice presented with increasing concentrations of the drug in the absence of 

tastants were indifferent to it, showing neither preference nor aversion compared to water 

alone (Figure 9A). However, mice receiving 1 µM L-168,049 along with the sweet 

stimulus sucrose showed a significant decrease in taste responsiveness when compared to 

vehicle-treated controls (F1,18 = 7.286; p = 0.02), with a concomitant increase in EC50 

(DMSO: 130 mM sucrose; L-168,049: 174 mM sucrose; p = 0.04; Figure 9B). No 

differences were seen in responses to NaCl (F1,8 = 0.051; p=0.83), CA (F1,18 = 0.136; 

p=0.72) or DB (F1,18 = 2.427; p=0.14) between L-168,049-treated and vehicle-treated 

mice (Figures 9C-E). These results are consistent with our findings in Scg5 -/- mice and 

confirm that glucagon signaling in taste buds acts to enhance or maintain sweet taste 

responsiveness. 
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Figure 9: Reduced sweet taste responses in the presence of a GlucR antagonist.  

A) Mice show neither preference nor aversion to ascending concentrations of L-168,049 

(n=6). To best test for an aversive taste, mice are deprived of water prior to testing. B–E) 

Taste responses, expressed as taste/water-lick ratios and as a function of stimulus 

concentration, of drug-treated (91) and vehicle-treated (black) C57BL/6J mice to sucrose 

(L-168,049-treated, n=9; vehicle-treated, n=11; B), NaCl (L-168,049-treated, n=5; 

vehicle-treated, n=5; C), DB (L-168,049-treated, n=10; vehicle-treated, n=10; D), and 

CA (L-168,049-treated, n=10; vehicle-treated, n=10; E). L-168,049-treated mice 

exhibited reduced responsiveness to sucrose only (P=0.02). Points are expressed as 

means ± SE. Dashed reference line indicates lick ratio for water (1.0). Curves were fit 

using a two- or three-parameter logistic function described in the Methods section. 
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2.3 Discussion 

 Sugars like glucose and sucrose are critical nutrients. Glucose in particular 

provides organisms with an important source of energy, participates in metabolism, and is 

an obligatory precursor for many biomolecules. Dysregulation of glucose homeostasis, as 

is seen in metabolic diseases such as diabetes, can have deleterious effects on an animal’s 

health. Through the modulation of sweet taste responsiveness, there is an opportunity to 
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impact glucose homeostasis by influencing the perception and ingestion of sugars in 

foods. In this study, we found that disruption of glucagon signaling within the taste bud 

reduces sweet taste responsiveness. Our results suggest a novel mechanism for 

modulating the ingestion of sugar-rich foods. 

Several other peptide hormones are expressed in rodent TCs, including GLP-1, 

CCK, NPY, VIP, ghrelin and galanin (4, 50, 59, 72-76, 92). It appears that most are 

expressed in different subsets of TCs, although the extent of overlap has not been fully 

determined. Nearly all NPY-expressing cells are immunopositive for both CCK and VIP, 

although these latter two peptides are also seen in NPY-negative TCs (4, 72, 74, 75). The 

majority of CCK-, NPY- and VIP-expressing TCs also express α-gustducin, thus 

indicating that these peptides are found in some Type II TCs (4). However, it is unclear if 

they, like glucagon, are restricted to Type II TCs. In contrast, GLP-1 and galanin are 

found in subsets of both Type II and Type III TCs (4, 59). 

The differential expression of these various peptides across subsets of TCs 

suggests that they may differentially affect taste function. For instance, the overall impact 

of taste bud-localized CCK and NPY on taste is unclear, although each has been shown in 

dissociated cells to modulate potassium conductances (through their respective closing 

and opening of K+ channels) and through their activation of CCK-A or NPY-1 receptors 

(4, 72, 74, 75). Despite their differential expression in taste buds, the proglucagon 

products GLP-1 and glucagon appear to have similar affects on sweet taste 

responsiveness: as disruption of either GLP-1 or glucagon signaling reduces behavioral 

responses to sweeteners, we can conclude that both hormones normally act to maintain or 

enhance sweet taste responsiveness. The similar effects of GLP-1 and glucagon signaling 
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on sweet taste suggest their differences may be manifest in other ways. For example, our 

preliminary studies have indicated that mice null for the GLP-1 receptor (GLP-1R-/- mice) 

are hyper-responsive to another appetitive stimulus, monosodium glutamate (93) while 

Scg5-/- mice do not differ from littermate controls in their behavioral responses to umami 

stimuli (Figure 10). Thus, GLP-1 and glucagon may differentially regulate 

responsiveness to appetitive tastants. Another possibility is that TCs expressing GLP-1 or 

glucagon also express receptors for other modulatory signals. Indeed, receptors for 

circulating neuromodulators such as leptin and endocannabinoids are expressed in taste 

buds. The adipocyte hormone leptin suppresses sweet taste responsiveness (54, 55), 

thereby opposing the actions of both glucagon and GLP-1. In contrast to leptin, 

endocannabinoids act on T1R3-positive TCs to enhance taste responses to sweeteners 

(94). With the growing list of potential modulators acting at the taste bud, it is imperative 

to test the actions of these molecules in the context of each other if we are to understand 

the potential for dynamic modulation of taste responsiveness under physiological 

conditions. 
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Figure 10: Scg5-/- mice exhibit normal taste responsiveness to MSG in a brief access 

taste test.  

Scg5+/- and Scg5 -/- mice were tested for their taste responsiveness to monosodium 

glutamate (MSG) in the presence of 1mM 5’ inosine monophosphate (IMP, a synergistic 

enhancer of umami taste) and 100µM amiloride (to block the sodium component of 

MSG). Preliminary analyses show that Scg5-/- mice show no abnormalities in taste 

responsiveness to MSG in a brief access taste test: F1,27=0.458; p=0.50; n=13 per group). 

Points are expressed as means ± SE. Dashed reference line indicates lick ratio for water 

(1.0). Curves were fit using a two- or three-parameter logistic function described in the 

Methods section. Although the curves appear different, it should also be noted that there 

was no significant concentration x genotype interaction, suggesting that the pattern of 

responses between genotypes is not significantly different.  

 

 

Glucagon is secreted from α cells within the islets of Langerhans of the endocrine 

pancreas during periods of hypoglycemia (38). A modest rise in glucagon levels is also 

seen within 1 min of the initiation of a meal (95). It is thought that this early increase in 
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systemic glucagon levels is elicited by cephalic stimuli (61, 96), and it is intriguing to 

speculate that glucagon secreted from TCs could contribute to this cephalic phase 

response. However, the predominant source of glucagon is from the pancreas, and its 

principal target is the liver, where it stimulates glycogenolysis and gluconeogenesis and 

likely also initiates signals that contribute to meal termination (61, 96-99).  

The satiating effects of glucagon, which are manifest as a reduction in meal size 

and duration, are dependent on signaling through vagal efferents to the nucleus of the 

solitary tract (NTS), although the exact mechanism of action is not known (61, 62). 

Hepatic vein infusion of glucagon suppresses oral glucose-dependent neural activity in 

the gustatory region of the NTS (100, 101). However, it is unclear how this change in 

neural activity, measured by multiunit extracellular recordings, might relate to taste 

perception or behavior. Furthermore, this effect emerges 15 min after a hepatic glucagon 

infusion, suggesting that the changes in neural activity in the NTS are not directly 

modulated by glucagon (100). The changes in taste responsiveness we observe in mice 

exposed to the GlucR antagonist are unlikely to reflect glucagon's systemic actions. For 

example, the effects on sucrose taste responsiveness are seen within the first 10 min of 

testing, well before changes in NTS responses are reported (100). Furthermore, levels of 

the GlucR antagonist in blood are likely to be negligible, even after 25 min of testing 

(90). Thus, our results are consistent with a local function for glucagon within the 

gustatory epithelium.  

In addition to its role in promoting glucose release from the liver, glucagon acts 

on pancreatic β cells to stimulate insulin secretion (102) and engages in autocrine 
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signaling on α cells (103-105). Indeed, the application of glucagon to α cells isolated 

from rats or mice leads to a dose-dependent increase in cAMP and exocytosis of 

glucagon; these effects are blocked in the presence of a GlucR antagonist (104). Together 

with the observation that GlucR has been amplified in pancreatic α-cells by RT-PCR 

(104), these data suggest that glucagon engages in autocrine signaling in α cells, a finding 

similar to ours in the taste bud. Other similarities might exist between taste buds and 

pancreatic islets. For example, cells of the endocrine pancreas, including glucagon-

producing α cells, seem to express both T1Rs and α-gustducin (37, 106). Furthermore, 

T1R3 appears to play a role in the control of insulin secretion from β cells (37). The 

parallels between peptide-producing TCs and other endocrine cells of the GI tract and its 

associated organs support an emerging view that the taste bud is more than just a detector 

of chemosensory stimuli. Rather, the taste bud has the potential to modulate how those 

stimuli will be perceived. 

2.4 Methods 

2.4.1 Mice 

All animal procedures were approved by the University of Maryland School of 

Medicine IACUC. Wildtype C57BL/6J mice were purchased from Jackson Laboratory 

(Bar Harbor, Maine). Scg5 (7B2) +/+ and Scg5 -/- gene-targeted mice (maintained on a 

C57BL/6J background); (81, 82) were generously provided by Iris Lindberg, University 

of Maryland School of Medicine. All mice received food and water ad libitum, except 

when engaged in behavioral experiments. 

2.4.2 RT-PCR 

CV enriched tissue and surrounding taste tissue were obtained via micropunch 
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(1mm diameter, Harris Unicore, Ted Pella, Inc., Redding, CA) from C57BL/6J mice. 

Total RNA was extracted with the Absolutely RNA microprep kit (Stratagene, La Jolla, 

CA). RNA was reverse-transcribed with oligo(dT) primers, and cDNA was used as 

template for PCR amplification with TaqPro Complete (Denville Scientific, Metuchen, 

NJ). Products were amplified with gene-specific primers (see Table 2). Control samples 

were prepared with the reverse transcriptase omitted. To control for contributions from 

genomic DNA, all primer pairs were designed to span an intron (with the exception of the 

actin primers). All products were confirmed by sequencing. 

 

Table 2: Primers 
Target Forward primer (5’ – 3’) Reverse primer (5’ – 3’) Annealing 

temp (°C) 

Cycles Size 

(bp) 

GlucR TGCCCAGGTAATGGACTTTT

TG 

ACCGTGTCTTCAGCAGCCA

ATC 

58 40 530 

7B2 TCAGAGACAGACATCCAGA

GGCTG  

GCAGTTTTCCCAAGAGGAC

AGG 

58 35 272 

α-Gust ATGGGAAGTGGAATTAGTTC

AG 

TCAGAAGAGCCCACAGTCT

TTG 

60 35 1064 

Actin* CCCTGTGCTGCTCACC GCACGATTTCCCTCTTCAG 58 30 328 

 
*(107) 
 

2.4.3 Immunohistochemistry 

Mice were transcardially perfused with 4% paraformaldehyde (PFA), and tongues 

were removed. For detection of 5-HT+ TCs, mice were injected intraperitoneally with 5-

hydroxy-L-tryptophan (0.08 mg/g; Sigma, St. Louis, MO) 1 hour prior to perfusion and 

removal of the tongues (59). After 2 hour post-fix in PFA at 4°C, tongues were 

cryoprotected in 30% sucrose overnight at 4°C. Cryostat sections (14 µm) were collected 
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onto slides and immunostained overnight with up to three primary antibodies. Secondary 

antibodies were applied the following day. The following primary antibodies, with stated 

controls for antibody specificity (Table 3), were used: rabbit-anti-glucagon (1:500, 

Immunostar, Hudson, WI); goat-anti-GlucR (1:100, Santa-Cruz Biotechnology, Santa 

Cruz, CA); rabbit-anti-7B2 (1:100, gracious gift of Dr. Iris Lindberg); rabbit-anti-PLCβ2 

(1:500, Santa-Cruz Biotechnology, Santa Cruz, CA); rabbit-anti-gustducin (1:100, Santa-

Cruz Biotechnology, Santa Cruz, CA); goat-anti-T1R3 (1:50, Santa-Cruz Biotechnology, 

Santa Cruz, CA); and rat-anti-5-HT (1:5000 Eugene Tech International, Allendale, NJ). 

Primary antibodies were visualized with Cy2, Cy3 and Cy5 secondary antibodies (Cy2 

and Cy5: 1:4000; Cy5: 1:1000, Jackson Immunoresearch, West Grove, PA). GlucR and 

T1R3 were visualized via biotinylated donkey anti-goat secondary antibodies followed by 

streptavidin-conjugated CY2 (1:4000, Jackson Immunoresearch, West Grove, PA). 

Images were collected on an Olympus confocal microscope using FluoView software. 

Brightness and contrast levels of collected images were adjusted on Adobe Photoshop 

CS.  
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Table 3: List of primary antibodies: 
Rabbit anti-glucagon (1:500; Immunostar 20076) Staining is absent when the primary 

or secondary antibodies are omitted, and in Scg5 (7B2) -/- mice, which lack 
mature glucagon (Figure 8). Use of this antibody has been reported previously 
(108, 109). 

 
Goat anti-GlucR (1:100; Santa Cruz; sc-34638) Staining is absent when the primary or 

secondary antibodies are omitted, after preincubation with 1-10mg of blocking 
peptide (sc-34638P), or in GlucR -/- mice (tissue generously provided by 
Maureen Charron; Figure 6). Use of this antibody has been reported previously 
(110, 111). 

 
Rabbit anti-7b2 (1:100; generous gift of Iris Lindberg) Staining is absent when the 

primary or secondary antibodies are omitted, and is absent in Scg5 (7B2) -/- 
mice (Figure 8). 

 
Rabbit anti-α-gustducin (1:100; Santa Cruz sc-395) Staining is absent when the 

primary or secondary antibodies are omitted, and its use has been validated in 
taste tissue (112). 

 
Rabbit anti-PLCβ2 (1:500; Santa Cruz sc-206) Staining is absent when the primary or 

secondary antibodies is omitted, and has been validated in taste tissue (112). 

Goat anti-T1R3 (1:50; Santa Cruz sc-22458) Staining is absent when the primary or 
secondary antibodies are omitted, or in T1R3 -/- mice (113) (Figure 7) and has 
also been used previously in taste tissue (94). 

 
Rat anti-5HT (1:5000; Eugene Tech International Inc., Allendale, NJ USA) Staining is 

absent when primary or secondary antibodies are omitted. Used of this antibody 
has been reported previously (114, 115). The staining pattern of this antibody 
matches that of another antibody that has been well-validated in taste tissue 
(Immunostar 20080); (116, 117). 

 

 

2.4.4 Cell counting  

Unbiased estimates of taste buds were obtained. Our selection process assumed 

that all taste buds had an equal chance of expressing glucagon and the GlucR. Every fifth 

section was collected on a slide and kept aside for counting purposes. Within these 

sections, 2-3 taste buds were selected in a randomized, unbiased manner. Briefly, each 
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section was first imaged in its entirety on with a 20x objective. Next, 2-3 taste buds 

within a section were selected through randomly-generated X-Y coordinates. Selected 

taste buds were imaged again in Z-stacks of 2µm sections with a 60x objective and 

counted on Neurolucida, Version 8.0. To minimize the chances of counting a single cell 

more than once, an optical dissection technique was used, where cells with nuclear 

staining in the rostral-most slice of a Z-stack were excluded from counts for that 

particular section. Each cell was followed through multiple optical sections in the Z stack 

to verify that it exhibited typical TC morphology. For each set of quantitative 

experiments, approximately 150-200 TCs per mouse were counted from a total of six 

mice. To determine the reliability of this counting method, we ran ANOVAs on cell 

counts across mice. We observed no statistical differences in cell counts between mice. 

2.4.5 Behavioral analysis:  

Mice (10-12 weeks old) were habituated to the laboratory environment for at least 

30 minutes each day before the initiation of taste testing. All tastants were prepared with 

distilled water and reagent grade chemicals, and presented to the animals at room 

temperature. Test stimuli consisted of 6 concentrations each stimulus: sucrose (0, 25, 50, 

100, 200, 400mM; Fisher Scientific, Atlanta, GA), NaCl (0, 30, 100, 300, 600, 1000mM; 

Sigma-Aldrich, St Louis, MO), denatonium benzoate (DB; 0, 0.05, 0.1, 0.5, 1, 5mM; 

Sigma-Aldrich), and citric acid (CA; 0, 0.3, 3, 10, 30, 100mM; Fisher Scientific).  

 The brief-access taste test was administered in a ‘Davis Rig’ gustometer (Davis 

MS-160; DiLog Instruments, Tallahassee, FL, USA), as previously described (59, 118-

120). Brief-access tests minimize post-ingestive effects that may confound other assays, 

such as intake tests (59). Training and testing protocols have been described in detail 
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elsewhere (59, 121). Specifically, mice were first acclimated to stimuli and testing 

conditions during training days. Mice tested with sucrose (an appetitive stimulus) were 

food and water restricted (1g food and 2ml water) for 23.5 hrs prior to testing, while mice 

tested with aversive stimuli (DB, CA, NaCl) were water deprived for this same period. 

During testing, mice had access to the taste stimuli (presented in sipper bottles as a 

concentration range) through a small opening in the testing chamber. For test days (which 

were each separated by a 24 hr “recovery” period), unconditioned licking responses were 

recorded for later analyses in 25-min brief-access test sessions, during which mice could 

initiate as many trials as possible. Each trial lasted 5 seconds, with 7.5 s inter-

presentation intervals. Between trial presentations of aversive stimuli, mice were 

presented with a 1 s “rinse” with distilled water, to prevent carry-over effects.  

 For experiments including the GlucR antagonist L-168,049 (2-(4-Pyridyl)-5-(4-

chlorophenly)-3-(5-bromo-2-propyloxphenyl) pyrrole; Calbiochem, San Diego, CA), the 

drug was prepared in DMSO (Sigma Chemical, St. Louis, MO) and administered in taste 

solutions (including the water-only control), at a final concentration of 1µM. The IC50 of 

L-168,049 for the mouse GlucR is 63nM (89, 90, 122). 

Mice ingest 1-2 ml of total liquid during a typical 25-min brief access testing 

session (119). At 1 μM L-168,049 concentration in the taste solution, this would result in 

<1 μg of ingested drug over the entire testing period. Based on studies of L-168,049 

plasma concentrations in mice after an oral dose of L-168,049 (90), we would 

conservatively estimate systemic plasma concentrations of 1 nM at 25 min after oral 

dosing and peak concentrations at 10 nM (far below the IC50 of 63 nM). Plasma 

concentrations of L-168,049 in these behavioral experiments are certainly much lower as 
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the drug is ingested over a 25-min period, not in a single dose. Thus, any postingestive 

effects of the GlucR antagonist during testing are likely negligible.  

All taste testing took place during daylight hours, and mice were always naive to 

the taste quality being tested. Mice tested for responsiveness to sucrose or to L-168,049 

were always naive to behavioral testing. The same cohort of Scg5−/− and Scg5+/+ mice 

were used for all taste tests, with a 2-wk interval between the testing of each stimulus. 

Scg5−/− and Scg5+/+ mice were tested in the following order: sucrose, NaCl, CA, DB. To 

minimize the number of mice engaged in behavioral experiments with L-168,049 (or 

vehicle), some mice were tested with two different stimuli, with at least 2 wks in between 

the testing of the two stimuli. For example, of the 20 mice tested with citric acid, 10 had 

been tested previously with sucrose, while 10 were naive to behavioral testing. Naive and 

behaviorally-experienced mice were equally distributed across drug and vehicle treatment 

groups. No mice were tested with >2 stimuli in these experiments. 

2.4.6 Statistical Analysis 

Testing between experimental groups (mice treated with the glucagon receptor 

antagonist, and Scg5-/- mice) was compared to appropriate controls (vehicle-treated mice 

and Scg5+/+ littermates, respectively) with a two-way (drug or genotype X concentration) 

repeated measures analysis of variance (ANOVA). Statistical significance was identified 

by p ≤ 0.05. For all behavioral data, a taste/water lick ratio was obtained by taking the 

average number of licks per trial for each stimulus concentration and dividing this 

amount by the average number of water licks per trial. The use of a taste/water lick ratio 

serves as a control for individual differences in lick rates and for differences in 
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motivational state (120). All statistics were performed on Systat 12 software, and all 

graphs were created on Sigmaplot 10. For presentation of behavioral data, curves were fit 

to the mean data for each group using a two- or three-parameter logistic function of the 

form: 

 

where x = log10 concentration, c = log10 concentration at the inflection point, and b = 

slope. For sucrose, a = the asymptotic Tastant/Water Lick Ratio and d = minimum 

asymptote of Tastant/Water Lick Ratio. For aversive stimuli, a = 1.0 and d = 0. Curves 

were fit to data points to facilitate visual analysis of graphs, and to be consistent with the 

standard format of data presentation in behavioral taste research.  
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3 Context-dependent hormonal modulation of sweet taste 

responsiveness
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3.1 Introduction 

 
An animal’s environment and physiological state can impact sensory function. 

Gut hormones that affect metabolism, energy homeostasis and satiety can also act at the 

taste bud to affect peripheral taste responsiveness, before gustatory information is sent on 

to the brainstem. In this way, taste function may be modulated in the context of an 

animal’s metabolic state or nutritional needs, and could impact the amount and types of 

food consumed.  

 The hormone glucagon has been shown to modulate peripheral taste 

responsiveness (123). Glucagon is secreted from pancreatic α-cells, and plays a 

prominent role in the maintenance of glucose homeostasis, largely by promoting the 

release of glucose from the liver into the bloodstream (38). Previously, we showed that 

glucagon is also produced in Type II taste cells (TCs) of mouse taste buds (123). The 

glucagon receptor (GlucR) is coexpressed in these same TCs, suggesting that glucagon 

acts as an autocrine signal within the taste bud (123). Genetic or local pharmacological 

perturbation of glucagon signaling leads to a reduced sweet taste behavioral responses, 

indicating that taste bud-localized glucagon normally acts to enhance or maintain 

responsiveness to sweet stimuli (123). 

 The taste bud actions of glucagon contrast with those of leptin. Leptin, a hormone 

secreted by adipocytes, signals in proportion to the amount of energy is stored as fat (51). 

Unlike glucagon, leptin is not produced in TCs. However, circulating leptin reduces 

sweet taste responses (54, 55) and mice lacking either leptin or its receptor are more 

responsive to sweet stimuli (54). Thus, leptin appears to suppress sweet taste 

responsiveness. 



 

 

57 

 Both leptin and glucagon are able to alter sweet taste function through local 

actions on taste buds. Accordingly, there is a possibility that these two hormones are part 

of a dynamic regulatory network used to fine tune gustatory responses to sweet-tasting 

compounds. However, it is unclear how leptin and glucagon work together to impact 

sweet taste function. Here, we determine how glucagon and leptin work together to 

modulate peripheral taste responsiveness to a prototypical sweet-tasting stimulus, 

sucrose. To this end, we use brief access taste behavior assays and immunohistochemistry 

in gene-targeted mice. 

 

3.2 Results 

3.2.1 Leptin’s effect on sweet taste responsiveness is context-dependent 

 Mice receiving i.p. injections of leptin (100 ng/g body weight) display reduced 

responses to either sucrose or saccharin in two different behavioral paradigms: one where 

all concentrations of the sweetener are mixed with 3 mM quinine (a bitter tastant) to 

suppress excessive ingestion of the appetitive sweetener, and one where a conditioned 

taste aversion was generated (54). To more easily assess whether leptin and glucagon 

work together to modulate sweet taste function and to minimize any post-ingestive 

contributions to the assay, we asked if leptin elicits a similar effect in a standard brief-

access test. C57Bl/6J (B6) mice were injected with either leptin (100 ng/g body weight, 

in PBS) or PBS (equivalent volume) 10 min prior to behavioral testing. Mice were 

exposed to sucrose concentrations ranging from 30 mM to 1 M (high range), along with 

water, in random order over a 25 min testing period (see Materials and Methods for 

details). Consistent with results using the other two behavioral paradigms (54), leptin-
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treated mice exhibited a significant decrease in sucrose responsiveness (Figure 11A; 1-

way repeated measures ANOVA: F1,17 = 6.506, p = 0.02).  

Next, we wanted to minimize any textural cues that may accompany higher 

sucrose concentrations and to test leptin’s effects in the same sucrose range we used 

previously to assay the effects of glucagon signaling on taste (123). Thus, a separate 

cohort of mice was tested using a lower sucrose concentration range, (25 mM to 400 mM, 

along with water; low range) after leptin or PBS injections. In contrast to the results with 

the high sucrose range, leptin had a small but significant enhancing effect (Figure 11B; 

F1,25 = 4.187; p = 0.05) on sucrose responses when mice were tested with this lower 

stimulus range. Thus, leptin’s effect on behavioral taste responses to sucrose appears to 

depend on the stimulus concentration range. 

 

Figure 11: Leptin’s effect varies with sucrose concentration. 

(A) Leptin-treated mice (open symbols; n=10) are less responsive (p=0.02) than PBS-

treated controls (filled symbols; n=9) when tested in with the “high sucrose” stimulus 

range. (B) Leptin-treated mice are more responsive (p=0.05) than PBS-treated controls 

when tested with the “low sucrose” stimulus range (n=14/group). Points are expressed as 

means ± SE. Dashed reference line indicates lick ratio for water (1.0). Curves were fit 

using a two- or three-parameter logistic function described in the Methods section. 
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3.2.2 Leptin and glucagon differentially modulate sweet taste responsiveness 

We next asked if either the enhancing or suppressing effects of leptin were 

impacted by another modulatory signal acting in taste buds, glucagon. We previously 

showed that the disruption of glucagon signaling decreases sweet taste responses (123), 

suggesting that this hormone normally acts to enhance or maintain sweet taste 

responsiveness. We again tested responses of mice to the high and low sucrose 

concentration ranges in brief-access taste tests. In both cases, mice received one of four 

treatments: an i.p. injection of either leptin or PBS along with access to taste solutions 

containing either a membrane-permeable GlucR antagonist (1 μM L-168,049) or vehicle 

control (2% DMSO) (123). For the high sucrose range, there was a significant group X 

concentration interaction, indicating that the pattern of sucrose responses varies across 

groups (Figure 12A; 2-way repeated measures ANOVA: F12, 140= 2.02, p = 0.03). 

Responses of leptin-treated animals receiving taste solutions containing DMSO were 

significantly decreased as compared to their PBS-treated counterparts (Figure 12A, B; p 

= 0.05). Presence of the GlucR antagonist did not decrease responses any further than 



 

 

60 

leptin treatment alone (Figure 12A, 3.2B; p = 0.27, p = 0.45). Similar results were seen 

when glucagon signaling was disrupted through gene-targeting in Scg5-/- mice. These 

mice do not produce mature glucagon due to the absence of an obligatory chaperone 

protein, 7B2, which is required for proglucagon processing (81, 82) (Figure 12C). These 

results suggest that hormonal-dependent suppression of sweet taste responses may not be 

additive and are likely restricted in the magnitude of their effect.  

 

Figure 12: Leptin and glucagon modulation of behavioral responses to a high 

sucrose concentration range 

(A, B) Leptin-treated C57BL/6J (B6) mice (black, open symbols and bars; n = 12) exhibit 

reduced sucrose responses (area under the curve (AUC), *, p = 0.05) as compared to 

PBS-treated B6 mice (black, filled symbols and bars; n = 12). Treatment with the GlucR 

antagonist L-168,049 (red symbols and bars; n = 12) did not further reduce sucrose 

responses.  (C) Leptin-treated Scg5+/+ mice (black, open bars; n = 5) exhibit reduced 

sucrose responses (area under the curve (AUC), *, p = 0.05) as compared to PBS-treated 

Scg5+/+ mice (black, filled bars; n = 6). Deletion of Scg5 did not further reduce sucrose 

responses (red bars; n = 9). *, p ≤ 0.05. Points are expressed as means ± SE. Dashed 

reference line indicates lick ratio for water (1.0). Curves were fit using a two- or three-

parameter logistic function described in the Methods section. 
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There was also a significant group X concentration interaction for the low sucrose 

concentration range (Figure 13A; F12, 120 = 2.43, p = 0.007). Responses of leptin-treated 

animals receiving taste stimuli containing DMSO alone were indistinguishable from their 

PBS-treated counterparts (Figure 13A, B; p = 0.41). Presence of the GlucR antagonist 

resulted in a significant decrease in sweet taste responsiveness in PBS-treated mice 
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(Figure 13A, B; p=0.02) that was abolished when animals received both leptin and the 

GlucR antagonist (Figure 13A, B; p = 0.03). Again, similar results were seen when 

glucagon signaling was disrupted with a genetic deletion of Scg5 (Figure 13C). Thus, the 

modulatory actions of leptin and glucagon can function in opposition. 

 

Figure 13: Leptin and glucagon modulation of behavioral responses to a low sucrose 

concentration range 

(A, B) Leptin-treated (black, open symbols and bars; n = 14) and PBS-treated (black, 

filled symbols and bars; n = 10) B6 mice receiving taste solutions containing DMSO 

vehicle exhibit equivalent sucrose responses (p=0.41). Sucrose responses were 

significantly reduced in PBS-treated mice receiving the GlucR antagonist L-168,049 (red, 

filled symbols and bars; n = 10) when compared to those receiving DMSO vehicle (p = 

0.02). Leptin-treatment (red, open symbols and bars; n = 12) abolished the effects of L-

168,049 (p = 0.03) (C) Leptin-treated (black, open bars; n = 7) and PBS-treated (black, 

filled bars; n = 8). Scg5+/+ mice exhibit receiving taste solutions containing DMSO 

vehicle exhibit equivalent sucrose responses. Deletion of Scg5 (n = 6) resulted in a 

significant reduction in response (p = 0.05) that was abolished by leptin treatment (p = 

0.002 ; n = 8).  *, p ≤ 0.05, **, p = 0.002. Points are expressed as means ± SE. Dashed 

reference line indicates lick ratio for water (1.0). Curves were fit using a two- or three-

parameter logistic function described in the Methods section. 
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3.2.3 Coexpression of the leptin receptor and components of glucagon signaling 

Previously, we showed that glucagon and its cognate receptor (GlucR) are 

expressed in the same subset of Type II cells (123). In situ hybridization, and 

physiological analyses have shown that the long form of the leptin receptor (ObRb or 

LepRb) is expressed in a subset of taste cells, likely sweet-sensitive Type II cells (53, 55). 
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However, the absence of well-characterized antibodies for LepRb has made the definitive 

identification of TC types expressing this receptor difficult. LepRb- expressing TCs 

apparently do not exhibit phosphorylation of the signal transducer and activator of 

transcription-3 (Stat3) upon leptin treatment, even though phosphorylated Stat3 is clearly 

seen in hypothalamic neurons of the same animals (Figure 14A). Thus, we used gene-

targeted mice that express yellow fluorescent protein (YFP) under the control of the 

LepRb promoter (LepRb-YFP mice) to localize LepRb to particular taste cell subtypes. 

Double-label immunohistochemistry for YFP and the Type II cell marker phospholipase 

C β2 (PLCβ2) indicated that nearly all YFP-expressing cells were also PLCβ2-positive 

(Figure 14B). As glucagon is also expressed in a subset of Type II cells, we next asked if 

LepRb and glucagon are expressed inn the same subset of Type II cells. We found that 

immunostaining for YFP and glucagon was almost entirely coincident (Figure 14C). 

Thus, it appears that LepRb is expressed in the same subset of Type II taste cells as 

glucagon and its receptor. 
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Figure 14: Coexpression of LepRb and glucagon in Type II cells. 

(A) Representative phosphorylated Stat3 (pStat3) immunostaining in tissue from a leptin-

treated mouse (5µg/g; 45 min prior to euthanasia): circumvallate papillae (CV) (left 

panel; similar results observed when less leptin and/or shorter time points were used) 

hypothalamus (middle panel), hypothalamus with no primary antibody (right panel). 

Immunostaining is observed in hypothalamus but not taste tissue. Scale bar, 250 μm. (B) 

Double-label immunohistochemistry for YFP (green, using anti-GFP antibody) and 

PLCβ2 (91) in TCs from circumvallate papillae. Blue, DAPI. Scale bar, 20 μm. (C) 

Double-label immunohistochemistry for YFP (green) and glucagon (91) in TCs from 

circumvallate papillae. Scale bar, 20 μm Blue, DAPI. 
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3.3 Discussion 

 Previous studies from our group and others support roles for both glucagon and 

leptin in the modulation of sweet taste responses at the level of the taste bud (53-55, 123). 

These two hormones are part of a growing list of peptides, proteins and other molecules 

that have been implicated in peripheral modulation of taste responses, including CCK 

(72), NPY (75), VIP (50, 74), GLP-1 (59), oxytocin (124), ghrelin (76) and 
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endocannabinoids (94). However, the means by which these various modulatory factors 

work together to tune peripheral taste responses remains unclear. Here, we show that 

glucagon and leptin differentially regulate sweet taste responsiveness in the context of 

stimulus concentration. 

Glucagon and leptin often display an antagonistic relationship. For example, 

rodent models of diabetes show high glucagon levels (125) and low leptin levels (126, 

127). Furthermore, glucagon is restored to normal levels when these rodents are made 

hyperleptinemic (128, 129). Leptin can act directly on pancreatic α-cells to suppress 

glucagon gene expression and glucagon release (130, 131), indicating the potential for 

cross-talk between these two signaling molecules. There also appears to be crosstalk 

between the glucagon and leptin signaling in TCs: expression of LepRb and glucagon 

(and, by extension, the GlucR) (123) is almost entirely coincident, indicating that both 

leptin and glucagon act on the same population of sweet-sensitive taste cells. The 

molecular mechanism by which these two signaling pathways interact is unknown.  

Previous studies suggest that leptin hyperpolarizes TC activity by activating K+ 

channels (55). However, leptin’s ability to modulate potassium currents is not unique to 

TCs. For instance, leptin inhibits insulin-secreting pancreatic β-cells by activating ATP-

sensitive K+ channels (KATP) (132, 133). Leptin is also able to hyperpolarize hypothalamic 

neurons in this manner (134).  It is suspected that leptin might suppress glucagon-

secreting α-cells in this way, as well (130). Given these findings, it is noteworthy that a 

functional KATP channel has recently been identified in T1R3-positive TCs (135). It is 

posssible  that this channel could help to regulate TC sensitivity. The exact role that these 

channels play in sweet taste should be the subject of future studies. 
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Of the various factors that have been implicated in the modulation of taste bud 

responsiveness, most (glucagon, leptin, GLP-1, CCK, VIP, endocannabinoids) appear to 

impact sweet taste (48, 50, 54, 55, 59, 94). Sweet tasting foods are highly appetitive and 

readily ingested (1, 136). They are also often calorically dense and can have high sugar 

content (1).  While sugars serve as an important source of energy, overconsumption can 

contribute to metabolic dysregulation (137). Thus, it is important to regulate sugar 

ingestion. The dynamic modulation of sweet taste function by hormones, such as 

glucagon and leptin, could play an important role in this process. For example, increasing 

the sensitivity of the taste system for sweet-tasting compounds could help to promote the 

consumption of carbohydrates in times of scarcity or metabolic need. By contrast, sweet 

taste sensitivity could be reduced when energy stores and/or blood glucose levels are 

high. Interestingly, our results show that leptin (an indicator of energy stored in adipose 

tissues) (138, 139) is most effective when used in the context of high sucrose 

concentrations: leptin inhibits taste responses when sucrose concentrations are in a high 

range, but only slightly enhances responses when sucrose concentrations are lower. 

Glucagon signaling, alternatively, has a more pronounced effect with the lower sucrose 

concentrations. One possibility is that the suppressive actions of leptin on taste function 

are augmented when sucrose is abundant, thus helping to prevent excess amounts from 

being consumed. Glucagon’s actions, by contrast, may be to promote the consumption of 

sweet foods when little is available, thus promoting the availability of circulating glucose 

(a role consistent with glucagon’s systemic actions) (38).  

Glucose homeostasis must be maintained within a reasonable dynamic range that 

allows for rapid storage or release depending on metabolic need. Hormones like glucagon 
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and leptin help to keep glucose homeostasis in check (38). These hormones, along with 

numerous others, appear to serve a parallel role in the modulation of sweet taste function. 

In such a model (illustrated in Figure 15) these hormones would allow for significant 

adjustments within a defined range that has both a ceiling and a floor. In this way, taste 

function could be rapidly optimized to serve the animal’s metabolic and nutritional needs, 

but also maintained within a useful dynamic range.  

 

 

Figure 15: A proposed model for the effect of leptin and glucagon in sweet taste. 

(A) The GlucR antagonist exerts maximal suppression on taste responsiveness in low 

sucrose concentrations. Leptin is maximally effective in high sucrose concentrations, and 

exhibits only a small enhancing effect in low sucrose concentrations. In the absence of 

the GlucR antagonist (B) glucagon enhances sweet taste responsiveness in low sucrose 

concentrations and leptin overrides glucagon’s enhancing effect in high sucrose 

concentrations, to suppress sweet taste responsiveness. 
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3.4 Materials and Methods 

3.4.1 Mice:  

All animal procedures were approved by IACUCs of the University of Maryland 

School of Medicine and the University of Michigan School of Medicine. C57BL/6J mice 

(10-14 wks old at the time of testing) were purchased from Jackson Laboratory (Bar 

Harbor, Maine). Scg5 (7B2) +/+ and -/- gene-targeted mice (81, 82) (10-14 wks old at the 

time of testing) were maintained on a C57BL/6J background and were generously 

provided by Iris Lindberg (University of Maryland School of Medicine). The generation 

of LepRb-YFP mice will be described in detail elsewhere (Patterson and Myers, 

unpublished data). These mice were generated using LepRb-IRES-Cre mice, in which an 

IRES-driven cre-recombinase was inserted into the 3' UTR of the exon that is specific to 

the long form of the leptin receptor (LepRb, exon 18b) (140). These mice were crossed 

with standard ROSA26-YFP reporter mice (141). YFP expression recapitulates known 

LepRb neuronal expression in the midbrain and hindbrain (Patterson and Myers, 

unpublished). All mice received food and water ad libitum, except when engaged in 

behavioral experiments as described below. 

3.4.2 Immunohistochemistry:  

LepRb-YFP and control mice were anesthetized with a lethal dose of 

pentobarbital and immediately perfused with 0.1 M phosphate-buffered saline (PBS) 

followed by 10% formalin. Heads were maintained in fixative at 4°C for 24 hr prior to 

dissection of tongues and brains, followed by cryoprotection of these tissues in 30% 

sucrose overnight at 4°C. Cryostat sections (12 μm) were collected onto glass slides. 

After several washes in PBS, sections were blocked for 2 hr with 2% normal donkey 
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serum (Jackson Immunoresearch, West Grove, PA) and immunostained with primary 

antibodies overnight. Primary antibodies included: rabbit-anti-PLCβ2 (1:100, Santa-Cruz 

Biotechnology, Santa Cruz, CA), chicken-anti-GFP (1:3000, Aves Labs, Inc., Tigard, 

Oregon) and rabbit-anti-glucagon (1:500, Immunostar, Hudson, WI). The specificity of 

the anti-glucagon and anti-PLCβ2 antibodies has been confirmed previously (112, 123, 

142). We also conducted the following controls for specificity: omitting primary or 

secondary antibodies (all antibodies) or using tissue from wildtype mice (for anti-GFP; 

Figure 16).  Primary antibodies were visualized with Cy2 and Cy3 secondary antibodies 

(1:4000, Jackson Immunoresearch, West Grove, PA) except for the GFP antibody, which 

was visualized via biotinylated donkey-anti-chicken secondary antibodies followed by 

streptavidin-conjugated CY2 (both at 1:4000, Jackson Immunoresearch, West Grove, 

PA). Images were collected on an Olympus Fluoview 500 confocal microscope using 

FluoView software. Brightness and contrast levels of collected images were adjusted in 

Adobe Photoshop CS3.  

 
 
 
Figure 16: Specificity control for α-GFP antibody  

(A) α-GFP immunoreactivity in a subset of circumvallate TCs from LepRb-YFP mice 

that are absent in control mice (B). Green: α-GFP; blue: DAPI. Scale bar, 50 µm 
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For detection of pStat3 in brain and taste buds, mice were given an i.p. injection 

of leptin (400 ng/g body weight or 5µg/g body weight) either 15 min or 45 min prior 

perfusion with PBS and 4% paraformaldehyde (PFA). After dissection, tissues were post-

fixed for 2 hr (tongue) or overnight (brain) at 4° C. Tissues were processed as above, 

except that cryostat sections of brain tissue were collected at 60 μm as free floating 

sections. We continued with a modified immunohistochemistry protocol, described 

elsewhere (143). Sections were pre-treated with 1% NaOH and 1% H202 for 20 min to 

quench endogenous peroxidases before being exposed to two additional pre-treatments: 

0.3% glycine (10 minutes) and 0.03% SDS (10 minutes). After an additional blocking 

step (described above), sections were incubated with the primary antibody overnight at 

room temperature (rabbit-anti-pStat3; Cell Signaling Technology, Danvers, MA; 1:1000). 
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The following day sections were treated with a biotinylated secondary antibody followed 

by VECTASTAIN ABC kit processing (Vector Labs, Burlingame, CA). The signal was 

developed by Nickel-DAB (Sigma Chemical, St. Louis, MO).  Images were collected on 

an Olympus microscope through a Microfire camera (Optronics) on Picture Frame 

software. 

3.4.3 Behavioral analysis:  

All behavioral testing took place during daylight hours. Mice (10-14 wks old) 

were naïve to any experimentation prior to initiation of behavioral testing. Experimental 

groups were matched for age and weight. Mice were habituated to the laboratory 

environment for at least 30 min each day before testing or training began. Sucrose (Fisher 

Scientific, Atlanta, GA) solutions were prepared with distilled water and presented to the 

animals at room temperature. During training and testing, mice were exposed to one of 

two sucrose concentration ranges: high (0, 30, 100, 300, 500 and 1000 mM) or low (0, 

25, 50, 100, 200 and 400 mM).  

 Brief-access taste tests were administered in a ‘Davis Rig’ gustometer (Davis MS-

160; DiLog Instruments, Tallahassee, FL, USA), as previously described (59, 119, 120). 

These tests minimize post-ingestive effects that may confound other assays, such as 

intake tests (119). Mice were first acclimated to stimuli and testing conditions during 

training days. Food and water were restricted (1 g food and 2 ml water) for 23.5 hrs prior 

to testing. During testing, mice had access to the taste stimuli (presented in sipper bottles 

as a concentration range) through a small opening in the testing chamber. For test days 

(which were each separated by a 24 hr “recovery” period during which mice had ad 

libitum access to food and water), unconditioned licking responses were recorded in 25 
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min test sessions during which mice could freely initiate trials. Each trial lasted 5 sec, 

with 7.5 sec inter-presentation intervals. 

 For all experiments, mice received an i.p. injection of leptin (100 ng/g body 

weight; AF Parlow, National Hormone Peptide Program) or vehicle control (sterile PBS, 

pH 7.4 Amresco, Solon, OH), 10 min before starting the behavioral assay. The amount 

and timing of this dose were selected to be consistent with previous studies (54, 55). For 

experiments including the glucagon receptor (GlucR) antagonist L-168,049 (2-(4-

Pyridyl)-5-(4-chlorophenly)-3-(5-bromo-2-propyloxphenyl) pyrrole; Calbiochem, San 

Diego, CA), the drug was prepared in dimethyl sulfoxide (DMSO; Sigma Chemical, St. 

Louis, MO) and administered in taste solutions at a final concentration of 1µM L-168,049 

and 2% DMSO. Control animals received 2% DMSO alone in the taste solution. The IC50 

of L-168,049 for the mouse GlucR is 63nM (89, 90, 122). Statistical Analysis:  

Each experiment included four testing groups: 1) L-168,049-treated or Scg5-/- 

mice given an i.p. injection of leptin; 2) DMSO (vehicle)-treated or Scg5+/+ mice given an 

i.p. injection of leptin; 3) L-168,049-treated or Scg5-/- mice given an i.p. injection of PBS; 

and 4) DMSO (vehicle)-treated or Scg5+/+ mice given an i.p. injection of PBS. Data was 

analyzed using a two-way repeated measures analysis of variance (ANOVA) and 

Student’s Tests, as appropriate. For all behavioral data, a taste/water lick ratio was 

obtained by taking the average number of licks per trial for each stimulus concentration 

and dividing this number by the average number of licks per water trial. The use of a 

taste/water lick ratio serves as a control for individual differences in lick rates and for 

differences in motivational state (120). We then computed the area under the curve for 

each concentration-response function, using the following formula adapted from 
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Pruessner et al. (144): 

 

 

 

where mi represents the taste/water lick ratio for a particular sucrose concentration, n 

equals the number of concentrations, and ti is a given sucrose concentration. Statistical 

tests for each experiment are described in the accompanying Results and figure legends. 

All statistics were performed in Systat 12 software and all graphs were created on 

Sigmaplot 10. For presentation of behavioral data, curves were fit to the mean data for 

each group using a two- or three-parameter logistic function of the form: 
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4  Summary 
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4.1 Proposed hypothesis 

An animal’s ability to detect sweet-tasting compounds is critical for its survival, 

as sweet taste signals a nutrient-rich energy source. Likewise, sweet is the most 

universally palatable and reinforcing of all taste qualities, and highly impacts feeding 

behaviors: the more palatable a compound is, the more it is consumed. Thus, 

understanding the factors that underlie sweet taste signaling could also help to elucidate 

underlying mechanisms of ingestive behaviors. By modulating sweet taste responsiveness 

within the peripheral gustatory system, taste buds influence the amount of sweet 

compounds consumed. Given the connection between tasting and feeding, it is reasonable 

that brain-gut hormones that facilitate energy and glucose homeostasis elsewhere in the 

body might also work at the level of the taste bud. Glucagon, a key counterregulatory 

hormone that helps maintain glucose homeostasis, is produced in TCs, as evidenced by 

its co-expression with its requisite processing elements, PC2 (59) and 7B2 (123). 

However, the role that glucagon plays in peripheral taste remains unclear. Therefore, I 

proposed the hypothesis: Glucagon modulates sweet taste responsiveness through local 

signaling in taste buds. 

 

4.2 Glucagon signaling modulates sweet taste responsiveness 

I identified and characterized the expression patterns of glucagon and its cognate 

receptor (GlucR) in TCs, in the context of known biochemical markers for TC types. I 

found that glucagon and GlucR are both expressed on a subset of Type II cells, which 

play a role in sweet taste. These findings suggest that glucagon plays a role in sweet taste 
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modulation, and is suggestive of an autocrine signaling mechanism. Next, I tested mice 

with perturbed glucagon signaling, using a brief access taste assay, and found them to be 

less responsive to sucrose. Moreover, these mice were unaffected in their responsiveness 

to stimuli representing other taste qualities. This behavioral effect was observed when the 

glucagon perturbation was global and chronic (in Scg5-/- mice) or if it was acutely 

administered only to the oral cavity (with the GlucR antagonist L-168,049). I therefore 

concluded that glucagon normally works to maintain or enhance sweet taste 

responsiveness through local signaling in taste buds. 

 

4.3 Context-dependent modulation of sweet taste responsiveness by glucagon and 

leptin 

The previous findings add glucagon to a growing list of brain gut hormones that 

work on or within taste buds, which include GLP-1 (59), leptin (54, 55) and CCK (72). 

However, it is unlikely that these hormones work in isolation. Accordingly, the next set 

of experiments sought to identify if glucagon might work synergistically with another 

digestive hormone that is known to act on taste tissue. For this set of studies, I focused on 

leptin, as its actions in taste responsiveness were reported to oppose those of glucagon. 

Leptin suppresses sweet taste responsiveness (54), while glucagon maintains or enhances 

it.  I again turned to the brief access taste test, and used two sets of sucrose 

concentrations: one that I had used previously in studies of glucagon and taste (low) and 

one that others had used in studies of leptin and taste (high) (54, 55). The use of both 

sucrose concentrations yielded a surprising finding: leptin suppressed sweet taste 

responses to high sucrose concentrations, but subtly enhanced responses to low sucrose 
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concentrations. These observations suggested that leptin’s actions on taste are context-

dependent.  

I next characterized the effect of combined glucagon and leptin manipulations on 

sweet taste responsiveness. Generally, circulating leptin and glucagon display an 

antagonistic relationship, with high leptin levels corresponding to low glucagon levels, 

and vice versa (128, 129, 145). My findings suggest that this relationship is mirrored in 

the tongue. In the presence of low sucrose concentrations, disrupting glucagon lowered 

sweet taste responsiveness, as I had shown previously. However, this suppression of taste 

responsiveness was rescued by an addition of leptin; in this case, leptin actually raised 

sweet taste responsiveness, so that mice receiving both leptin and glucagon manipulations 

were similar to controls. In the context of high sucrose concentrations, only leptin 

significantly reduced sweet taste responsiveness. However, in the presence of our 

glucagon manipulation, leptin failed to suppress responsiveness to sweet. I also found 

that the leptin receptor (LepRb) and glucagon are expressed on the same subset of Type 

II cells, indicating that the cooperative actions of leptin and glucagon on the same subset 

of taste cells.  

 

4.4 Future Directions  

Collectively, these studies demonstrate a role for glucagon in peripheral gustation, 

both independently, and cooperatively with leptin. Future studies should address the 

means by which glucagon impacts TC and gustatory nerve activity on a cellular level. For 

instance, our behavioral studies suggest an excitatory role for glucagon in TCs, though 

this would need to be confirmed with electrophysiological recordings. It is possible that 
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the upregulation of cAMP and Ca2+ in the depolarized TC could then promote the 

production of glucagon, which could then act on its own receptor expressed in TCs, 

potentiating the cell in an autocrine manner. This prediction easily arises from the co-

expression of glucagon and its receptor on the same subset of TCs, and the stimulating 

effects of increased intracellular Ca2+ and cAMP on glucagon secretion in α-cells (38, 

104, 131). In addition, several other gut hormones affect TCs by opening or closing K+ 

channels (55, 72, 75); one might speculate that this is also the case with glucagon. In 

general, several additional questions regarding glucagon, leptin and taste remain. Some of 

these are outlined below. 

4.4.1 Downstream signal cascades 

One remaining question is the means by which leptin signals in TCs. In Chapter 3, 

we show that leptin is unlikely to exert its effects on LepRb through phosphorylation of 

Stat3. This finding suggests that leptin’s actions on TCs are mediated through one of 

several alternative phosphorylation sites on LepRb. These findings could also suggest 

that leptin’s actions on TCs are too acute to involve phosphorylation of target genes. 

Indeed, with regard to the latter possibility, leptin is known to act on POMC neurons of 

the hypothalamus in a phosphoinositide-3 kinase (PI3K)-dependent manner that does not 

involve Stat3 or significantly impact energy homeostasis (146). Likewise, leptin’s actions 

on peripheral taste are highly transient, lasting less than one hour (54, 55). Furthermore, 

leptin-treated mice in my behavioral assay showed no differences in body weight from 

controls (not shown), suggesting that energy homeostasis was not significantly affected in 

these animals. Cellular mechanisms downstream of glucagon and leptin receptor 

activation in TCs should be the subject of future investigations. 
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How might signaling cascades originating from the GlucR and LepRb interact? In 

α-cells of the pancreas, leptin suppresses glucagon signaling, at least in part, through 

PI3K (130). One could predict that this signaling mechanism is recapitulated in Type II 

TCs that express receptors for glucagon and leptin. The actions of PI3K in Type II TCs 

have been the subject of few studies, although there is evidence of their involvement in 

adaptive Type II TC responses to a prototypical bitter stimuli, primarily via modulation 

of phosphatidylinositol-4,5-bisphosphate (PIP2) (147). Given the shared signal pathways 

downstream of sweet and bitter receptor signaling, it would be reasonable to predict that 

similar mechanisms underlie sweet taste receptor signaling. Also, in what is likely to be a 

different population of TCs (Type I cells), recent evidence supports a PI3K-dependent 

mechanism for insulin-stimulation of sodium through ENAC channels, underlying salty 

taste (148). Clearly, further studies of PI3K in Type II cells are warranted. 

In glucose-regulating cells within the pancreas and hypothalamus, leptin is able to 

hyperpolarize cells by opening ATP-sensitive K+ channels (KATP) (134, 149, 150). Indeed, 

through the modulation of this potassium channel, leptin is thought to inhibit insulin 

(133, 134, 149, 150), and perhaps even glucagon (130). It is noteworthy that leptin works 

through the PI3K signaling pathway to target KATP (129, 131, 146, 151, 152). 

Intriguingly, a recent study has identified a functional KATP in T1R3+ TCs (135). This 

study also found the expression of related glucose-sensing molecules in TCs, including 

the sodium-glucose co-transporter (SGLT1) and various glucose transporters (GLUTs). 

One could speculate that this machinery participates in a separate, taste receptor-

independent sweet-sensing pathway in TCs that is also able to integrate multiple 



 

 

83 

hormonal signals that regulate TC sensitivity (135). The precise role that these glucose-

sensing molecules play in TCs should be the subject of future studies. 

Furthermore, leptin is also able to depolarize cells through PI3K signaling, by 

targeting transient receptor potential (TRP) channels (146, 150, 153, 154). As TCs are 

also depolarized via TRP channels (specifically, TRPM5) (155), it is possible that leptin’s 

enhancing effects on sweet taste responsiveness could be explained by this phenomenon. 

It would also be important to determine if these divergent leptin signaling effects occur in 

the same TCs, or in distinct subsets of TCs. In general, future studies should seek to 

identify the contributions of PI3K, KATP and TRPM5 in glucagon- and leptin-mediated 

modulations of sweet taste responsiveness.  Molecular machinery that could be involved 

in the hormonal modulation of sweet taste responsiveness is illustrated in Figure 17. 

 

Figure 17: Possible players involved in the hormonal modulation of taste. 

1) The upregulation of Ca2+ and cAMP in a depolarized TC could lead to glucagon 

release and subsequent autocrine activation of GlucR, potentiating the cell through 

additional upregulation of intracellular cAMP. 2) Additional cAMP could inhibit K+ 

channels, such as KATP. 3) Leptin activation of LepRb could hyperpolarize TCs via the 

activation of KATP, or depolarize TCs via the activation of TRPM5, through a PI3K-

dependent pathway. 4) Leptin could antagonize Glucagon signaling through suppression 

of cAMP.  5) Locally expressed glucose transporters (GLUTs or SGLT1; not pictured) 

could provide a taste receptor-independent mechanism for glucose sensing in TCs. 

Illustrated mechanisms point to future avenues of research. For clarity, the taste receptor-

PLCβ2 pathway is not shown. 
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4.4.2 Additional factors that drive hormone signaling 

Glucagon’s most notable role is to prevent hypoglycemia: pancreatic α-cells 

release glucagon when hypoglycemia is detected in the bloodstream (38). It is intriguing 

to speculate that TCs might release glucagon in a parallel manner, with maximal release 

during hypoglycemic states. At the start of behavioral testing, we can presume that 

glucagon levels would be high, as mice would have been food-restricted for the previous 

23.5 hours. One would then predict that lingual glucagon release would also be maximal 

at the start of testing, and likewise, that glucagon’s enhancing effects would be the most 

visible at this time point.  

However, glucagon secretion is also driven by circadian rhythms and the feeding 

patterns and animal’s activity levels (156). Both glucagon and leptin levels show diurnal 
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patterns of expression (156-158). In humans, even sweet taste detection thresholds show 

diurnal variation, with the lowest levels of leptin and sweet taste threshold in the 

morning, and the highest levels measured at night (78). All behavioral experiments 

presented here were administered during the light cycle. Thus, it would be worthwhile to 

repeat behavioral experiments presented here during the dark cycle, when feeding and 

activity levels peak in mice (158). Such studies might isolate circadian contributions to 

sweet taste responsiveness. Likewise, in these studies, one could monitor the overall 

activity levels of these mice, as energy expenditure contributes to the homeostatic drive 

for feeding (158), and this, in turn, may influence taste responsiveness. 

4.4.3 Multiple modulators of taste responsiveness 

The study of glucagon and leptin is reminiscent of another set of studies from the 

lab of Yuzo Ninomiya that focus on leptin and endocannabinoids (54, 55, 94). Leptin also 

shares an antagonistic relationship with endocannabinoids, which are known to stimulate 

food intake (159). In particular, systemic levels of leptin and endocannabinoids are 

inversely correlated (160). In TCs, this opposing relationship appears to be maintained: 

leptin suppresses sweet taste responsiveness and gustatory nerve activity (54, 55), while 

endocannabinoids yield enhancements in these measures (94). Like leptin and glucagon, 

endocannabinoids only affect sweet taste. Finally, the LepRb and the cannabinoid 

receptor-1 (Cb1) are both expressed on a subsets of Type II cells (94, 161).  In light of 

these findings it was proposed that leptin and endocannabinoids might reciprocally 

regulate sweet taste responsiveness through actions on the same TCs (161).  

However, in studies presented by Ninomiya’s group, leptin was only tested in the 

context of high sucrose concentrations, where it demonstrated its suppressive effects on 
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sweet taste (54). Endocannabinoids were only tested for their enhancing effects in the 

context of low sucrose concentrations (94). Thus, like glucagon, endocannabinoids 

appear to exert a maximal effect when sucrose concentrations are low. Nevertheless, the 

authors did not combine leptin and endocannabinoid manipulations. This experiment, 

performed in the context of both high and low sucrose concentrations, might shed light 

on my findings of leptin and glucagon; one would predict a similar pattern of responses 

for leptin and endocannabinoids. 

Furthermore, glucagon and leptin are not the only modulators of peripheral taste. 

Therefore, it is necessary to determine if glucagon exerts synergistic effects with other 

hormones involved in peripheral taste processing. Given the observation that many of 

these hormones, and endocannabinoids, appear to act on subsets of Type II cells (50, 59, 

72, 74, 75, 94), it would be worthwhile to see if other cooperative actions exist. 

 

4.5 Conclusions 

Taste influences ingestion, and the modulation of peripheral taste can help to 

govern what and how much is consumed. By local synthesis and receptor activation, 

glucagon modulates peripheral taste responsiveness. Mice with perturbed glucagon 

signaling are less responsive to sweet. Moreover, glucagon works cooperatively with 

leptin, to modulate peripheral taste. Leptin’s effect on taste, previously thought to be 

suppressive in nature (54, 55) has proven to be an adaptive signal in taste buds that relies 

on the animal’s environmental cues. These cues range from internal hormonal signals 

regarding the animal’s glucagon levels, to external cues relating to the concentration of 

sucrose available. Glucagon and leptin are also likely to work with numerous other gut 
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hormones to modulate taste at the peripheral level, although specific actions should be 

resolved in future studies. Collectively, these findings strengthen the connection between 

gustatory and metabolic systems, and allude to the overall complexity of the actions 

within taste buds.
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