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1. Introduction

1.1. Statement of problem

Flavor, the multisensory experience of taste, odor, and visual representation, is 

tied to quality of life. Gathering around a table at a holiday or scents of comfort foods 

can provide a sense of security. A cup of coffee can be part of an uplifting, daily ritual 

tied to our routines and sense of character. Part of the joy of traveling involves trying 

dishes with local fish and game, spices, and preparation practices. While it may seem 

superficial, enjoying foods and flavors is a part of cultures across the world and is a 

simple way to provide joy.

More fundamental to survival, taste allows organisms to sense and consume 

nutrients and avoid harmful substances such as toxins (Galindo et al. 2012). Taste, 

then, guides dietary selection. Taste changes or dysfunction that occur with illness and 

age can lead to poor appetite, inappropriate food choices, and lower nutrient intake, 

leading to decreased energy, potential malnutrition, and exacerbation of disease (Lynch 

et al. 2013).

At least 2 million Americans suffer from a chemosensory disorder, whether from 

natural causes such as pregnancy, or from medical or iatrogenic origins (Spielman 

1998). Causes of taste dysfunction include infections, radiation therapy of the head and 

neck, exposure to certain medications, and poor oral hygiene (Spielman 1998). 

Understanding how and why taste dysfunction occurs is important for finding potential 

treatments and maintaining quality of life for individuals undergoing taste loss.

The current work illustrates how a reduction in sodium transport at the periphery 

can affect taste responses in vivo, defines the role of immunoregulatory elements on
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sodium transport in the peripheral taste system, provides a model of systemic 

inflammation and taste change, and addresses the role of modulation of the epithelial 

sodium channel in the taste system, a relatively overlooked area of study.

1.2. Statement of Specific Aims

Aim 1. Determine if the early loss of sodium taste following nerve injury is due to 

decreased sodium transport in intact taste buds. I hypothesize that the early decrease 

in sodium taste responses is due to reduced sodium transport in taste buds on the 

contralateral, intact side of the tongue. Following chorda tympani nerve sectioning or 

sham surgery in which the nerve was only exposed, sodium transport was imaged in 

fungiform papillae on the side corresponding to the intact, contralateral nerve.

Aim 2. Define the roles of the leukocyte-secreted cytokines interleukin (IL)-ip  

and tumor necrosis factor (TNF)-a on sodium transport in the peripheral taste system. I 

hypothesize that IL-ip will increase sodium transport in concordance with its in vivo 

effects in the taste system, and TNF-a will decrease sodium transport. Sodium 

transport was imaged during acute exposure to proinflammatory cytokines as well as 

various sodium channel blockers.

Aim 3. Determine acute, net effects of inflammation on taste responses in vivo 

in parallel with changes in cytokine levels. I hypothesize that systemic infection will 

cause a change in neural responses to sodium in vivo, and that the observed changes 

will be amiloride-sensitive and specific to the epithelial sodium channel. A model of 

systemic inflammation was created using intraperitoneal injection of lipopolysaccharide 

(LPS) or phosphate buffer saline (PBS) and neural responses to tastants were recorded 

within 2 hours. Cytokine levels were measured at 2 hours post-injection.
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1.3. Review of literature

There are five basic taste qualities: sweet, sour, bitter, umami, and salty. These 

taste qualities correspond to hedonic values of nutrition. Sweet taste signals sugars 

and carbohydrates that are often found in energy rich food (Low et al. 2014). Sour taste 

is elicited by hydrogen ions found in organic acids (Frings 2010). Bitter taste is thought 

to protect against ingestion of poisons (Mennella et al. 2013). Umami taste is elicited by 

L-amino acids and nucleotides often found in meat, signaling protein-rich food sources 

(Ghirri and Bignetti 2012). Salt taste is mainly generated by and needed for sodium 

ions but can also be elicited by potassium (Chaudhari and Roper 2010). Innately, 

sweet, umami, and low-concentration salty tastes are preferred while sour, bitter, and 

high-concentration salty tastes are aversive.

There are other tastes that are not yet recognized as basic. For example, fatty 

taste combines somatosensory and gustatory perception (Chaudhari and Roper 2010). 

Free fatty acids (FFAs) are potent gustatory stimuli, produced when salivary lipases 

hydrolyze ingested triglycerides within the mouth. There are membrane receptors 

expressed on taste cells that are specific to fatty acids.

1.3.1. Peripheral taste system

The taste system refers to taste organs and afferent nerves in the periphery, 

where sensing of tastants occurs, to the gustatory cortex, where further processing of 

taste information occurs and behavioral responses are coordinated (Galindo et al. 2012) 

(Figure 1). In the periphery, sweet, bitter, and umami tastants bind to G-protein 

coupled receptors (GPCRs) that are specific to that tastant (Kinnamon 2011).

Hydrogen and sodium ions passively enter cells to elicit sour and salty taste,
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respectively (Miyamoto et al. 2000; Shimada et al. 2006). Taste cells are found in taste 

buds, which are heterogeneous clusters of 50-100 polarized neuroepithelial cells 

embedded within the lingual epithelium (Miller 1995).

The neurotransmitters involved in taste transduction are adenosine tri-phosphate 

(ATP), serotonin (5-HT), and norepinephrine (NE) (Huang et al. 2008; Huang et al. 

2009). During taste stimulation, gustatory signals are processed and relayed by cells 

within the taste bud interacting with one another; in this way, the taste bud is a signaling 

unit (DeFazio et al. 2006a). For example, type II cells contain GPCRs responsible for 

recognizing bitter, sweet, or umami tastants. While primary nerve afferents come close 

to type II cells, there are no observed synapses (Clapp et al. 2004); only type III taste 

cells within buds form a conventional synapse with afferent nerve processes (Murray 

1986). Therefore, even if a taste signal is generated in a dedicated type II cell, 

paracrine signaling within the bud can cause type III cells to provide the synaptic output 

associated with transduction of that taste (Figure 2) (Roper 2006). This makes the 

taste bud a signaling unit or a signalosome; maintaining cell-to-cell contacts and neural 

processes are imperative to transduction of taste.

Intriguingly, the taste bud may also be a signalosome when it comes to 

immunoregulatory elements, as receptors to a cytokine can be found on one type of cell 

while a different cell type produces and secretes that cytokine (See Section 1.3.10.1. 

Cytokines and the peripheral taste system).
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Figure 1. Organization and anatomy of the taste system.

A. Nerves in the taste system and central taste. Cranial nerve Vii, the facial nerve, 

innervates taste receptor cells (TRCs) in the anterior two-thirds of the tongue bilaterally 

by the chorda tympani (CT) and in the palate via the greater superficial petrosal (GSP). 

Cranial nerve IX, the glossopharyngeal nerve (GP), innervates TRCs in the posterior 

one-third of the tongue. Cranial nerve X, the vagus nerve, innervates TRCs found in the 

pharynx, larynx, and epiglottis. The CT and the GSP relay information to the geniculate 

ganglia, the GP relays to the petrous ganglion, and the vagus nerve relays to the 

ganglion nodosum. From these ganglia, taste information goes to the nucleus of the
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solitary tract (NTS). In rodents, the main taste relays first project from the NTS to the 

parabrachial nucleus (PBN) before reaching the thalamus (Th). Information is 

processed and integrated with information from other sensory and feeding regions in the 

gustatory cortex (GC). B. Taste bud types. Fungiform papillae are found in the anterior 

two-thirds of the tongue and are innervated by the CT. Taste buds are housed in distinct 

epithelial structures known as papillae. Spatially and morphologically distinct types of 

taste papillae include the fungiform, foliate, and circumvallate papillae as described 

further in the text (1.3.1.2. Taste bud types), (Galindo et al. 2012).
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Figure 2. The mammalian taste bud acts as a signalosome.

A. A taste bud with taste cell types I through III and basal cells. B. Taste signals are 

transmitted from receptor cells to gustatory afferent fibers that come into close contact 

with the type II cells. C. Taste signals from various taste cells are transmitted to type III 

cells via paracrine secretions within the bud. Type III cells are the only known cells of 

the taste bud to form classic synaptic junctions (Roper 2006).
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1.3.1.1. Taste cell types

There are three defined cell types found within taste buds (Figure 3). Type I 

cells are the most abundant cell type, though the least is known about them (Chaudhari 

and Roper 2010). They contain the glutamate-aspartate transporter (GLAST) (Lawton 

et al. 2000) and nucleoside triphosphate diphosphohydrolase (NTPDase)-2, an ATP 

hydrolyzer (Bartel et al. 2006), suggesting involvement in terminating synaptic 

transmission and restricting the spread of neurotransmitters. They also have 

cytoplasmic lamellar projections that engulf other cells (Chaudhari and Roper 2010), 

suggesting they functionally isolate taste cell types. Type I cells are sometimes referred 

to as glial-like.

Type II cells are also called receptor cells (DeFazio et al. 2006b); they contain 

GPCRs that bind to and transduce a particular tastant. They express voltage-gated 

sodium and potassium channels that produce action potentials and the hemichannel 

subunit pannexin for releasing ATP. The tastants type II cells recognize are umami 

(Chaudhari et al. 2000), bitter (Chandrashekar et al. 2000), and sweet (Nelson et al. 

2001). Taste buds can contain various type II cells though each individual type II cell 

will respond to only one taste quality.

Type III cells, also called presynaptic cells, are the only known cells of the taste 

bud that form conventional synaptic junctions with nerve terminals (Murray 1986). They 

express NCAM, synthesis enzymes for at least two neurotransmitters (adenosine 

triphosphate, ATP and serotonin, 5-HT), and voltage-gated calcium channels 

associated with neurotransmitter release (DeFazio et al. 2006b; Dvoryanchikov et al. 

2007).
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Figure 3. Taste cell types.

Type I cells contain GLAST and NTPDase-2, suggesting their involvement in 

terminating synaptic transmission and restricting the spread of neurotransmitters, and 

may be important for potassium homeostasis, evidenced by expression of ROMK. Type 

II cells contain GPCRs specific to a bitter, sweet, or umami taste, and express PLCP2, 

important for synthesis of IP3. Type II cells can generate action potentials and express 

Panxl, an ATP release channel. Type III cells form conventional synaptic junctions with 

nerve terminals, synthesize neurotransmitters like GABA and 5-HT, and can produce 

action potentials. Type III cells contain voltage-gated calcium channels associated with 

neurotransmitter release. Sour taste stimuli directly activate Type III cells (Chaudhari 

and Roper 2010).
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1.3.1.2. Taste bud types

The peripheral taste system also contains different taste bud types (Figure 1, B). 

Fungiform papillae are found on the anterior two-thirds of the tongue. Taste buds in 

fungiform papillae are found at the apical portion of the bud (Miller and Preslar 1975). 

Foliate papillae are found on the lateral sides in the posterior one-third of the tongue. 

The taste buds here are found within crypts in between these papillae with several buds 

within each (Liu and Lee 1982). Circumvallate papillae are found in the medial posterior 

one-third of the tongue, are bigger than foliate papillae, and house taste buds within 

crypts (Farbman 1980).

1.3.2. Nerves of the taste system

Taste receptor cells in different oral areas are innervated by three different 

cranial nerves (Figure 1, A). The facial nerve, cranial nerve VII, innervates taste cells 

within fungiform papillae on the anterior two-thirds of the tongue via the chorda tympani 

(Cheal and Oakley 1977) and taste cells on the palate via the greater superficial 

petrosal (Miller and Spangler 1982). The glossopharyngeal nerve, cranial nerve IX, 

innervates taste cells in circumvallate papillae on the posterior one-third of the tongue 

(AhPin et al. 1988). Taste cells on the pharynx, larynx and epiglottis are innervated by 

the vagus nerve, cranial nerve X. Taste cells within foliate papillae are innervated by 

either the chorda tympani or glossopharyngeal. The innervation of the tongue by the 

chorda tympani and glossopharyngeal nerves is bilateral (Galindo et al. 2012).

Taste buds are dependent on innervation for trophic support: sectioning one 

nerve leads to the loss of taste buds on the corresponding side of the tongue (Olmsted 

1921; Guth 1957; Farbman 1969; Fujimoto and Murray 1970; Vij et al. 1972; El-Eishi

10



and State 1974; Oakley 1974; State and Bowden 1974). Overtime, the nerve 

regenerates and reinnverates the tongue, and taste buds return (Cheal et al. 1977). 

During degeneration, an immune response occurs that is of interest to the studies 

performed here.

1.3.3. Central taste system

Central taste nuclei and regions process information about taste qualities, 

altering feeding behaviors, and taste/memory formation, and as such involve interaction 

of different areas of the brain (see Figure 4).

Ganglia, or groups of neural cell bodies, serve as the first relays of information 

from nerves in the peripheral nervous system. Cell bodies are located in the geniculate 

ganglion, where the chorda tympani and greater superficial petrosal nerves relay, the 

petrosal ganglion, where the glossopharyngeal nerve relays, and the nodosal ganglion, 

where the vagus nerve relays. From here, the ganglia project to the first gustatory 

processing unit within the central nervous system, the rostral part of the nucleus of the 

solitary tract (rNST) (Carleton et al. 2010). In rodents, the parabrachial nucleus of the 

pons (PBN) serves as the next step of gustatory processing. The PBN contains 

reciprocal projections to areas of the forebrain, stria terminalis, lateral hypothalamus, 

and basolateral amygdala; these are structures involved in processing taste-related 

tasks, cognition, and behaviors (Tokita et al. 2009).

In primates, fibers from the rNST project directly to the parvocellular division of 

the ventroposterior medial nucleus of the thalamus (VPMpc). From there, mammalian 

taste information goes to the primary gustatory cortex (GC) (Galindo et al. 2012; 

Carleton et al. 2010). The GC projects neurons to the primary (S1) somatosensory
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cortex and the orbitofrontal cortex (OFC). The OFC also receives input from sense 

modalities related to food intake, like olfaction, vision, somatic sensation, and visceral 

afferents (Ongur and Price 2000).
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Figure 4. Mammalian and rodent brain pathways of taste.

Cranial nerves that innervate taste cells relay to their respective ganglion in the 

periphery. From the ganglia, the nerves converge in the medulla where neural 

projections extend to the rostral portion of the nucleus of the solitary tract (rNST). In 

rodents, fibers from the rNST project to the parabrachial nucleus (PBN), which has



projections to the ventral forebrain, stria terminalis, basolateral amygldala (BA), and 

lateral hypothalamus (LH), and then to ventroposterior medial nucleus of the thalamus 

(VPMpc); these structures are responsible for processing taste-related tasks such as 

feeding and taste-memory formation. In primates, rNST fibers project directly to the 

VPMpc. From there, neurons reciprocally project to the primary gustatory cortex (GC). 

The GC projects reciprocrally to the primary somatosensory cortex (S1) and the 

orbitofrontal cortex (OFC), the latter of which receives sensory modality input related to 

taste such as olfaction, vision, somatic sensation, and visceral afferents.
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1.3.4. Visceral afferents and gut chemosensing

The digestive system can sense nutrient intake to help regulate ingestive 

decisions, impact nutrient assimilation, avoid or neutralize toxins, and elicit neural and 

endocrine responses that affect metabolism, gastrointestinal transit, and satiation.

During digestion, enteroendocrine cells and solitary taste cells in the gut respond 

to nutrients in the luminal space and subsequently release proteins and hormones that 

act on vagal afferents to initiate functional responses (Bray 2000). Functional 

responses include inhibition of gastric emptying and gastric acid secretion, stimulation 

of gastric secretion, pancreatic exocrine and endocrine secretion, intestinal fluid 

secretion, and most often, inhibition of food intake (Raybould 2010). Abnormal 

responses in nutrient recognition and afferent signaling are often associated with 

nonstandard body weight homeostasis (Steinert and Beglinger 2011).

Circulating peptides associated with decreased food intake include 

cholecystokinin (CCK), glucagon, insulin, leptin, and bombesin (gastrin inhibitory 

peptide in humans) (Bray 2000). Many of these peptides directly bind to cognate 

receptors on taste buds and modulate taste signaling, in addition to their classical roles 

in feeding (Geraedts and Munger 2013; Dotson et al. 2013).

1.3.5. Plasticity of taste

Taste is a plastic, or flexible, sense. Taste preferences change with growth, 

development, and through conditioning and exposure to tastants, even in adulthood. 

Development of taste preferences begins in utero through amniotic fluid as the 

gustatory and olfactory systems are functionally mature by the end of gestation, though
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neural systems underlying sensory perception continue to develop post-natally (Ventura 

and Worobey 2013).

1.3.5.1. Plasticity of taste in humans

Taste plasticity in humans has been well characterized during infant 

development. During the 1980s, with the main-streaming of baby formula, Beauchamp 

and colleagues found that hydrolysate formula, a bitter, foul-smelling formula for infants 

allergic to milk proteins, could be used to study plasticity and development of taste in 

humans. Infants less than 3-4 months of age will readily accept hydrolysate formula 

with no characteristic rejection facial responses and will satiate themselves on it. 

However, infants 7-8 months old with no prior taste experience to hydrosylate formula 

dislike it and will reject it (Mennella and Beauchamp 1996). Beauchamp found that In 

later years, these same children (now age 4-5 years) will prefer sour taste and formula 

flavor, while children fed soy-based formula prefer bitter flavors (Beauchamp and 

Mennella 2002), illustrating that taste experiences can influence subsequent 

preferences. Children fed hydrolysate and soy formulas also preferred broccoli 

compared to children fed milk-based formula, demonstrating a modification in food 

predilection.

Preference for salt in humans develops around 4 months, and children aged 2 

years prefer saltier and sweeter foods than adults (Mennella et al. 2014). Infants that 

are fed high-starch foods from the age of 2-6 months show elevated salt preference up 

to the age of 4 years, licking salt off of food and are more likely to eat table salt (Stein et 

al. 2012). Children may even be more susceptible to bitter tastants than adults
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(Mennella et al. 2003), which may also account for the perceived preferences of adults 

for bitter-tastants such as caffeine and vegetables.

Taste plasticity in adulthood can be revealed by modification of diet as well.

Adults maintained on a low-sodium diet can cause them to rate previously-preferred 

sodium levels as too salty (Beauchamp et al. 1983), while adding salt to meals caused 

increased salt preference (Bertino et al. 1986).

1.3.5.2. Research on taste plasticity in rodents

Research on taste plasticity characterizes sensitive periods during development 

as well as during immune responses, elucidates the effects of neural injury on taste, 

and provides groundwork for potential treatment of taste deficits. Table 1 outlines taste 

plasticity elucidated by nerve transection and/or diet.

Though not the focus of this report, developmental taste plasticity in rodents 

offers the foundation for studies in adulthood. Sodium deprivation in utero can cause 

changes in sodium neural responses post-natally: putting mothers on sodium-deplete 

diets on or prior to embryonic day 8 causes the offspring to have reduced CT nerve 

responses to sodium. Instituting the diet on embryonic day 10 or later had no effect on 

sodium neural responses (Hill and Przekop 1988). Post-natal rats on sodium-deficient 

diets have reduced sodium responses that return when salt is reintroduced into their 

diets for at least 15 days (Hill 1987). These effects are specific to sodium salt taste and 

only occur in young rats. These experiments illustrate the sensitivity of sodium taste 

during development, pre- and post-natally. Interestingly, palatal taste receptors are not 

susceptible to dietary manipulations and maintain neural responses to sodium salts and 

amiloride, revealed by greater superficial petrosal recordings (Sollars and Hill 1998).
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The nucleus of the solitary tract, the first central gustatory relay, shows 

remarkable plasticity similar to CT plasticity induced by nerve transection and diet.

Taste development in rodent NST mirrors functional development of peripheral taste 

responses: responses to sodium salts increase during development (Hill and Phillips 

1993; Hill and Mistretta 1990; Vogt and Hill 1993). However, mature responses to 

sodium are delayed in the NST, appearing two weeks after CT responses mature 

(Yamata 1980).

Sodium restriction during pre- and postnatal development changes the structure 

of central taste nuclei even more dramatically. Early prenatal sodium restriction (day E3 

to E12) produces a permanent increase in the CT terminal fields, even after 

reintroduction of sodium-replete diets and functional recovery of CT sodium responses 

(King and Hill 1991). Sodium-restricted rats fed a sodium replete diet for at least 5 

weeks in adulthood develop hypersensitive responses in NST neurons to sodium salts 

(Vogt and Hill 1993).

Salt taste plasticity in adulthood can be elucidated using nerve transection, 

altering diets, or a combination of both, as evidenced by extensive work done by Hill 

and colleagues. Following nerve cut, neural responses in the rat regenerated nerve are 

lower when fed a sodium-restricted diet, while the intact nerve has hyper sensitive 

sodium responses (Hill and Phillips 1993). Sensitive periods for sodium responses 

have been defined as well. The regenerated chorda tympani is sensitive to dietary 

sodium restriction during the first two weeks following denervation while the intact CT is 

sensitive to dietary manipulation during the first week post-section. These changes are 

specific to the epithelial sodium channel (ENaC); when the ENaC-blocker amiloride is
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applied, the observed changes are eliminated (McCluskey 2002). Other investigators 

demonstrated decreased sodium responses in rats deprived of dietary sodium as adults 

for 10 days, perhaps due to differences in normalizing responses (Contreras and Frank 

1979).

McCluskey and colleagues furthered this research by uncovering the time course 

of sodium response change following neural injury. Dietary sodium restriction combined 

with chorda tympani cut results in a rapid loss of sodium taste responses that recover in 

2 days (Wall and McCluskey 2008).

Despite salt taste plasticity being demonstrated in adults and the major health 

component sodium plays, adult plasticity of taste is not well-studied. In fact, 

mechanisms underlying developmental plasticity remains unknown, though direct 

interaction between sodium and taste receptor cells has been ruled out (Przekop et al. 

1990). In contrast, previous studies in our lab combined with the current work 

demonstrate immune-related causes for injury-induced plasticity.
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Age Neural
Injury?

Diet

Chorda tympani neural 
responses to sodium

Reference

Intact Nerve Regenerate 
d Nerve

< embryonic 
day 8 No

Maternal, Na+ 
depleted 40% decreased

(Hill 1987)> embryonic 
day 10 No M i

Postnatal No

Maternal: Na+ 
depleted; 
Post-natal: 
Na+ replete, 
15 days

Normal
(Hill and 
Mistretta 

1990)

Adult no

• i t  - .

Adult Yes
Na+ depleted, 
recording 
>40d later

Hypersensitive Attenuated
(Hill and 

Phillips 1993)

Adult

Adult

*

Yea
**

Yes

.......-

Na+ depleted, 
recording at 
day 2

Normal

taA jft8 f t ,  v

A ‘7- \  \

Table 1. Plasticity of neural responses to sodium during development and 

adulthood.

Neural injury and dietary manipulation are used to elucidate plasticity of sodium taste

responses. Embryonic day 8 is a crucial time point in salt development, as rats younger

than that will have decreased responses to sodium if their mothers are fed sodium-

depleted diets while rats older than that will have normal responses. When maternal

rats are fed sodium-restricted diets and their offspring are post-natally fed sodium

replete diets, normal sodium responses occur. Adult rats on a sodium-depleted diet for
20



10 days will have lower chorda tympani responses to sodium, and combining nerve 

injury with a sodium-depleted diet causes hypersensitive sodium responses in the intact 

nerve and attenuated responses in the regenerated nerve. Adult rats on a sodium- 

depleted diet will have attenuated responses to sodium in the intact nerve on day 1 

following sectioning, with normal function returning by day 2.
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1.3.6. Sodium Taste

Sodium ions are responsible for maintaining osmotic equilibrium and blood 

pressure, as well as regulating blood volume and pH. The majority of sodium ions 

within our bodies are delivered through diet, so it follows that there are sodium ion 

detectors in the peripheral taste system. While sodium is necessary for maintenance of 

normal physiological function, over-consumption of sodium can be correlated with water 

retention, high blood pressure, and heart disease. It is estimated that humans need no 

more than 1.5 grams of sodium a day to survive, but most Americans eat well over 2.3 g 

daily (DeSimone et al. 2013).

Although sodium consumption can have a considerable effect on various health 

issues, salt taste is the pathway about which the least is known (Chaudhari and Roper 

2010). There are as yet no palatable salt substitutes to create the flavor of salt despite 

its potential contribution to disease. Compare this to the myriad of substitutes available 

for sugar that can provide the flavor and hedonic signal of sweet.

It is unclear which specific taste cell types respond to sodium, or even if there is

only one taste cell type that responds. The epithelial sodium channel, ENaC, is a

channel used for sodium transport in several tissues, including taste tissues. ENaC

subunits are expressed in almost all taste cells of fungiform papillae and in nonsensory

epithelial cells, especially at the anterior portion of the tongue (Lin et al. 1999). Patch-

clamp recordings from fungiform taste cells showed functional expression of amiloride-

sensitive sodium channels to be limited to type I taste cells or in cells that lacked

voltage-gated inward currents (Vandenbeuch et al. 2008). It is important to note that in

the latter experiments, taste cells were isolated from buds: cell-cell contacts and neural
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processes were not kept intact. There is evidence that transduction elements are 

crucial for sodium responses; knockouts of calcium-homeostasis modulator 1 (CALHM 

1), responsible for release of ATP from type II cells, have reduced preference to NaCI 

concentration, show less avoidance to high concentrations of sodium salt, and have 

reduced CT responses to NaCI (Tordoff et al. 2014). Taken together, this data 

illustrates the complexity of pathways to salty taste detection.

1.3.7. Epithelial sodium channel (ENaC)

ENaC is a constitutively active channel specific for sodium ions. ENaC is 

responsible for transfer and/or absorption of sodium in several organs including kidney, 

lung, and colon. Amiloride is an ENaC blocker that physically occludes the pore on the 

external side of the channel (Kellenberger et al. 2003). ENaC is primarily responsible 

for salt taste detection in rodents (Heck et al. 1984; DeSimone et al. 1984; Heck and 

Erickson 1973): knocking out a subunit of the channel leads to strong deficits in salt 

taste detection (Chandrashekar et al. 2010). While modulators of the sodium epithelial 

channel, including cytokines, are well-studied in other organs, very little is known about 

regulatory influences on ENaC in the taste system. There is evidence that immune 

signals behave differently within the taste system, and this work provides a technique 

and model in which to study modulators of sodium transport in the peripheral taste 

system.

1.3.7.1. Structure of ENaC

Though ENaC has a typical structure and location, these characteristics can vary 

(Masilamani et al. 1999; Weisz et al. 2000; Hager et al. 2001). Usually, the channel
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consists of a heterotrimer of three subunits: a, p, and y. each 85-95 kD in size in their 

unmodified state, located at the plasma membrane (Jasti et al. 2007).

1.3.7.2. Regulation of ENaC

ENaC is well-studied in other sodium-transporting epithelia. Due to the 

importance of sodium absorption, there are several mechanisms for dynamically 

regulating ENaC. They include regulation of channel expression and synthesis, 

intracellular channel trafficking, insertion of channels into the membrane, and single

channel properties such as open probability (Po).

1.3.7.2.1. Hormones

Extrinsic factors such as hormones can affect sodium transport via ENaC. 

Aldosterone increases mineralocorticoid receptor action as well as increasing apical 

targeting of ENaC subunits in the kidney (O'Neill et al. 2008). Arginine vasopressin 

upregulates ENaC subunits separately but does not affect their subcellular localization 

in vitro (Sauter et al. 2006). Hormonal regulation also modulates signaling pathways to 

affect ENaC, such as stimulating serum and glucocorticoid-regulated kinase (SGK1) in 

kidney, lung, and colon (Shigaev et al. 2000) or inhibiting extracellular signal-related 

kinase (ERK) in Xenopus oocytes (Soundararajan et al. 2005). Insulin disrupts 

phosphatidylinositol 3-kinase-dependent (PI3K) signaling to regulate ENaC and 

subsequent sodium absorption in vitro (Blazer-Yost et al. 2003).

The effect of hormones on ENaC within the taste system has been studied.

When combined with chorda tympani nerve cut, continuous administration of 

aldosterone causes a loss in neural responses to sodium (Guagliardo et al. 2009), 

similar to the decreased responses observed when nerve cut was combined with a
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sodium-restricted diet (see Section 1.3.5.2. Research on taste plasticity in rodents). 

Aldosterone also prevents macrophage infiltration and reduction in neutrophil number, 

similar to what is observed during sodium-restriction. This is enigmatic as aldosterone 

increases the number of apical amiloride-sensitive sodium channels (O'Neill et al. 2008; 

Herness 1992), yet within the taste system, neural responses to sodium are lower when 

aldosterone is elevated, illustrating the pleiotropic role regulatory elements play on 

ENaC depending on the system of study.

Insulin activates ENaC in isolated mouse taste receptor cells, increasing sodium 

flux via a PI3K-dependent path (Baquero and Gilberston 2011), similar to its observed 

role in kidney cells in vitro (Blazer-Yost et al. 2003). Insulin-treated mice avoid sodium 

solutions, illustrating that insulin can activate ENaC in vivo, making animals more 

sensitive to sodium (Baquero and Gilberston 2011). Taste attenuation is a very 

common occurrence in human patients with diabetes, and can lead to disruption of salt 

and water balance (Negrato and Tarzia 2010; Sanchez et al. 1993; Lynch et al. 2013).

1.3.7.2.2. Mechanicai/Cytoskeletal

ENaC can behave as a mechanosensor and transducer in muscle (Drummond et 

al. 2004), so it follows that ENaC is a mechanosensitive channel. Force-induced 

activation of ENaC is mediated by an increase in Po (Carattino et al. 2004; Althaus et al. 

2007). Laminar flow at physiological rates of 4-6 ml/min can also activate ENaC in vitro 

(Satlin et al. 2001). Because the carboxyl terminal of a-ENaC interacts directly with 

actin, a protein of the cytoskeleton, ENaC activity is enhanced by actin-disrupting 

agents in vitro (Cantiello et al. 1991).
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While this mode of regulation has not been established or observed in ENaC 

found in the taste system, in studies discussed here solutions were delivered at a much 

lower flow rate of 1 ml/min.

1.3.7.2.3. Proteolytic Cleavage

ENaC can be regulated by a myriad of endogenous serine proteases (Vailet et al. 

1997). Cleavage of y-ENaC, shifting the weight from 85 kD to 70 kD, activates ENaC, 

and is induced by aldosterone or a low-salt diet (Masilamani et al. 1999). Prostasin 

(channel-activating peptidase 1) (Adachi et al. 2001) and trypsin (Nakhoul et al. 1998) 

augment ENaC currents in vitro. Patch-clamp studies showed increases in single 

channel Po when ENaC was cleaved by proteolysis (Caldwell et al. 2004). Furin, of the 

pro-protein convertase family, is important in cleaving a- and y-ENaC and releases an 

inhibitory peptide from a-ENaC (Carattino et al. 2006).

ENaC has self-inhibition that is relieved by cleavage, though proteolysis of the 

channel is not necessary for activation: deleting inhibitory segments of a and y 

enhances channel activity without cleavage, and addition of inhibitory peptides leads to 

inhibition of the channel.

Processed and unprocessed ENaC alike exist within cells. There are inactive 

channels at the cell surface that are likely uncleaved, serving as a channel pool to be 

activated by extracellular proteases. This provides yet another level of regulation by 

protease inhibitor presence, such as protease nexin 1.
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1.3.7.2.4. Phosphorylation

Several kinases are involved in direct and indirect regulation of ENaC through 

phosphorylation of the channel or through signaling pathways and can increase or 

inhibit ENaC activity.

Phosphorylation can act on ENaC directly to increase its activity. The carboxyl 

terminal of a-ENaC can be regulated by casein kinase 1 (CK1) or protein kinase c 

(PKC)-6 which increases insertion of channels into membrane (Yan et al. 2006). SGK1 

directly phosphorylates a-ENaC, stimulating ENaC activity (Diakov and Korbmacher 

2004).

Kinases can also decrease ENaC activity and sodium transport. ERK2 casein 

kinase 2 (CK2) directly phosphorylates the carboxyl terminal of (3- and y-ENaC, 

promoting Nedd4-2 mediated ENaC internalization (Shi et al. 2002). Protein kinase C 

(PKC) inhibits Po and surface expression through mitogen-activated protein 

kinase/ERK.

Kinases that act indirectly to regulate ENaC are numerous. Disrupting or 

inhibiting Nedd4-2 stimulates ENaC activity and can be accomplished by Akt (Lee et al. 

2007) and protein kinase A (PKA). The hormones discussed earlier, insulin and 

aldosterone, inhibit Nedd 4-2 via SGK1, increasing ENaC activity. Conversely, AMP- 

activated kinase (AMPK) promotes an interaction between Nedd4-2 and ENaC, 

inhibiting surface expression of the channel (Bhalla et al. 2006).

Various molecules can regulate ENaC Po, including phosphatidylinositol 4,5-

bisphosphate (PIP2) and phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which can

bind to ENaC and induce functional changes within seconds (Ma et al. 2002; Pochynyuk
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et al. 2007). PIP2 mainly increases channel activity, however its hydrolysis by 

phospholipase C can cause a reduction in ENaC activity (Suh and Hille 2005), while 

application of PIP3 has only shown to increase ENaC current (Ma et al. 2002). These 

phosphatidylinositides can also regulate other ion channels, including ones important for 

taste transduction (Lyall et al. 2010; Liu and Liman 2003).

Protein kinase D rapidly (within minutes) promotes insertion of ENaC into the 

plasma membrane (McEneany et al. 2007). It has been suggested that channels can 

be recruited rapidly to the cell surface, perhaps from a pool of channels resident in the 

cytoplasm just below the surface (Kleyman et al. 1994; Lu et al. 2007).

While these regulatory mechanisms have been shown in other tissues, they have 

not been shown in taste.

1.3.8. Transient receptor potential cation channel subfamily V member 1 

(TRPV1)

Because ENaC-a knockouts only had deficits in salt taste as opposed to 

complete loss and because ENaC accounts for an estimated 70% of salt taste in 

rodents, there is at least one amiloride-insensitive cation-nonselective path to salt 

detection (DeSimone and Lyall 2006). TRPV1 is a ligand-gated, nonselective cation 

channel expressed in neuronal tissues as well as taste buds (Lyall et al. 2005a).

Applying blockers for both TRPV1 and ENaC eliminates neural responses to sodium in 

vivo in rodents (Lyall et al. 2005a) and TRPV1 knock out mice have no neural 

responses to salt when amiloride is applied (Lyall et al. 2004). However, TRPV1 

knockout mice have no behavioral deficits when compared to controls (Smith et al.

2012).
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Despite the conflicting results in rodents, the channel continues to be researched 

as a potential salt sensor in humans. Men and women with TRPV1 gene variations 

have super-sensitive salt taste perception, perceiving salt solutions as significantly 

stronger than those without gene variations (Dias et al. 2013).

1.3.8.1. Structure

Four TRPV1 subunits can form a non-selective ion channel that is permeable to 

monovalent and divalent cations. The N- and C- termini have sites for phosphorylation 

and dephosphorylation related to regulating the channel’s sensitivity and membrane 

insertion. Proposed models for channel activation include voltage, ligand binding, and 

temperature (Bevan et al. 2014). Low pH (increased H+ ions) enhances binding affinity 

of capsaicin and lowers the heat threshold for channel activation, promotes occurrence 

of long openings and short closures, and stabilizes an open confirmation (Ryu et al.

2003).

1.3.8.2. Function

TRPV1 has many roles in sensation in the periphery and cognitive action in the 

central nervous system (CNS). TRPV1 is responsible for sensing painful stimuli: 

noxious heat above 42°C, acid solutions with a pH of less than 6.5, and toxins such as 

resiniferatoxin and vanillotoxin (White et al. 2011). TRPV1 expressed in the oral cavity 

and esophagus can detect capsaicin, the substance that gives peppers their “hot” taste 

sensation (Caterina et al. 1997). TRPV1 is also activated by chemical stimuli like 

ethanol (Trevisani et al. 2004), thus playing a role in alcohol perception and 

acceptability. TRPV1 knock-outs have a higher preference for ethanol, and a substance
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P dependent signal cascade results in the “burning” sensation following activation by 

ethanol (Trevisani et al. 2004).

In the central nervous system, TRPV1 is involved in fear, anxiety, stress, and 

synaptic plasticity (White et al. 2011).

1.3.9. Taste and immune interactions

There are several documented types of taste disorders associated with illness 

and aging. Phantom taste perception, or dysgeusia, refers to a lingering taste that can 

be unpleasant despite absence of taste stimuli, and is fairly common. Hypogeusia is a 

reduced ability to taste. Ageusia is the complete loss of taste and is very rare. Causes 

of taste disorders are numbered: upper respiratory and middle ear infections, radiation 

therapy for cancers of the head and neck, exposure to certain chemicals, medications, 

antibiotics and antihistamines, head injury, surgeries to ear, nose, extraction of third 

molar, and poor oral hygiene and dental problems (Spielman 1998). Chemosensory 

dysfunction can cause malnutrition, weight loss, and exacerbation of disease, leading to 

poor health outcomes (Schiffman and Graham 2000; Hutton et al. 2007).

Inflammation has long been associated with changes in taste perception but less 

is known about how specific immune cell populations can affect taste function (Bromley 

and Doty 2003; Schiffman 2007). Neutrophils and macrophages act as the major 

immune effector cells in the injured peripheral taste system and their responses to injury 

and inflammation have been mapped by work in the lab (McCluskey 2004; Cavallin and 

McCluskey 2005, 2007b, a; Wall and McCluskey 2008; Steen et al. 2010) (Figure 5). 

These leukocytes are essential for innate immune responses, the branch of immunity
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that functions in pathogen elimination and repair of damaged tissue independent of 

immunological memory.

In healthy humans, Dr. Paul Breslin's group has characterized the distribution 

and population of major immune cells and their subsets in fungiform papillae and in the 

anterior two-thirds of the tongue. Dendritic cells (DCs) are the predominant innate 

immune cells found beneath the lamina propria and in the epithelium, with four subtypes 

making up the population: CD11c+ DCs, DC-SIGN+ immature DCs, CD83+ mature DCs, 

and CD1a+ CDs, also referred to as Langerhans. DC localization is mainly beneath the 

lamina propria and moderately within the epithelium, though Langerhans DCs are 

exclusively present within the epithelium. Other characterized immune cells in healthy 

human taste tissue include T lymphocytes, with CD4+ more common than CD8+, as well 

as a small number of macrophages and very few CD19+ B lymphocytes (Feng et al. 

2009). T lymphocytes found within the epithelium were y/6 T cells while those found 

within the lamina propria were a/|3 (Feng et al. 2010).

While there is a firm understanding of the types of leukocytes responding to 

gustatory nerve injury as well as the timing of their responses and the effects on taste 

function, the mechanisms underlying leukocyte-taste interactions were largely unknown 

prior to the studies described here.
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Figure 5. Leukocyte responses to neural injury change with diet and time post

injury.

During normal leukocyte responses following neural injury, neutrophils bilaterally invade 

both the injured and uninjured side of the tongue. Their entry correlates with a loss in 

sodium taste responses in the intact nerve. A sodium-restricted diet prevents 

macrophage entry and results in attenuated sodium responses in the intact nerve 

(Steen et al. 2010).
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1.3.9.1. Leukocyte responses to unilateral neural injury

While there are resident immune cells in the epithelium and lamina propria of 

rodent taste buds, very few leukocytes or a/p or y/6 T cells are found in healthy taste 

cells (McCluskey 2004). Following unilateral neural injury, however, neutrophils invade 

both sides of the rodent tongue. Their infiltration correlates with a loss in sodium taste 

responses (Steen et al. 2010; Wall and McCluskey 2008). By day 2 post-injury, there is 

an influx of macrophages on both sides of the tongue, a loss of neutrophils, and sodium 

responses return to normal (McCluskey 2004) (Figure 5).

Neurophysiological evidence strongly suggests that neutrophils inhibit sodium 

taste function (Steen et al. 2010). The loss in sodium taste responses following neural 

injury coincides with a peak in neutrophil numbers. Artificially depleting neutrophils 

leads to no loss in sodium taste responses, and inducing neutrophil injury by sublingual 

injection of LPS can cause a loss of sodium taste responses without neural injury 

(Steen et al. 2010). Evidence for the role of macrophages in promoting normal taste 

function is not as strong, as treatments that deplete macrophages also deplete some 

numbers of neutrophils. However, macrophage responses predict the return of normal 

taste responses in several studies (McCluskey 2004; Guagliardo et al. 2009; Cavallin 

and McCluskey 2005).

1.3.10. Cytokines

Cytokines are regulators of host responses to infection, immune responses, 

inflammation, and trauma, but are also important in other biological processes.

Cytokines can function differently depending on the biological process and the tissue 

environment (Dinarello 2007).
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Cytokines can be classified based on functional classes. The current work 

references cytokines based on broad categories of proinflammatory or anti-inflammatory 

outcomes. Cytokines acting in a proinflammatory manner worsen some disease by 

producing fever, inflammation, and tissue destruction. However, proinflammatory 

cytokines also recruit immune factors that, while increasing inflammation, can resolve 

infection (Dinarello 2000). Classic proinflammatory cytokines that modulate ENaC 

include interleukin (IL)-1a and IL-10, tumor necrosis factor (TNF)-a, and interferon 

(IFN)-y.

Anti-inflammatory cytokines act to control the proinflammatory response through 

receptor antagonism, inhibition of cytokine synthesis, and regulation of immune cell 

activation (Opal and DePalo 2000). Common anti-inflammatory cytokines include IL-1 

receptor antagonist (IL-1RA), IL-10, and transforming growth factor (TGF)-p.

1.3.10.1. Cytokines and the peripheral taste system

Studies of cytokine expression and effects in the peripheral taste system are not 

numbered but are increasing with the use of cytokine agonists and antagonists as 

treatments on the rise and as we recognize the importance of understanding taste 

dysfunction during illness and infection. Of the cytokines discussed here, only IL-ip has 

been shown to affect taste function prior to this work.

1.3.10.1.1. TNF-a

TNF-a plays an important role in mediating immune responses and inflammation

as well as affecting cell growth, proliferation, differentiation and survival (Cannon 2000;

Gaur and Aggarwal 2003). It is produced by a variety of cell types, including

macrophages, lymphoid cells, mast cells, adipocytes, fibroblasts, and neurons (Walsh et
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al. 1991; Hotamisligil et al. 1993; Niu et al. 2009). Significant to the research presented 

here, TNF-a can regulate ENaC in several sodium-transporting tissues. In lung and 

colon, incubation with or exposure to TNF-a decreases mRNA expression of all three 

subunits of ENaC (a, p, and y) and amiloride-sensitive current (Barmeyeret al. 2004; 

Dagenais et al. 2004; Amasheh et al. 2004; Yamagata et al. 2009).

TNF-a is also found in the saliva and oral mucosa (Moen et al. 2005). Wang’s 

group show that TNF-a is found in all three types of tongue taste papillae, a subset of 

type II cells are primarily responsible for production of the cytokine during infection, and 

this cytokine can affect taste cell proliferation (Feng et al. 2012).

1.3.10.1.2. IL-1p

IL-1 p is classically categorized as a proinflammatory cytokine and in many 

tissues contributes to inflammation. However, IL-1 p has demonstrated a positive 

influence in degenerating peripheral nerves (Shamash et al. 2002; Perrin et al. 2005). 

Important for this work, IL-1 p can regulate ENaC in a pleiotropic manner, decreasing 

ENaC expression and current in some tissues and environments (Roux et al. 2005; 

Barmeyer et al. 2004; Choi et al. 2007) while increasing channel activity and expression 

in at least one other (Li et al. 2007).

IL-1 receptor antagonist (RA) is produced by monocytes and macrophages and 

released in great excess following LPS stimulation in humans (Dinarello 1998). It binds 

with equal and sometimes greater affinity to the type 1 IL-1 receptor but fails to engage 

a receptor accessory protein necessary for signaling.

Treating animals with IL-1 RA, which blocks signaling, inhibits the bilateral 

macrophage infiltration following unilateral neural injury and causes impaired taste
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response in the intact CT (Shi et at. 2012). This means the proinflammatory cytokine IL- 

1P is beneficial for taste function following contralateral neural injury. Prior to this 

research, this study was the only investigation to show cytokines can affect taste 

function.

1.3.10.1.3. IL-10

IL-10 has been defined as the most important anti-inflammatory cytokine within 

the human immune response (Opal and DePalo 2000). It is a circulating homodimer 

synthesized and secreted by CD4+ Th2 cells, monocytes, and B cells (Howard and 

O'Garra 1992; Opal et al. 1998).

IL-10 is a very effective inhibitor of several pro-inflammatory cytokines, directly 

and indirectly. It is a direct inhibitor of the Th1 cytokines IL-2 and IFN-y, actually initially 

designated as a “cytokine synthesis inhibition factor” (Lalani et al. 1997). Indirectly, IL- 

10 is a potent deactivator of a plethora of proinflammatory cytokine synthesis from 

macrophages, monocytes, neutrophils, and natural killer cells (Clarke et al. 1998; Opal 

et al. 1998). Engaging a high-affinity IL-10 receptor causes inhibition of monocyte and 

macrophage-derived TNF-a, IL-1, IL-6, IL-8, IL-12, granulocyte colony-stimulating 

factor, macrophage inflammation inflammatory protein (MIP)-1a, and MIP-2a (Gerard et 

al. 1993; Clarke etal. 1998).

In addition to its inhibition of proinflammatory cytokines, IL-10 inhibits cell surface 

expression of major histocompatibility complex class (MHC)-II molecules, preventing 

antigen presentation, and attenuates surface expression of TNF receptors while 

promoting shedding of TNF receptors into systemic circulation (Dickensheets et al.

1997; Joyce et al. 1994).
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During endotoxic challenge in humans, administration of IL-10 attenuates pro- 

inflammatory cytokine release and LPS-induced febrile responses (Pajkrt et al. 1997). 

Human patients with high expression levels of IL-10 and reduced levels of TNF-a are 

more likely to die from community-acquired infections (Lehmann et al. 1995; van Dissel 

et al. 1998). IL-10 lowers lethality of high-dose endotoxin injection in mice (Marchant et 

al. 1994). Mice lacking IL-10 develop chronic enterocolitis similar to humans with 

inflammatory bowel syndromes, suggesting the cytokine is essential in controlling 

inflammatory responses within the gut (Kuhn et al. 1993).

In the taste system, IL-10 is found in gustducin positive type II taste cells (Feng 

et al. 2014) while a subunit of its receptor was found preferentially in the taste cells that 

produce TNF-a (Feng et al. 2012), providing further evidence that the taste bud is a 

signaling organ as a whole. At 3-6 months, IL-10 knockout mice, exhibiting signs of 

chronic enterocolitis, have reduced numbers of taste buds and taste receptor cells, 

suggesting IL-10 is necessary for maintenance of structural integrity of taste buds. 

Expectedly, these mice also had increased inflammatory responses in taste tissues 

(Feng et al. 2014).

1.3.10.1.4. IFN-y

IFN-y is a soluble cytokine and is critical for innate and adaptive immunity against

mostly viral but also some bacterial and protozoan infections. It activates macrophages

as well as induces MHC expression and is produced by natural killer (NK) and natural

killer T (NKT) cells as part of the innate immune response, and by CD4 Th1 and CD8

cytotoxic T lymphocyte (CTL) effector T cells once antigen-specific immunity develops.

It interacts with the interferon gamma receptor 1 (IFNGR1) and IFNGR2, activating the
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JAK-STAT pathway, promoting NK cell activity, increasing antigen presentation and 

lysosome activity of macrophages, and promoting Th1 differentiation from ThO 

undifferentiated CD4+ cells. IFN-y also promotes adhesion and binding required for 

leukocyte migration (Schoenborn and Wilson 2007).

Due to the commonality of inflammation in reported taste disorders, Dr. Huang’s 

group analyzed IFN-y expression in taste epithelia. They found that taste epithelia 

express key components of IFN signaling pathways, IFNGR1 was often co-expressed 

with NCAM on type III cells but also on a-gustducin positive type II cells. IFN-y 

treatment increases apoptotic cell death in taste buds, perhaps resulting in or 

contributing to taste disorders (Wang et al. 2007).

1.3.10.1.5. Chemokines and adhesion molecules

Chemokines, or chemotactic cytokines, are small cytokines secreted by cells that 

can induce directed chemotaxis in nearby responsive cells (Murphy et al. 2008). Dr. 

Albert Zlotnik’s group has completed comprehensive characterization of chemokine 

expression in several species’ taste tissues (Zlotnik and Yoshie 2012). Among the 

chemokines expressed in taste buds are chemokine (C-C motif) ligand 2 (CCL2), 

chemokine (C-X-C motif) ligand 3 (CSCL3), CXCL14, and CXCL17 (Hevezi et al. 2009; 

Zlotnik and Yoshie 2012). In addition, chemokines are not only expressed in the taste 

system, but are also differentially upregulated following neural injury, crucial for 

neutrophil and macrophage infiltration.

On the intact side of the tongue following neural injury, monocyte 

chemoattractant protein (MCP)-1 is significantly upregulated, rising on the injured side 

24-48 hours post injury. However, the chemokine MIP-1a did not significantly change
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following CT sectioning, suggesting chemokines are differentially regulated following 

neural injury (Cavallin and McCluskey 2007a).

Furthering this research, the intracellular adhesion molecule (ICAM)-1 expression 

increases first on the denervated side of the tongue 24 hours post-section, then on the 

uninjured side 48 hours post-section. Dietary sodium restriction, which prevents 

macrophage infiltration following CT sectioning, had no effect on ICAM-1 levels. 

Vascular cell adhesion molecule (VCAM)-1 increases on the denervated side of the 

tongue at 24-48 hours post-section and is affected by dietary sodium restriction, with a 

sodium-depleted diet preventing the increase (Cavallin and McCluskey 2007b). Thus, 

these chemokines and cytokines may be upstream from leukocyte entry to the 

denervated and/or intact taste bud fields.

1.3.10.2 Cytokine modulation of ENaC

TNF-a is a well-studied cytokine in many sodium-transporting epithelia. It has 

been shown to be a major factor in pulmonary edema as well as ulcerative colitis. TNF- 

a decreases a-, (3-, and y-ENaC mRNA in whole lung tissue as well as in cultured 

alveolar epithelial cells. This cytokine also decreases amiloride-sensitive current in 

various tissues, and is proposed to reduce sodium flux in taste buds as well (Barmeyer 

et al. 2004; Dagenais et al. 2004; Yamagata et al. 2009).

IL-1 p is classically defined as a proinflammatory cytokine, though it can also act 

to reduce inflammation. This cytokine can significantly reduce amiloride-sensitive 

transepithelial current and sodium transport across monolayers of alveolar epithelial 

type II cells, as well as reduce basal and dexamethsasone-induced a-ENaC mRNA and 

cell surface expression (Roux et al. 2005). Treatment of normal human middle ear
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epithelial cells with IL-1 p suppressed (3-ENaC expression, ENaC-dependent short circuit 

current, as well as ENaC-dependent fluid absorption (Choi et al. 2007). These effects 

on ENaC were found to be reversed by activation of p38 MAP kinase, which is an 

inhibitor of a-ENaC promoter activity, and inhibitors of the phospholipase C (PLC)- 

protein kinase C (PKC)-extracellular signal related kinase 1/2 (ERK1/2) pathway.

Several studies have also focused on ENaC in experimental models of bacterial 

and viral infection. Co-culturing distal lung epithelial cells (DLECs) with rat alveolar 

macrophages (AMs) and LPS causes a dramatic decrease in mRNA expression for a-, 

(3-, and y-ENaC units. Exposing DLEC monolayers to LPS-stimulated AM supernatant 

caused an impairment of sodium transport reflected by a decrease in amiloride-sensitive 

component of short circuit current (Dickie, Rafii et al. 2000). An influenza virus strain 

incapable of replication in mammalian epithelia caused a decrease in open probability of 

single ENaCs apically and the mechanism was found to be PKC-mediated. The intra- 

trachael administration of influenza virus inhibits ENaC in ATM cells but does not 

increase epithelial permeability in a rapid time course (Chen, Set et al. 2004).

Though cytokine regulation of ENaC has been documented, the role of cytokines 

in taste function is not as well-studied. However, it is apparent that cytokine action can 

be pleiotropic and there is a complex interaction of these immunomodulatory elements 

in other tissues as well as taste.

1.3.11. Lipopolysaccharide

Lipopolysaccharide (LPS), also known as endotoxin, is a gram-negative bacterial 

cell-wall component often used to model infection and inflammation, eliciting a strong 

immune reaction. LPS signals through toll-like receptor (TLR) 4 to produce pro-
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inflammatory cytokines. When delivered intraperitoneally (i.p.), LPS increases 

macrophage responses following CT injury (Cavallin and McCluskey 2005) and 

promotes normal taste function in the neighboring, intact CT (Phillips and Hill 1996); 

sublingually, LPS stimulates neutrophil infiltration without neural injury and impairs 

sodium taste function (Steen et al. 2010).

Seven days following ingestion of LPS, mice have suppressed sucrose 

responses, with decreased lingual expression of sweet taste receptor transcripts.

Neural responses and mRNA of sweet taste receptors are restored 14 days following 

ingestion (Zhu et al. 2014; Cohn et al. 2010). This suggests a potential mechanism of 

communication between the gut and peripheral taste system induced by ingested LPS.

I.p. injection of LPS rapidly induced expression of several cytokines in mouse 

circumvallate and foliate papillae, including TNF-a, IFN-y, IL-6, IL-12, and MCP-1.

During systemic inflammation, taste progenitor cell proliferation is inhibited, cell turnover 

is accelerated, and the average life span of taste cells is lower (Feng et al. 2012).

These data suggest that effects of inflammation may contribute to taste disorders during 

infection.

1.3.12. Considerations for current work

To summarize the information above for the elements crucial to the data 

presented, ENaC is modulated by immune responses in other epithelia and is well- 

studied in several other tissues. Our in vivo data suggest that ENaC is also targeted in 

taste cells during neural injury and inflammation, though this has never been examined 

directly. I have developed a model where the effects of injury or cytokines can be
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directly tested in polarized taste buds as well as a model where we can study taste 

changes associated with systemic inflammation.
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2. Methods and Materials

All animal procedures were approved by the Georgia Regents University Institute 

of Animal Care and Use Committee. Adult female CD rats (Charles River) specified 

pathogen-free (SPF) were used, based on previous studies in the current lab and others 

(Cavallin and McCluskey 2005, 2007b, a; Steen et al. 2010; Shi et al. 2012). Rats were 

housed in a barrier facility and received autoclaved food, bedding, and water. Animals 

receiving CT or sham sectioning were placed in cages with barrier tops in a standard 

facility for 24 hr.

2.1. CT Sectioning

Rats were injected with atropine (0.05 mg/kg, i.p.) and then anesthetized with 

ketamine (40 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). The animal was placed ventral 

side up, and the right CT nerve approached between the anterior belly of the masseter 

and digastric muscles. The CT nerve was sectioned after its bifurcation from the lingual 

nerve or visualized but not sectioned in surgical control animals (“shams’’). The wound 

was flooded with 1.0% marcaine and 2.0% lidocaine and closed with 6-0 nylon sutures. 

Animals were sacrificed 24 hours post-surgery for sodium imaging.

2.2. Sodium Imaging in Polarized, Intact Taste Buds

The lingual epithelium was isolated by collagenase treatment (Table 3) and

mounted in a modified Ossing chamber (RC-50; Warner), with a single fungiform papilla

in the viewing area. The fungiform papilla was loaded with the Na+ indicator dye

CoroNa Green (Invitrogen, 50 pg) dissolved in Plurionic F127 (50 pL) and 7 mL of

control Ringer’s over 1 hour at room temperature at a rate of 1 ml/min. The lingual

epithelium was then perfused with control Ringer’s solution (150 mM) for 15 minutes (1
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ml/min) at room temperature to allow the dye to hydrolyze within the cells, converting it 

to the acid form of the dye that changes fluorescence with intracellular sodium 

concentration. Taste buds were imaged from the basolateral side using an Olympus 

BX51WI upright fluorescence microscope and 60x/1.10W objective (Olympus). Images 

were captured with a Hamatsu ORCA-03G digital camera. In CoroNa-loaded cells, 

changes in [Na+]i were monitored by excitation of the dye at 490 nm with the emitted 

light imaged at 535 nm at 10-second intervals. Regions of interest (ROIs, diameter of 

~2 pm) were drawn around optimally loaded cells, with each ROI containing 1 taste cell 

and 6-8 ROIs/taste cells per bud. Fluorescence ( F 4 9 0 )  was measured while delivering 

apical and basolateral solutions with a VC-8 valve controller (Warner Instruments). 

Metafluor 7.7 (Molecular Devices Corporation) was used to monitor images and analyze 

changes in F490 (see Figure 6 for images of buds during sodium imaging).

This technique allows cell-cell contacts of the taste bud to remain in place, 

keeping the taste bud as a signaling unit (Figure 7) (Lyall et al. 2005a; Lyall et al.

2004).
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Figure 6. Intact taste buds during imaging.

A. A brightfield image of the basolateral side of a taste bud. B. A fluorescent image of 

a dye (CoroNa)-loaded taste bud, basolateral side. Metaflour software monitors 

changes in fluorescence ( F 4 9 0 )  in regions of interest, or ROIs, that contain one loaded 

taste cell each. C. A pseudo-colored image of panel B to show “hot spots” of sodium 

concentration. Scale bar is 100 ym.
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Figure 7. Sodium ions enter through apical channels in intact taste buds, 

depolarizing taste cells and transmitting information about salt taste.

The sodium imaging technique described in this report allows maintenance of cell-cell 

contacts and neural processes, sustaining the taste bud as a signaling unit. Tastants 

are typically applied apically while cytokines are flowed basolaterally to mimic contact in 

vivo.
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2.2.1. Solutions and cytokines for sodium imaging

See Table 2 for molar concentrations of solutions.

The sodium channel blockers amiloride (blocks ENaC) (Heck et al. 1984) and 

capsazepine (blocks TRPV1) (Lyall et al. 2004) were used to assess the level of sodium 

flux through those channels. Two doses of IL-1 p were used to assess changes in 

sodium flux, a low dose of 0.5 ng/ml and a high dose of 5.0 ng/ml (R&D Systems). Only 

one dose of TNF-a (10 ng/ml, R&D Systems) (Choi et al. 2007) was used to measure 

changes in sodium flux as the change was dramatic and was the similar as to sodium- 

free solutions application to both the apical and basolateral side. As a negative control, 

TGF-p (5.0 ng/ml, R&D Systems) (Frank et al. 2003) was used to ensure that 

stimulation procedures did not induce mechanosensitive opening of ENaC leading to 

artifacts of sodium flux. Control Ringer’s served as the vehicle in which cytokines, 

sodium channel blockers, and signaling inhibitors were dissolved and delivered.
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Collagenase Treatment in 
Tyrode’s

Tyrode s Solution

MgCI2-6H2Q 

10 mM Glucose

Control Ringer’s Na*-free Ringer’s
Solution Solution

5 mM KCI 

1 mM M g C I^ H ^  

10 mM Glucose

5 mM KCI 

1 mM MgCI2-6H20  

10 mM Glucose

Table 2. Solutions used in sodium imaging.

Collagenase treatment is used to digest muscle and vasculature from epithelium. 

Tissues are kept in 4°C Tyrode’s solution prior to mounting. Control Ringer’s serves as 

a vehicle for cytokines as well as sodium channel blockers.
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2.2.2. Normalization of F49o

To control for bleaching and health of epithelium, we stipulated that fluorescence 

at the end of an experiment returned to within 20% of raw values from the beginning of 

the experiment. For Aim 1, fluorescence was normalized to that elicited by sodium-free 

Ringer’s on both sides, with increases above the 100% baseline when control Ringer’s 

was applied. In Aim 2, fluorescence was normalized to that elicited by control Ringer’s 

on both sides, with decreases below 100% baseline when sodium is removed or sodium 

channel blockers are applied. Measurements of F 4 9 0  are presented as the average 

percent ± SEM.

2.2.3. Data analysis of imaging data

For Aim 1, collapsed imaging data resulted in two groups, sham and cut, with two 

subgroups: sodium transport during control Ringer’s and sodium transport during apical 

application of amiloride. Transport over 60 seconds and the area under the curve of 

those 60 seconds were collapsed across experiments. Student’s t-tests were used to 

compare change in fluorescence in sham versus cut animals.

For Aim 2, one-way ANOVAs followed by Neuman-Keuls post-tests were used to 

compare changes in fluorescence during stimulation with control Ringer’s, low IL-1(3 (0.5 

ng/ml), and high IL-1p (5.0 ng/ml). To analyze changes in sodium flux during 

stimulation with TNF-a, one-way analysis of variance tests (ANOVAs) followed by 

Neuman-Keuls post-tests were used to compare changes in fluorescence during 

stimulation with control Ringer’s, the ENaC-blocker amiloride, the TRPV1-blocker 

capsazepine, and TNF-a.
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2.3. Neurophysiology

CT recordings were performed within 2 hours of injection of LPS (Escherichia coli 

0111 :B4 subtype, 5 mg/kg, Sigma) or PBS. Rats were anesthetized with pentobarbital 

(40 mg/kg, i.p.) with additional injections given to maintain a surgical level of anesthesia. 

The hypoglossal nerve was cut bilaterally to prevent tongue movements and animals 

were tracheotomized and placed in a nontraumatic head holder (Erickson 1966). Body 

temperature was maintained between 36°C and 39°C by keeping rats on a water- 

circulating heating pad. Lateral dissection of the head exposed the CT nerve. It was 

cut near its entrance to the tympanic bulla and separated from the underlying tissues. 

The nerve was desheathed and placed on a platinum electrode with an indifferent 

electrode grounded in nearby tissues; to promote contact of nerve and electrode, the 

surgical cavity was filled with warm mineral oil. Multifiber neural activity from the whole 

nerve was amplified, displayed on an oscilloscope, and monitored with an audio 

amplifier.

For data analysis, the amplified signal was passed through an integrator with a 

time constant of 1.0 or 2.0 sec, and the summated electrical activity was viewed using 

PowerLab software (ADI, Colorado Springs, CO). The measure of the neural response 

reflects the sum of single-fiber responses (Beidler, 1953) and is an appropriate measure 

for studying responses from a large population of taste receptors (Hill 1987; Hill and 

Phillips 1993; Hendricks et al. 2002; Guagliardo et al. 2009; Heck et al. 1984; Smith et 

al. 2012).
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2.3.1. Stimulation procedures

Responses were recorded during stimulation of the anterior tongue with a 

concentration series of sodium chloride (NaCI, 0.05-0.50 M) and sodium acetate (NaAc, 

0.05-0.50 M). Monosodium glutamate (MSG, 0.1-0.3 M) was used to assess neural 

responses to an umami tastant. Other stimuli included 1 M sucrose (sweet), 0.01 M 

quinine (bitter), and 1 N hydrochloric acid (sour). All chemicals were dissolved in 

distilled water and kept at room temperature during experiments. Three milliliters of 

each stimulus were applied to the anterior tongue via syringe, followed 20 seconds later 

by a £1 minute distilled water rinse. The stability of each recording was monitored by 

application of a 0.5 M NH4CI reference stimulus after every two stimulus solutions. 

Responses to the standard had to be within 10% to be considered stable. Only data 

considered stable were used in data analysis. Responses were also recorded to a 

concentration series of NaCI with 50 pM amiloride, a blocker of ENaC. The same 

stimulation procedure was used as previously described, though the rinse and solvent 

for all stimuli was 50 pM amiloride.

Response magnitudes were measured as the height of the summated response 

20 seconds after stimulus application; only the steady state portion of the response was 

measured. Ratios for all responses were calculated relative to the 0.5 M NH4CI 

standard which is unaffected by lingual application of amiloride, nor does the response 

to this standard change during sodium deprivation or development (Ferrell et al. 1981; 

Przekop et al. 1990; Hill 1987).
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2.3.2. Data analysis of collapsed neural responses.

Responses to sodium chloride, sodium chloride and amiloride, and sodium 

acetate were analyzed by two-way ANOVA with Bonferonni post-tests to determine 

effects of the two factors of concentration and injected treatment. Responses to MSG 

were analyzed by Student’s t-tests with a modified p-value of 0.025 to adjust for multiple 

concentrations given in series. Responses to sucrose, quinine, and hydrochloric acid 

were analyzed by Student’s t-tests with a p-value of 0.05.

2.4. Serum cytokine analysis

Cardiac blood was drawn in PBS- or LPS-injected rats following neural recording. 

Blood samples were allowed to clot at room temperature for 15 minutes, then spun at 

15000 rpm for 10 minutes at 4°C. Serum was then diluted 2-fold into sample dilution 

buffer as per protocol instructions. A multi-analyte ELISA array (Qiagen, MER-004A) 

detecting 12 cytokines [IL-1a, IL-10, IL-2, IL-4, IL-6.IL-10, IL-12, IL-13, IFN-y, TNF-a, 

granulocyte macrophage colony stimulating factor (GM-CSF), and regulated on 

activation normal T cell expressed and secreted (RANTES, CCL5)] was used to assess 

circulating levels of cytokine. Cytokine levels were analyzed by two-way ANOVA with 

Bonferonni post-tests to determine effects of cytokine and injected treatment.
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3. Results

3.1. Sodium transport

A standardized stimulation protocol to assess sodium transport in healthy 

epithelia was used to define sodium flux during application of control Ringer’s (150 mM 

sodium), sodium-free Ringer’s (0 mM sodium), and the sodium channel blocker 

amiloride (50 pM) (Figure 8). In this protocol, fluorescence was normalized to that 

elicited by stimulation with control Ringer’s on both sides. In the experiment 

represented in Figure 8, removing sodium from the apical side of the epithelia caused a 

decrease in fluorescence to 85%. Applying sodium-free solutions to both sides caused 

a dramatic decrease in fluorescence, which bottomed out at 60%. Applying the ENaC- 

blocker amiloride apically caused a decrease in sodium transport to 80%. This data is 

similar to that reported by colleagues and mimics in vivo responses to similar solutions, 

verifying this technique within the lab (Lyall et al. 2005a, b).
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Figure 8. Sodium transport modeled by changes in fluorescence.

Table at the top of the graph represents stimulation with varying concentrations of 

sodium and amiloride. Removing sodium from the apical side of taste cells resulted in a 

decrease in fluorescence ( F 4 9 0 )  by 10-15%. Removing sodium from both sides resulted 

in a decrease in fluorescence by 40%. Applying the ENaC-blocker amiloride to the 

apical side while sodium solutions are applied basolaterally causes a reduction in 

fluorescence by 15-20%. This is referred to as change in sodium transport or sodium 

flux. Graph is representative of 20 separate experiments.
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3.2. Sodium transport through ENaC is reduced in CT-sectioned animals 

compared to sham controls.

Once the technique was verified, we tested whether sodium transport was 

decreased in the intact side on animals receiving neural injury. 24 hours post sectioning 

or sham surgery, sodium imaging was performed on taste buds from the intact, non

injured side of the tongue. F490 was normalized to that elicited by sodium-free Ringer’s 

solution on both sides (Figure 9). Sham animals had an average sodium flux of 153.96 

± 5.112%, whereas animals with neural injury had significantly reduced sodium flux (p < 

0.05) with an average of 134.61 ± 3.267% during stimulation with control Ringer’s on 

both sides. During application of amiloride on polarized taste buds from animals with 

sham surgeries, sodium transport was reduced to 120.99 ± 0.9637%. A similar level of 

reduced sodium transport was observed in polarized taste buds from animals with 

neural injury, to 121.25 ± 3.516%, with no statistical difference reported (Figure 10). 

Average sodium transport and area under the curve of flux in polarized taste buds from 

sham and cut animals are outlined in Table 3. These results indicate that the reduced 

neural responses to sodium at day 1 following neighboring CT injury are due to reduced 

sodium flux at the level of the taste bud in the peripheral taste system, confirming our 

hypothesis. Because observed changes are diminished when amiloride is applied,

ENaC is the salt-sensing path affected in animals receiving neural injury.
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Figure 9. Sodium transport is reduced day 1 following chorda tympani cut 

compared to shams.

A. Sodium flux as represented by change in F4g0 in an animal where the lingual nerve 

was exposed but not severed (“sham”). Sodium transport increased when control 

Ringer’s was applied to 160%. Applying apical amiloride decreased sodium transport to 

120%. Graph is representative of 5 separate experiments. B. Sodium flux as
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represented by change in F490 in an animal where the CT was cut. Sodium transport 

only increased to about 140%. Applying amiloride caused a slightly further decrease in 

sodium transport to 120%, same as in sham animals. Graph is representative of 6 

separate experiments. C. Merged overlay of graphs in A and B.
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Figure 10. Collapsed data across imaging experiments in sham and cut animals.

Mean sodium transport (A) and area under the curve (B) in sham and cut animals. 

During application of control Ringer’s (150 mM Na), average flux in sham animals was 

significantly increased compared to cut animals when analyzed by student’s t-test (p <
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0.05). Sodium transport when amiloride was applied was the same in cut and sham 

animals, suggesting ENaC is the primary salt-sensing pathway affected following neural 

injury. Area under the curve was calculated with respect to 100% baseline. See Table 3 

for reported values of sodium flux and area under the curve.
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Average Sodium Flux 
represented by change in F490

Area Under the Curve of 
change in F490

Sham 153.96 ±5.112% 964%

Table 3. Average sodium flux and area under the curve in sham and cut animals.

Sodium transport is reduced in animals with neural injury on the intact side at day 1 post 

sectioning when compared to sodium transport in sham animals. Data is presented as 

average ± SEM.
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3.3. IL-1p rapidly enhances Na* flux through ENaC.

We next determined the effects of acute IL-1 p on sodium transport in intact taste 

buds. Sodium flux was measured during acute basolateral application of the cytokine IL- 

1(3 (Figure 11). F4g0 was normalized to that elicited during stimulation with control 

Ringer’s on both sides. When applied acutely and basolaterally, IL-1 (3 at a low dose (0.5 

ng/ml) caused small (2-10%), oscillating increases above the 100% baseline of control 

Ringer’s on both sides, with an average 60 second transport of 102.7 ± 0.3864%. 

Increasing the dose of IL-1 p (5.0 ng/ml) caused more dramatic increases in sodium 

transport, up to 25% above baseline, with an average 60 second transport of 124.3 ± 

3.005% (Figure 12). Average flux over 60 seconds during stimulation with vehicle, low 

IL-1 (3 (0.5ng/ml), or high IL-1 (3 (5.0 ng/ml) were analyzed by one-way ANOVA with a 

Neuman Keul’s post-test, to find an overall significant difference in means [F(3, 15) = 

347.9, p < 0.0001]. Average flux during application of low dose IL-1 p was significantly 

greater than flux with vehicle only (p < 0.05), as was average flux during application of 

high dose IL-1p compared to vehicle only (p < 0.001).
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Figure 11. IL -ip  (0.5 ng/ml) increase sodium flux in an oscillating manner; these 

effects are amiloride-sensitive.

Prior to cytokine application, sodium-free Ringer’s was applied to assess health of the 

epithelium. Basolateral stimulation with a low dose of IL-1 p causes small (2-10%) 

oscillating increases in sodium transport above 100%, suggesting an upregulation in 

sodium transport. When amiloride is applied simultaneously, there is a decrease in 

sodium flux to levels seen without cytokine application, 15-20%, suggesting the affected 

salt-sensing pathway is ENaC. Graph is representative of 6 separate experiments.
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Figure 12. IL-1p (5.0 ng/ml) dramatically increases sodium flux; these effects are 

amiloride-sensitive.

A high dose of basolateral IL-1 (3 causes sustained increases in sodium transport of 20% 

above baseline. Applying the ENaC blocker amiloride during this increase in transport 

causes a decrease in sodium flux to that observed without cytokine application, 

suggesting ENaC is the pathway primarily affected. Graph is representative of 6 

separate experiments.
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These increases above baseline were amiloride-sensitive. Applying amiloride 

during the increase in sodium flux caused sodium transport to return to levels seen 

during stimulation with only amiloride and control Ringer’s. Averaging transport over 60 

seconds, amiloride caused a decrease to 80.20 ± 1.767% during stimulation with a low 

dose of IL-10 (0.5 ng/ml) and a decrease to 78.49 ± 2.766% with a high dose (5.0 

ng/ml) (Figures 11 and 12). These means, when analyzed by one-way ANOVA, were 

not significantly different from each other [F(3, 15) = 1.631, ns]. When amiloride is 

applied prior to application of IL-1 (3, we see almost no acute increases in sodium 

transport (Figure 13). These increases occur very rapidly, within 30 seconds of delivery 

of cytokine.

To help parse out minute differences in sodium flux during cytokine stimulation, 

especially with regard to the oscillating manner in which the low dose of IL-1 (3 increased 

sodium transport, area under the curve over 60 seconds of transport in reference to the 

baseline of 100% was measured. During stimulation with a low dose of IL-ip, the area 

under the cun/e was reported at 115.8 ± 16.11 %. Stimulation with a high dose of IL-1 (3 

had an area under the curve of 973.3 ± 116.1%. When analyzed by one-way ANOVA, 

these averages were significantly different [F(3, 15) = 373.0, p < 0.0001]. Area under 

the curve of transport during application of low dose IL-1 p was significantly greater (p < 

0.01) than area under the curve of transport during application of vehicle only. Area 

under the curve of transport during application of high dose IL-10 [F(3, 15) = 373.0, p < 

0.0001] was significantly greater during application of vehicle only as well. Applying 

amiloride with the low and high dose of IL-1 p lead to an area under the curve of -820.2 

± 69.91% and -901.8 ± 141.2%, respectively and had no statistical differences when

64



analyzed by one-way ANOVA [F(3, 15) = 2.116, ns] (Figure 14). These data confirm 

our hypothesis that IL-1 p increases sodium flux, similar to its role in vivo, where it aids 

in recovery of sodium responses following neural injury. Because all changes in sodium 

flux were diminished by application of amiloride, IL-1 [3 acts upon ENaC to increase flux 

in taste buds.
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Figure 13. IL-1 p cannot acutely overcome blockage of ENaC by amiloride.

Apical application of amiloride causes a decrease in sodium transport. Applying 

basolateral IL-1 (3 cannot acutely increase sodium transport to levels observed during 

application of cytokine alone.
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Figure 14. Basolateral IL-10 increases sodium flux in a dose-dependent manner. 

Amiloride differentially suppresses this increased sodium flux.

A. Average 60 second peak of sodium flux during application of control Ringer’s (150 

mM Na) on both sides, low dose IL-10 and high dose IL-10. During amiloride application
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(right side), transport over 60 seconds was differentially suppressed, despite increases 

in sodium flux during IL-1 p application. Average flux over 60 seconds during stimulation 

with vehicle, low IL-1(3, or high IL-1 (3 were analyzed by one-way ANOVA with a Neuman 

Keul’s post-test, resulting in an overall significant difference in means [F(3, 15) = 347.9, 

p < 0.0001], Applying amiloride during the observed increase in IL-1 (3-dependent 

sodium flux caused sodium transport to return to levels seen during stimulation with only 

amiloride and control Ringer’s. Means, when analyzed by one-way ANOVA, were not 

significantly different from each other [F(3, 15) = 1.631, ns]. B. Area under the same 

60-second peak of transport graphed in panel A, calculated in reference to 100% 

baseline. Analysis consisted of one-way ANOVA comparing vehicle and the two doses 

of cytokine with a Neuman-Keuls post-test, and a one-way ANOVA comparing 

application of amiloride during stimulation with vehicle or the two doses of cytokine. 

Averages were significantly different [F(3, 15) = 373.0, p < 0.0001]. Applying amiloride 

with the low and high dose of IL-13 lead to a similar calculated areas under the curve 

and had no statistical differences when analyzed by one-way ANOVA [F(3, 15) = 2.116, 

ns]. See Table 4 for calculated average transport and area under the curve, 

t  p < 0.05, * p < 0.01, ** p < 0.001.
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3.4. TNF-a dramatically inhibits Na* flux through ENaC, TRPV1, and a novel 

sodium transporter.

Sodium flux was measured during acute application of the cytokine TNF-a (10 

ng/ml) to determine its effects on sodium transport in taste buds. F49 0  was normalized 

to that elicited during stimulation with control Ringer’s on both sides. When applied 

basolaterally, TNF-a caused a dramatic, immediate decrease in sodium transport, down 

to 66.13 ± 1.610% compared to baseline (Figure 15). This is similar to the reduction in 

transport seen when sodium-free Ringer’s is applied to both sides of the epithelium. In 

other words, sodium flux is almost completely inhibited.

Applying the TRPV1 blocker capsazepine causes a reduction in sodium transport 

to 87.57 ± 0.9775% compared to baseline. Apical amiloride, the ENaC blocker, reduced 

sodium transport to 80.56 ± 1.694%. These results that TNF-a is acting on ENaC, 

TRPV1, and a novel sodium transport pathway in polarized taste buds (Figure 15, C; 

Figure 16).

Average sodium flux and area under the curve during IL-13 stimulation is 

reported in Table 4.

These results confirm our hypothesis that TNF-a is detrimental to sodium flux in 

the peripheral taste system and suggest that TNF-a may attenuate salt taste during 

infection and inflammation. An unexpected observation from these experiments was 

the elucidation of a third path for sodium sensing in the peripheral taste system, as 

evidenced by TNF-a reducing sodium flux beyond that inhibited by blocking ENaC and 

TRPV1.
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Figure 15. TNF-a dramatically reduces sodium flux.

A. Sodium-free Ringer’s was applied prior to TNF-a to ensure recovery of F490 and 

health of epithelium. Application of basolateral TNF-a (10 ng/ml) dramatically reduced 

sodium flux by 40%, the same level observed during stimulation with sodium-free 

Ringer’s on both sides. Graph is representative of 6 separate experiments. B. 

Application of TNF following amiloride application causes a further reduction in sodium 

flux. C. Applying the sodium channel blockers capsazepine (25 pM) and amiloride (50



|jM) reduces sodium flux; applying basolateral TNF-a causes a further decrease 

sodium flux, suggesting a novel, third pathway of salt sensing in the rodent taste 

system. Graph is representative of 3 separate experiments.
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Figure 16. Mean sodium flux during application of sodium channel blockers and 

basolateral TNF-a.

A. Mean transport during stimulation with control Ringer’s, apical capsazepine, apical 

amiloride, or basolateral TNF-a. When analyzed by one-way ANOVA with a Neuman-
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Keuls post-test, a significant effect of treatment was found [F(4,16) = 105.8, p < 0.0001), 

with differences in flux during control Ringer’s (150 mM Na) being statistically greater 

than all other treatments (p < 0.001, not shown on graph), as well as between TNF-a 

and capsazepine or amiloride (p < 0.001). Statistical differences of flux between 

amiloride and capsazepine show that these treatments act on different sodium channels 

(p < 0.01). B. Area under the curve during stimulation with control Ringer’s, apical 

capsazepine, apical amiloride, or basolateral TNF-a. See Table 4 for reported values of 

sodium flux and area under the curve.

f  p < 0.05, * p < 0.01, ** p < 0.001.
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Stimulus Average Sodium Flux 
represented by change in F49q

Area Under the Curve of I 
^ ^ c h a n g ^ n F g o ^ ^ l ”

TGF-p 98.61 ±0.5167% -43-03 ±4.257 | 2mmmmm
Capsazepine 87.57 ± 0.9775% -462.97 ±136.52 | 3 |

HUHHHIHri
IL-1 P, S.O ng/ml 124.30 ± 3.005% 973.23 ±116.05 | 6

Table 4. Average sodium flux and area under the curve during application of

sodium channel blockers and cytokines.
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3.5. TGF-p does not affect sodium transport in vitro.

Taste buds were stimulated basolaterally with the anti-inflammatory cytokine 

TGF-p (Opal and DePalo 2000) to control for mechanosensitivity of ENaC. Though IL- 

1 0  is an attractive candidate for negative control as it has a similar signaling mechanism 

to the proinflammatory cytokines tested here, expression of IL-10 has been shown to be 

expressed in the taste system and to affect taste cell size (Feng et al. 2014). Acute 

application of TGF-p did not affect sodium flux (Figure 17). This illustrates that the 

flow-rate used for stimulus delivery is too low to induce mechanical activation of ENaC, 

verifying that the changes in sodium flux are specific to cytokines and sodium channel 

blockers.
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Figure 17. TGF-p does not acutely affect sodium flux in intact taste buds.

Prior to application of TGF-p, sodium-free Ringer’s was applied to ensure return to F490  

and health of the epithelium. Stimulation with TGF-p caused no acute change in 

sodium flux. Graph is representative of 3 separate experiments.
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3.6. IL-16-dependent acute increases in sodium transport are not through a p38 

MAPK pathway.

To assess whether IL-1 p increased sodium transport via a p38 MAP kinase- 

dependent mechanism, both the cytokine and SB203580 were delivered. While the 

oscillating increases in sodium flux were observed characteristic of a low dose of IL-1 p, 

no acute reductions were caused by simultaneous application of the inhibitor of p38 

MAPK, suggesting alternative mechanisms regulating ENaC account for the increased 

sodium flux caused by IL-1P (Figure 18).
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Figure 18. IL-1B does not cause acute increases in sodium flux via a p38 MAP in

dependent mechanism.

Apical sodium-free Ringer’s was applied in the beginning of the experiment to verify 

health of the epithelium. Applying a lose dose of basolateral IL-1|3 combined with the 

p38 MAPK inhibitor SB203580 resulted in small oscillating increases above 100% 

baseline. The acute increases in sodium flux caused by IL-1 (3 are not dependent on the 

p38 MAPK pathway. Graph is representative of 3 separate experiments.
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3.7. IL-10 increases sodium transport even when TNF-a is inhibiting flux.

To test the relative sensitivity of taste buds to IL-1 0 and TNF-a, these cytokines 

were applied concurrently on the basolateral side of the epithelium (Figure 19). Sodium 

transport was elevated slightly during this stimulation, increasing to an average of 

107%, suggesting that taste buds are more sensitive to changes induced by IL-10 than 

changes caused by TNF-a.

It is important to take note of the type of change in sodium transport that was 

observed during this experiment. There is an initial increase in flux, presumably caused 

by IL-1 p, and then a slight reduction in transport to a plateau state of transport. This 

suggests that the mechanism of sodium flux during the condition of application of these 

two cytokines is complex.
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Figure 19. Applied concurrently, IL-10 and TNF-a increase sodium flux in intact 

taste buds, suggesting taste cells are more sensitive to IL-1 p.

During concurrent application of a high dose of IL-1 (3 (5.0 ng/ml) and TNF-a (10 ng/ml), 

sodium flux was found to Increase to 7% above baseline. Despite the dramatic 

decrease in sodium flux TNF-a alone causes (40% below baseline) and the 

comparatively less dramatic increase in sodium flux caused by high IL-1p, this data 

suggests taste cells are more responsive to IL-1 p. Graph is representative of 3 separate 

experiments.
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3.8. LPS acutely increases neural responses to sodium.

We next tested whether inducing systemic inflammation alters taste function in 

vivo. Neural responses were recorded for up to 2 hours following i.p. injection of either 

PBS or LPS (Figures 20-23). There was a significant main effect on responses to 

sodium chloride. Responses to sodium chloride were sensitive to stimulus 

concentration, as expected, with a significant effect of concentration [F(1,3) = 39.05, p < 

0.0001]. Of interest to this study, systemic treatment also had a significant effect [F(1, 

39) = 27.300, p < 0.0001)]. Individually, responses to 0.10 M (p < 0.05), 0.25 M (p < 

0.01), and 0.50 M (p < 0.01) NaCI were significantly different due to treatment (Figure 

21). Application of amiloride, an ENaC blocker, with NaCI eliminated observed changes 

with respect to concentration [F(1, 3) = 1.506, p = 0.2331] and treatment [F(1, 30) = 

1.428, p = 0.2414], suggesting ENaC is the salt sensor affected by systemic 

inflammation (Figure 21).

Responses to sodium acetate were also expectedly increased with respect to 

concentration [F(3, 36) = 4.901, p < 0.0001], There was also had a significant overall 

effect of treatment [F(1,36) = 21.18, p < 0.05], though not enough to reflect in the 

Bonferroni post-test (p > 0.05) (Figure 22).

Responses to 0.1 M mono-sodium glutamate (MSG), an umami tastant that 

contains sodium, were significantly higher in LPS-injected animals (p = 0.0172) (Figure 

23). Responses to 0.3 M MSG, while higher in LPS-injected animals, were not 

significantly different (p = 0.0846).
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These results illustrate taste changes due to systemic inflammation. More 

specifically, neural responses to sodium were elevated through an amiloride-sensitive 

pathway.
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Figure 20. Representative CT nerve response traces of neural responses to 

sodium chloride and sodium acetate in PBS- and LPS-injected animals.

Responses are bracketed by responses to the standard stimulus (0.5M NH4CI). Vertical 

dotted lines indicate stimulus delivery. Responses to sodium salts were higher in LPS- 

injected animals compared to PBS-injected animals. Time stamp is equal to 20 

seconds.

83



NaCI1.50
«— PBS 
♦ — LPS 
» PBSAmil 
•  LPSAmil

1.25-

1.0 0 -
O

® 0.75-
C/>coQ.CO
® 0.50-

0.25-

0.00
0.0 0.1 0.2 0.3 0.4 0.5

[NaCI] (M)

Figure 21. Neural responses to an increasing concentration of sodium chloride 

(NaCI) and during application of amiloride in PBS- and LPS-injected animals.

Mean neural response ratios ± SEM to an increasing concentration of NaCI, analyzed 

by two-way ANOVA and Bonferroni post-tests, reveal a significant effect of 

concentration [F(1,3) = 39.05, p < 0.0001] and a significant main effect of injected 

treatment [F(1, 39) = 27.300, p < 0.0001)]. Individually, responses to 0.10M (p < 0.05), 

0.25M (p < 0.01), and 0.50M (p < 0.01) NaCI were significantly different due to 

treatment. Amiloride reduced differences between treatment groups (p > 0.05)
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Figure 22. Neural responses to an increasing concentration of sodium acetate 

[NaAcetate) in PBS- and LPS-injected animals.

Mean neural response ratios ± SEM to an increasing concentration of NaAcetate, 

analyzed by two-way ANOVA and Bonferroni post-tests, reveal a significant effect of 

concentration [F(3, 36) = 4.901, p < 0.0001] as expected. A significant overall effect of 

treatment was observed [F(1,36) = 21.18, p < 0.05], though not enough to reflect in the 

Bonferroni posttest (p > 0.05).
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Figure 23. Neural responses to a concentration series of monosodium glutamate 

(MSG).

Mean neural responses ± SEM to two concentrations of MSG were analyzed by 

student’s t-test with a modified p value (p < 0.025) to control for tastants delivered in 

series. LPS-injected animals had significantly higher neural responses to 0.1 M MSG 

compared to controls (p = 0.02) but not to 0.3M MSG (p = 0.08).
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2.1.1. LPS acutely increases responses to sucrose, but not quinine or 

hydrochloric acid.

Neural responses to sucrose, a sweet tastant, were significantly increased in 

LPS-injected animals compared to PBS-injected animals (p = 0.01). Responses to 

bitter (quinine hydrochloride) (p = 0.36) and sour (hydrochloric acid) (p = 0.71) tastants 

did not differ due to treatment (Figure 24). Therefore, taste changes due to 

inflammation are specific to sodium, sodium-containing umami and sweet tastants, but 

not sour or bitter.
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Figure 24. Neural responses to sweet (sucrose), bitter (QHCI), and sour (HCI) 

tastants.

Mean neural response ratios ± SEM to sucrose, quinine hydrochloride, and hydrochloric 

acid were analyzed by Student’s t-test. Responses to sucrose, a sweet tastant, were 

significantly increased in LPS-injected animals compared to PBS-injected animals (p = 

0.01). Responses to bitter (quinine hydrochloride) (p = 0.36) and sour (hydrochloric 

acid) (p = 0.71) tastants did not differ due to treatment.
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2.1.2. Circulating IL-1JJ and TNF-a cytokine levels do not predict changes in 

neural responses.

Serum samples were collected following neural recordings, within two hours of 

PBS or LPS injection. Though 12 cytokines were analyzed, this report focuses on the 

two that were also tested in vitro (Figure 25, Table 5). Within two hours of LPS- 

injection, TNF-a levels rose significantly compared to PBS-injected levels. A significant 

difference in treatment was noted [F(1, 72) = 15.58, p = 0.0002], with significant 

differences reported in IL-6 (p < 0.001) and TNF-a levels (p < 0.001). However, IL-1 (3 

levels remained low. The kinetics of circulating cytokine response observed here are 

similar to what has been observed in other labs (Liu et al. 2014). Taken together, these 

results suggest potential complex regulation and interaction of cytokines to affect taste 

during a model of infection.
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Figure 25. Circulating serum levels of cytokines.

Mean circulating serum levels of cytokines in PBS- and LPS-injected animals were 

analyzed by two-way ANOVA with Bonferonni post-tests. A significant difference in 

treatment was noted [F(1, 72) = 15.58, p = 0.0002], with significant differences reported 

in IL-6 (p < 0.001) and TNF-a levels (p < 0.001).
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I PBS-injected (n -  3) LPS-injected (n = 5) 1

IL-1a | O C 0 0 0 8 6 ± a j 0 0 0 0 0 ^ ^ ^ ^ f f l o i 3 ^ a C 0 0 0 3 ^ |

■HHHHiiHI
IL-2 | a c o o 2 7 3 ± a c o o a i ^ ^ ^ ^ ^ 0 0 2 6 2 ± a C 0 0 0 4 ^ |

HHBHUHh
i l T P a 5 K ^ ± " ™ o i o ^ a c a i 2 5 0 ± a S o o 3 6 ^ |

^ ■ h h h s H | [ | H
0.000127 ± 0.000011 0.000117 ±0.000015

0.000160 ± 0.000018 0.000174 ± 0.000029

GM-CSF 0.000068 ± 0.000003 0.000150 ±0.000081

i f  j r  ^I p . /  i t *

Table 5. Circulating serum levels of cytokines.
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3.9. Summary of results

To summarize the results discussed above, sodium transport in taste buds is 

reduced on the intact side of the tongue following neural injury. These results account 

for reduced neural responses on the intact side of the tongue in vivo following neural 

injury. Observed differences in sodium flux between sham and cut animals are 

eliminated when amiloride is applied, suggesting ENaC is the main sodium sensing path 

affected following neural injury. This aim also illustrates that sodium flux at the level of 

the bud in vitro can correlate with neural responses in vivo.

We also found that cytokines can directly affect taste bud function. IL-1 (3 was 

found to increase sodium flux in a dose-dependent manner and acted upon ENaC to 

cause this increase. Applying amiloride eliminated observed changes in sodium flux 

during application of both doses of IL-1 p. TNF-a was found to dramatically reduce 

sodium flux within polarized taste buds, below what was reduced when the sodium 

channels ENaC and TRPV1 were blocked, suggesting a third, novel path for sodium 

sensing in the taste system. These data also suggest that as cytokines can affect 

sodium flux at the level of the taste bud in vitro, it is possible that they can modulate 

neural responses to sodium in vivo from the vascularized, basolateral side of the taste 

bud.

Lastly, we established a model with which to study changes in taste during acute 

inflammation. We found elevated neural responses to sodium chloride and sodium 

acetate in LPS-injected animals compared to PBS-injected, as well as elevated neural 

responses to sucrose, a sweet tastant, and MSG, a sodium-containing umami tastant.
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Significantly elevated levels of circulating IL-6 and TNF-a were observed within 2 hours 

of LPS-injection.
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4. Discussion

Is it well-documented that inflammation and infection can cause taste disorders, 

though the mechanisms underlying taste changes during illness and aging are not well 

understood. This work provides the first evidence that cytokines can directly and 

acutely affect ENaC function in the peripheral taste system, and that peripheral sodium 

transport can be an indicator of neural responses to sodium salts in vivo. This work 

also provides a model of infection with effects on neural taste responses, which will be 

of great value to researchers studying inflammation and taste.

4.1. Sodium imaging in polarized taste buds is a powerful technique.

Sodium imaging in polarized taste buds is a relatively untapped technique. 

However, this work provides novel insight into the effect sodium transport can have on 

neural responses to sodium and can allow researchers to assess direct effects of 

cytokines and hormones on taste bud function.

Previously published data has shown attenuated neural responses in the intact 

nerve to sodium on day 1 following neural injury (Wall and McCluskey 2008). The data 

presented here provides an explanation for the reduced neural responses: impaired 

transport at the periphery in cut animals compared to shams. Not only do we establish 

that peripheral sodium transport can be an indicator of neural responses to sodium, we 

also verify our technique of sodium imaging. The in vitro results corroborated what has 

been observed in vivo, meaning the in vitro imaging data presented later in our report 

can be used to predict in vivo neural responses to sodium.

It is well documented that taste cells express cytokines and cytokine receptors

(Shi et al. 2012; Feng et al. 2014; Feng et al. 2012; Cohn et al. 2010; Wang et al. 2007).
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However, this is the first work to illustrate a direct effect of cytokines on ENaC function 

in taste. While regulation of ENaC is well-studied in other epithelia and has provided 

groundwork with which to study regulation of ENaC in taste, no other lab has yet shown 

the effects immunomodulatory elements can have on taste function. The power of 

sodium imaging is relevant when compared to the major caveat of patch-clamp 

recordings of electrical activity in isolated taste cells. While a powerful tool, measuring 

activity of isolated taste cells removes the organ of the taste bud as a signaling unit. It 

is currently unclear which type of taste cell transduces salt taste, or even if there is only 

one taste cell that sends information regarding salt taste. Sodium imaging in intact buds 

allows us to assess sodium transport in the polarized bud, not singular cells, and 

maintains cell-cell interactions, crucial for taste processing in vivo.

It is well known that intravenous injection of certain taste stimuli can cause a 

taste sensation to occur within the oral cavity as blood circulates; this technique was 

once used as a marker for cardiovascular integrity (Bradley and Mistretta 1971; Bradley 

1973). Intravasculature taste, described as far back as 1945 (Hartridge 1945), refers to 

taste sensation occurring from the basolateral side of the taste bud through circulating 

blood and vasculature of the taste epithelium, as opposed to taste sensation from the 

apical side of the taste bud, as occurs normally. It has been postulated that circulating 

blood causes tastes to occur during feeding, modulating food predilection based on 

what is present in blood. We propose that an increase in circulating cytokine levels, 

whether due to experimental model or infection and illness, affects taste bud function by 

binding basolateral receptors and inducing changes on the apical side, where tastants 

bind or enter through channels.
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Due to cytokine modulation of sodium transport at the periphery, it is very likely 

that a change in cytokine levels within the vasculature of the taste epithelium in vivo 

would result in changes in neural responses to sodium taste. This conclusion provided 

rationale for a model of inflammation affecting taste, providing definitive evidence that 

cytokines can directly modulate taste bud function.

4.2. IL -ip  rapidly increases ENaC-dependent sodium transport

Of particular note when observing the increase in sodium transport IL-ip causes 

is the effect that amiloride has on this increase. Even when sodium transport is 

increased to 2 0 % above a baseline of transport, amiloride is still able to downregulate 

sodium transport to levels observed without cytokine-dependent increases. When 

amiloride is applied and downregulation of sodium flux is observed, IL-1P does not 

overcome the block of ENaC, and no change in sodium flux is observed. This illustrates 

that IL-1p acts specifically on the ENaC salt-sensing path to increase sodium transport.

The increases observed here are independent of p38 MAPK regulation of ENaC. 

In alveolar epithelial cells, IL-1p can inhibit the promoter activity of ENaC-a via a p38 

MAPK-dependent mechanism (Roux et al. 2005), and inhibitors of p38 MAPK are 

commonly used to assess mechanisms of ENaC regulation in tissues. However, 

changes in ENaC expression due to hormones or cytokines typically take hours of 

exposure. For example, exposure of kidney cells in vitro to aldosterone caused a slow 

increase in amiloride-sensitive current over 3 hours, with mRNA expression of ENaC 

subunits not changing until 6  hours (Dijkink et al. 1999). Analysis of sodium channel 

expression in kidney following i.p. LPS injection was also done at time points greater 

than 6  hours post-injection (Schmidt et al. 2007). Therefore, it is unlikely that
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expression of ENaC is changing in the short time that IL-1(3 increases sodium flux in 

taste cells.

Due to the time scale in which IL-1f3 modulates sodium flux in vitro, it is likely a 

much faster mechanism of ENaC regulation taking place. These mechanisms include 

increasing open probability, or P0, or insertion of ENaC into the membrane from a 

subapical pool of ready channels, increasing ENaC number (N).

Protein kinase D, repetitive cAMP exposure, and activation of PIP3 have all 

shown to increase insertion of ENaC into the membrane within minutes of exposure, 

with the agreed-upon mechanism of increase being insertion of ready channels into the 

membrane or rapid recycling of ENaC (McEneany et al. 2007; Butterworth et al. 2005; 

Blazer-Yost et al. 2004). The rapidity of insertion on an apical side when stimulated 

basolaterally can be explained by thorough image capture of in vitro kidney cells during 

stimulation with insulin. Using GFP-tagged ENaC and a chimeric biosensor for PIP3, Dr. 

Blazer-Yost and colleagues found that upon application of insulin, PIP3 was formed from 

the inner leaflet of the plasma membrane, moved up the lateral membrane, past the 

tight junction, and into the apical membrane. This mechanism explains rapid signal 

transduction from application to the basolateral side with effects on the apical side.

PIP3 has been identified as the mechanism through which insulin activates ENaC in 

taste cells (Baquero and Gilberston 2011), making it a potential signaling molecule 

associated with rapid sodium flux change during stimulation with IL-1(3.

Protein kinase D (PKD) may also be involved in rapid trafficking of ENaC to the 

apical portion of polarized cells, as evidenced by studies by Dr. McEneaney and 

colleagues in kidney cell lines. In vitro data suggests that aldosterone activates PKD
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via a mineralocorticoid receptor with several outcomes, one of which is insertion of 

ENaC into the membrane (McEneany et al. 2007). Therefore, PKD should be 

investigated as a potential signaling component of IL-1 p-dependent modulation of ENaC 

in taste cells.

4.3. There is a third, novel path for sodium detection in the peripheral taste 

system.

Salty taste is the taste about which the least is known. Though ENaC is a well- 

established salt sensor in the peripheral taste system of rodents, little else is universally 

agreed upon regarding the amiloride-insensitive salt sensing paths. While TRPV1 

knockouts had no behavioral deficits compared to wild type, it has been implicated by 

electrophysiology, and it is apparent that sodium transport occurs through this channel 

(Lyall et al. 2005a, b; Lyall et al. 2010; Bevan et al. 2014). It is possible that genetic 

ablation of the channel was not enough to overcome the redundancy of sodium sensing, 

leading to no behavioral change. Regardless, TRPV1 has been discounted as a 

sodium-sensing path within rodents though it continues to be of interest in human 

sodium sensing.

Unexpectedly, applying two sodium channel blockers apically did not cause 

decreases in sodium transport to the level seen when no sodium is applied to the taste 

bud. In fact, only application of TNF-a caused a dramatic decrease in sodium transport 

to the level observed when no sodium was applied. When two sodium channel blockers 

were applied apically, a reduction in sodium transport was observed; however, applying 

TNF-a after the reduced sodium flux caused a further decrease. This suggests that
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there is at least one other path for sodium detection in the peripheral taste system as 

yet thoroughly investigated.

Dr. Lyall and colleagues, using a different ENaC blocker benzamil as well as the 

TRPV1 inhibitor capsazepine used here found that apical application of both sodium 

channel blockers caused a decrease in sodium flux to baseline, suggesting only two 

paths to sodium sensing in rodents. Though similar, the methodology in Dr. Lyall’s work 

is slightly different from ours. First, sodium flux represented by change in F490 in his 

studies is normalized to sodium-free Ringer’s on the basolateral side and control 

Ringer’s (150 mM Na) on the apical side. In our studies with sodium channel blockers, 

F490 was normalized to fluorescence elicited when control Ringer’s was applied both 

apically and basolaterally, maintaining the same osmolarity on either side of the 

epithelium. Therefore, our system perhaps elucidated a level of flux unobserved 

previously. Second, benzamil, or benzyl amiloride, is an ENaC blocker but also a 

sodium-calcium exchange blocker. It acts in much the same way as amiloride, 

physically occluding the pore, but is more potent than amiloride alone. For our 

experiments, amiloride was used to block ENaC to provide correlates to our in vivo 

studies. We note that a major aspect of Dr. Lyall’s study was ethanol modulation of 

TRPV1 and sodium flux, and therefore sodium flux during stimulation with both sodium 

channel blockers only was rarely discussed. Perhaps most importantly, Lyall and 

colleagues used the Sodium Green indicator, while we loaded polarized taste buds with 

the more sensitive dye CoroNa Green. We propose our precise methods of assessing 

cytokine modulation of sodium transport show that TNF-a acts to unmask a third, 

previously unknown sodium transport pathway in taste buds.
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As described earlier, sodium taste is complex. Other than ENaC, it is unclear 

what other sodium channels, constitutively active or gated, are involved in transducing 

salt taste. Adding to the complexity of salt taste is the potential of dual pathways: 

attractive or aversive. The duality of salt taste protects against overconsumption of 

sodium and maintains ion balance. High salt has been shown to recruit an aversive 

path associated with bitter-sensing cells, and researchers have suggested specific 

channels on taste cells recognize higher sodium to create signals that lead to aversion 

behavior (Oka et al. 2013). This furthers the intricacy of sodium recognition by taste 

cells and signaling of salt taste.

Voltage-gated sodium channels localized at the apical portion of taste cells have 

been investigated as potential members of transduction of taste. There are ten total 

members of the voltage-gated sodium channel family, and three have been localized to 

the apical portion of taste cells: SCN2A, SCN3A, and SCN9A. Researchers believe 

these channels may be involved in producing action potentials following the initial 

depolarizing signals from taste receptor activation (Gao et al. 2009). Interestingly, these 

voltage-gated sodium channels were found on cells associated with sweet, bitter, 

umami, and sour taste cell populations. However, it is unknown what specific taste cells 

transduce salt taste. It could be that initial depolarizing signals from an influx of positive 

cations through open sodium channels activate the voltage-gated sodium channels, 

transmitting information about salt taste. Amiloride-insensitive sodium channels need to 

be characterized within taste buds to further knowledge of sodium and salt taste.
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4.4. A model of inflammation modulates taste function.

While it was known that infection and inflammation can cause taste dysfunction 

in clinical reports or psychophysical studies, there has not yet been a model to illustrate 

the dramatic and acute effects that infection can have on taste function, though 

research has shown LPS can affect taste cell proliferation (Cohn et al. 2010).

Neural responses to sodium were increased in LPS-injected animals within 2 

hours. The higher neural responses to lower concentrations of sodium coincide with 

neural responses associated with aversive, high concentrations of sodium, suggesting 

that systemic infection causes an aversion to typically preferred concentrations of 

sodium during the acute phase of illness. In fact, behavioral experiments on LPS- 

injected animals have been done, and these animals were found to avoid NaCI (de 

Almeida et al. 2011). Prudency would dictate that behavior experiments comparing 

consumption of low-molarity NaCI between PBS- and LPS-injected animals, using the 

dose and serotype reported above, be completed prior to concluding an aversion takes 

place.

LPS can affect sodium transport in the gut (Ciancio et al. 1992). Within an hour 

of intravenous LPS injection (1.55 mg/kg), rats experienced a 61% reduction in colonic 

saline absorption, potentially contributing to the development of diarrhea. In this model, 

rats are losing sodium due to impaired absorption of the ion in the colon, and water 

follows the sodium ions, causing the animal to excrete both sodium and water. This 

study illustrates the modulation of sodium transport via inflammation and provides 

groundwork to suggest that modulation of sodium transport at the level of diet can also 

be changed.
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The timing of the experiments reported here coincide with the onset of fever- 

induced anorexia in high-dose (2 pg, 0111 :B4) LPS-injected mice. In studies of LPS 

and IL-1|3 injection, animals had reduced food intake beginning at an hour following 

injection, as soon as food was introduced (Elander et al. 2007). It is important to note 

that in this study, IL-1{3 induced anorexia via a microsomal prostaglandin E synthase-1 

(mPGES-1) mechanism while LPS did not. Also, nutritional state influenced pathways 

for immune signaling, as evidenced by pre-starvation of mPGES-1 knockouts having 

attenuated anorexia following induction of systemic inflammation. The change in neural 

responses to varied tastants in our study likely link to the behavior reported by Elander 

and colleagues.

As described in the introduction, differential regulation of adhesion molecules 

during sodium restriction occurs, and could provide a molecular basis for reduced 

sodium intake (Cavallin and McCluskey 2007b, a). If sodium is required for proper 

induction of VCAM-1 expression and macrophage entry following neural injury, it is 

possible that the opposite condition of avoiding dietary sodium during systemic infection 

causes expression of other adhesion molecules and subsequent entry of other immune 

cells, allowing for resolution of infection quickly. In essence, dietary sodium can act to 

differentially regulate expression of adhesion molecules and immune cell entry in 

various models of illness (injury or infection) for adequate healing, and while sodium is 

required for proper recovery following neural injury, perhaps it is detrimental during 

resolution of infection. This suggests that the potential aversive behavior to salt is a 

necessary trait to allow healing, discussed later in this section.
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Unexpected was the effect systemic inflammation had on neural responses to 

sucrose. However, this could be explained by modulation of the GPCRs responsible for 

recognizing sweet tastants. As noted before, responses to umami tastants were higher 

in LPS-injected animals. The GPCRs that bind umami and sweet tastants are of the 

T1R family, with umami being recognized by a heterodimer of T1R1+T1R3 and sweet 

being recognized by a heterodimer of T1R2+T1R3. Mouse neutrophils express the 

umami receptor T1R1/T1R3, and stimulation of those receptors induces chemotactic 

migration activation and inhibits LPS-induced inflammatory response (Lee et al. 2014). 

Therefore, our model of systemic inflammation may be acting on T1R3 receptors found 

not only on cells of the immune system but also those expressed within taste cells of the 

lingual epithelium, increasing sensitivity in T1R3. The small increase in neural 

responses to MSG in LPS-treated animals could also relate to the sodium component of 

the stimulus, though only the lower concentration was significantly elevated.

Fortunately, other umami tastants exist that do not contain sodium, for example, 

monopotassium glutamate (MPG). To ensure that inflammation-mediated taste 

changes are specific to the sodium in MSG, neural responses to MPG should be 

assessed in the future.

It is important to note that circulating cytokine levels did not predict increased

neural responses. TNF-a was significantly elevated compared to PBS controls, while

IL-1 p levels remained low in both PBS- and LPS-treated animals within 2 hours of

injection. Initial in vitro data would suggest that IL-1 (3 should be increased compared to

TNF-a in order to overcome the dramatic decrease in sodium flux TNF-a causes in the

level of the taste bud. However, when both cytokines were applied basolaterally in vitro
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(5.0 ng/ml IL-1 (3 and 10.0 ng/ml TNF-a), sodium flux was increased. This suggests that 

taste cells are more sensitive to IL-1 (3, overcoming the decrease in flux that TNF-a 

causes. The increased sensitivity to IL-1 p of taste cells could have a multitude of 

causes. Taste cells might have a higher number of IL-1 (3 receptors available on the 

basolateral side through which the cytokine can signal. Perhaps the signaling cascade 

induced by IL-1|3 prevents TNF-a from decreasing sodium flux. There might also be 

other cytokines affecting sodium transport at the level of the bud, causing increased flux 

in taste cells and increased neural responses in vivo. The data presented here suggest 

modulation of ENaC in the taste system is complex and warrants further study.

The increase in neural responses to sucrose may also be explained via 

evolutionary biology. It is possible that the increased neural response to sucrose, a 

hedonic value associated with energy-rich foods, during a model of systemic infection 

could be a protective effect of the body, evolved to consume and store energy during 

onset of inflammation in preparation for illness. This would also lend credence to the 

hypothesis that an increased neural response to umami tastants, often found in protein- 

rich foods, is partly due to evolutionary biology.

“Sickness behavior” is an adaptive syndrome of behavioral and physiological 

alterations of animals coping with infectious pathogens. Symptoms of sickness 

behavior include reduced activity, feeding, and drinking. Dr. Robert Dantzer writes 

extensively about cytokine and inflammation-induced sickness behavior. He postures 

that sickness behavior is an organized strategy of an ill organism to fight infection, that 

the symptoms of malaise, fatigue, muscle and joint aches, and reduced appetite
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associated with illness are in fact part of the defense against furthering illness and can 

promote a positive health outcome (Dantzer 2001; Dantzer et al. 2008; Dantzer 2009).

Anorexia can be caused by cytokine immunotherapy as treatment to cancer and 

viral and bacterial infections. While individual cytokine injection has been found to 

cause taste disorders in humans, treatment can also cause endogenous cytokine 

production, further complicating the role of cytokine therapy and its effects on taste 

(Plata-Salaman 1998, 1996). Chronic hepatitis C patients treated with IFN-a 2B and 

ribavirin, an antiviral, have decreased sensitivity to sweet and salt and described bitter 

as being more unpleasant than designated prior to therapy (Klimacka-Nawrot et al. 

2010). The work presented here helps explain how taste changes occur in humans 

during illness as well as treatments. These data will be helpful in discovering solutions 

to taste changes that lead to poor health outcomes in a variety of patients, as well as 

increase quality of life in our increasingly aged population.

4.5. Future Directions

In addition to the contributions in understanding inflammation-mediated taste 

changes this work provides, we also elucidate additional avenues of research.

In animals with neural injury, it is possible that later changes in ENaC expression 

compliment rapid changes in ENaC function, leading to reduced neural responses in 

vivo. Expression studies of ENaC following neural injury may help elucidate whether 

regulation is occurring at the gene or transcript level. The time-course in which this 

change in salt taste occurs, 24 hours, can be explained by a change in expression, 

which takes about 6 hours.
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Of clinical interest, expression studies of ENaC in taste cells should also be 

conducted following long term-exposure of cytokine. While our results indicate 

cytokines can behave quickly following acute application, cytokine therapy in humans 

shows that long-term taste changes also occur. Related to this future study, a time- 

course of neural responses to tastants, as well as behavior and circulating cytokine 

levels should be assessed following induction of systemic infection. Though not 

reported here, preliminary recording data showed a rapid return of sodium responses to 

within normal ranges 8 hours following induction of inflammation. This experiment 

would also allow for further understanding of whether dietary changes are necessary for 

appropriate conclusion of infection.

To qualify the change in neural responses during systemic inflammation as 

aversive for salt and increasingly attractive for umami and sweet, behavior experiments 

should be conducted to accurately document how infection changes taste preferences. 

Characterization of immune responses within the tongue during the period of proposed 

altered behavior will also be helpful in understanding why taste changes occur, whether 

due simply to vascular changes on the basolateral side with subsequent attenuations on 

the apical side of taste cells, or a feature in the grander scheme of sickness behavior, 

allowing for proper resolution of illness.
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5. Summary

Taste is the sense that allows for consumption of nutrients and avoidance of 

harmful toxins. In a broader sense, taste and flavor are deeply tied to quality of life and 

enjoyment. Inflammation-mediated taste changes are well-documented and can affect 

health outcomes, but very little is known about the mechanisms behind these changes. 

The work presented here provides evidence of direct effects on taste bud function by 

cytokines, sodium flux at the periphery as a mechanism for reduced neural responses to 

sodium, and a model of systemic infection that changes taste. We found that reduced 

sodium transport on the intact side of the tongue following neighboring neural injury is 

responsible for the decrease in neural responses in rodents in vivo. We also found that 

the proinflammatory cytokines IL-1 (3 and TNF-a can directly affect sodium flux in taste 

buds, suggesting potential modulation of neural responses to sodium in vivo.

Established in this report is a model for studying taste changes in infection and 

inflammation. Challenge with endotoxin systemically caused increases in neural 

responses to sodium, similar to those associated with aversion, as well as to the 

naturally attractive tastants of umami and sweet. Measuring circulating cytokine levels 

during this acute phase of inflammation demonstrates the complex regulation of taste 

during illness. These data suggest that infection can potentially modulate food 

predilection in ill animals during acute onset of inflammation, and our model will be 

valuable to the field as the mechanisms underlying taste changes during illness and 

aging are elucidated.
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