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ABSTRACT 

 

For my dissertation, I used whole nerve and single-cell recording methods to investigate the 

influence of organic anions and organic acids on sodium responses by the chorda tympani 

nerve (CT) that innervates taste buds on the anterior tongue.  For single cell recording, I 

focused on the responses of NaCl-specialist and acid-generalist neurons, the two major neuron 

types of the chorda tympani with robust salt sensitivity.  To assess the influence of organic 

anions on sodium responses (Chapter 2), I examined the responses of the whole nerve and 

both neuron types to a broad concentration range of NaCl (an inorganic salt) and Na gluconate 

(an organic salt).  The CT nerve responded better to NaCl than to Na gluconate at each 

concentration; however both salts were differentially represented by NaCl-specialist and acid-

generalist neuron types.  In particular, I showed that NaCl specialists responded to sodium salts 

with short-response latencies and high-response frequencies—spike latency and spike 

frequency were virtually unaffected by the large organic anion, gluconate.  Responses to NaCl 

in NaCl specialists were attenuated by application of benzamil, indicating that they respond to 

sodium via apical epithelial sodium channels (ENaCs).  In contrast, acid generalists responded 

to sodium salts with longer-response latencies and lower-response frequencies than their NaCl 

specialist counterparts—gluconate severely attenuated spike frequency and increased spike 

latency.  NaCl responses in acid generalists were unaffected by benzamil or SB366791, 

indicating that they do not respond to sodium via ENaCs or via transient receptor potential 

vanilloid receptor 1 (TRPV1) channels, respectively.  Interestingly, humans report that Na 

gluconate tastes less salty and they recognize it more slowly than NaCl, similar to the response 

characteristics of acid-generalist neurons.  It is possible that the receptor mechanism(s) of acid 

generalists is functionally conserved in humans but this awaits future investigation.   

To assess the influence of an organic acid (Chapter 3) on sodium responses, I examined 

the responses by the whole nerve and by both neuron types to a broad concentration range of 

acetic acid, NaCl, and mixtures of NaCl with acetic acid.  I showed that the rat CT nerve and 

acid-generalist neurons responded in a concentration-dependent manner across the entire 

range of acetic-acid concentrations.  Acid-generalist neurons responded with progressively 

increasing spike frequency and decreasing spike latency as acetic acid concentration increased.  

NaCl-specialist neurons were virtually unresponsive to acetic acid.  Interestingly, CT nerve 

responses to acetic acid/NaCl mixtures were less than the sum of responses to each stimulus 

component, indicating that either acetic acid or NaCl decreased the responses of the other.  In 
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NaCl specialists, responses to NaCl/acetic acid mixtures were less than the sum of responses 

to each component, but there was no apparent concentration dependent effect of acetic acid 

evoked inhibition.  In contrast, responses to acetic acid/NaCl mixtures in acid generalists were 

additive, equal to the sum of responses to each stimulus component.  Together, results from 

both studies indicate that NaCl specialists respond to sodium salts through apical ENaCs and 

are attenuated with acetic acid, whereas acid-generalists responded to sodium salts and acetic 

acid through separate mechanisms whose origins are still largely unknown.  The pronounced 

“anion effect” in acid generalists indicates that this unknown receptor site is not apical, rather it 

is most likely located deeper within the epithelium—below the tight-junctional barrier.    
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

 

The sense of taste functions as an instrument, detecting and discriminating nutrients from 

toxins to serve ingestion and protect the organism from harm, respectively.  Specialized-

epithelial cells (receptor cells) within taste buds are responsible for detecting the nutrients and 

toxins that enter the oral cavity.  Although three nerves innervate the taste buds on the tongue 

and palate of the oral cavity, the focus of this dissertation is on the chorda tympani nerve (CT), a 

branch of the facial nerve (cranial nerve VII), that innervates taste buds within the mushroom-

like fungiform papillae on the anterior tongue.  The cell bodies of the individual CT nerve fibers 

group together to form the geniculate ganglion located near auditory and vestibular organs 

buried deep within the petrosal bone of the cranial floor.  While my work focuses on the CT 

nerve (innervating fungiform papillae), much more is known about the signal processing 

characteristics of taste-bud cells within the circumvallate papillae (trench-like) of the posterior 

tongue (Herness and Chen 1997; Herness et al. 2002; Huang et al. 2006; Huang et al. 2009; 

Huang et al. 2007; Roper 2006; Tomchik et al. 2007).  Because the two taste fields have many 

similar characteristics in terms of cell types and transduction mechanisms (Huang et al. 2006; 

Kataoka et al. 2008; McLaughlin et al. 1992; Takeda and Hoshino 1975), I will cautiously use 

literature from both receptive fields to draw conclusions about my work.   

Sodium-Taste Transduction and Afferent-Neuron Types 

Sodium is an essential-elemental nutrient and therefore must be consumed to ensure 

survival.  Sodium chloride (NaCl) is a natural form of the sodium salt and is highly prevalent in 

the ocean and in adequate amounts in animal tissue but is scarce in most land-based plant life.  

With such scarceness of the mineral on land, the taste system of land-based animals, 

particularly herbivores and omnivores, such as rats, have evolved to detect (Boudreau 1983; 

Boudreau et al. 1977) and discriminate this nutrient from other chloride salts, such as potassium 

chloride (KCl), and ammonium chloride (NH4Cl).  In contrast, carnivores do not have such an 

exquisitely sensitive salt-detection system (Boudreau and Alev 1973; Boudreau et al. 1971), 

since they receive adequate sodium intake from consuming their prey.   

NaCl evokes a salty-taste sensation, one of five basic-taste qualities.  Electrophysiological 

recordings show that the CT nerve is highly sensitive to salt solutions, particularly sodium-salt 
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solutions.  A large portion of the NaCl response in the rat CT (~70–80 %) is attenuated with 

epithelial sodium channel (ENaC) antagonists, such as amiloride or benzamil, indicating that 

ENaC is the principle ion channel for sodium-taste transduction (Heck et al. 1984).  

Interestingly, NaCl activates more than one type of CT neuron and the mechanisms underlying 

sodium transduction are unique to neuron type.  CT-nerve fibers or CT-cell bodies in the 

geniculate ganglion that respond nearly exclusively to NaCl solutions, deemed N units or NaCl 

specialists, are strongly attenuated with amiloride or benzamil (Breza et al. 2010; Hettinger and 

Frank 1990; Lundy and Contreras 1999; Ninomiya and Funakoshi 1988); however, there is a 

separate population of NaCl-responsive neurons in the rat CT that are unaffected by amiloride 

or benzamil, indicating that these neurons do not express an ion channel of the ENaC family.  

Neurons of the latter type respond broadly to cation salts such as NaCl, KCl and NH4Cl, and 

respond robustly to Brønsted-Lowry acids (Boudreau 1983).  Accordingly, these neurons are 

often referred to as H units or acid generalists.  It is possible that NaCl responses in this neuron 

type are attenuated by transient receptor potential vanilloid receptor 1 (TRPV1) antagonists, 

based on hypotheses from CT nerve investigations (DeSimone et al. 2001; Lyall et al. 2004; 

Lyall et al. 2005), but this remains to be tested and determined. 

Behavioral studies in rats have shown that the CT nerve is involved in taste discrimination of 

NaCl from potassium chloride (KCl).  Indeed, bilateral transection of the CT severely impaired 

rat’s ability to discriminate NaCl from KCl solutions (Spector and Grill 1992).  Bilateral 

transection of the CT nerve results in bilateral degeneration of fungiform taste buds (St John et 

al. 1995), thereby disrupting the normal circuitry of fungiform taste bud cells with CT afferents.  

Notably, discrimination performance of NaCl from KCl is positively related to the number of 

fungiform taste buds (St John et al. 1995).  This is indeed surprising, since fungiform-taste buds 

comprise only 13% the total amount of taste buds in the oral and laryngeal epithelium (Spector 

and Travers 2005), but these data provide an important link between taste-bud type and salt 

taste-behavior.   

It is clear from behavioral studies that fungiform-taste buds in communication with CT 

afferents are important for discrimination of NaCl from KCl, but it was unclear whether a given 

receptor or neuron type was necessary for this specific type of discrimination.  To assess the 

role of NaCl specialists in NaCl/KCl discrimination, amiloride was added to salt taste solutions 

and animals were evaluated psychophysically (Spector et al. 1996).  Amiloride decreased 

discrimination performance in a concentration dependent manner, suggesting that suppression 

of ENaCs and attenuation of NaCl-specialist neurons systematically altered salt-taste 
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perception.  Importantly, rats and mice are unable to detect amiloride, making it a powerful tool 

for taste physiology and taste-mediated behavior.  Currently, such tools do not yet exist for the 

amiloride-insensitive pathway.  In fact, the effect of TRPV1 antagonists on salt-taste behavior 

have been virtually ineffective (Guenthner et al. 2008; St John and Hallagan 2005), but unlike 

amiloride, which is tasteless to rats (Eylam et al. 2003), some TRPV1 antagonists evoke taste 

sensations of their own (St John and Hallagan 2005), making the results difficult to interpret.  As 

a result, the role of the acid-generalist neurons in salt-taste behavior is not well understood. 

Anion Effect 

Tight junctions limit the mobility of ions and molecules between epithelial cells.  In taste 

epithelia this limits (particularly large ions), but does not eliminate, the flow of ions between 

cells.  Because the resting membrane potentials of epithelial cells are electronegative and ion 

passage between cells is rather limited, the majority of sodium ions diffuse through sodium 

channels on the apical membrane of taste-bud cells, deemed the transcellular pathway (Ye et 

al. 1991; 1994; 1993).  Amiloride, and its more specific analog benzamil, are virtually 

impermeable to tight junctions, due to their size.  Therefore attenuation of sodium responses by 

ENaC antagonists in the rat CT is due, in large part, to blockade of apical ENaCs (Ye et al. 

1994; 1993).   

As mentioned previously, there is evidence for an additional salt-transduction mechanism 

that is nonselective to cation salts and is unaffected by topical application of ENaC antagonists.  

This salt-sensing mechanism appears to be located below tight junctions, as indicated by 

electrophysiological studies, since salts with large-organic anions are less effective than NaCl in 

the rat CT nerve (Ye et al. 1991).  Chloride is a relatively small-inorganic anion and passes 

between tight junctions, thereby facilitating electroneutral diffusion to receptor sites deep within 

the epithelium.  Large anions such as gluconate are impermeable to tight junctions thereby 

decreasing the electroneutral diffusion of sodium ions to receptor sites below tight junctions.  As 

a result, gluconate attenuates sodium responses in the amiloride-insensitive pathway, whereas 

the amiloride-sensitive pathway was largely unaffected (Ye et al. 1993).   

A single-fiber study of the hamster CT showed that sodium responses in N-units were 

largely unaffected by the large-acetate anion, whereas sodium responses H-units were 

profoundly attenuated by acetate (Rehnberg et al. 1993).  Notably, this physiological response 

profile has not been shown in rats; however a psychophysical study in rats with NaCl and Na 

gluconate showed promising similarities between the two species (Geran and Spector 2000b).  

In this behavioral study, detection thresholds were determined with NaCl and Na gluconate with 
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and without amiloride.  The results showed that detection thresholds for NaCl and Na gluconate 

were nearly identical in the amiloride-sensitive pathway, but Na gluconate severely 

compromised the performance of the amiloride-insensitive pathway.  Amiloride shifted the 

detection thresholds for NaCl and Na gluconate indicating that apical ENaCs are more sensitive 

to low concentrations of sodium.  The notion is that the transcellular pathway is necessary for 

detection of low concentrations of sodium and is indeed an apical-transduction pathway.  If this 

is true, then one would expect that response latencies from gustatory neurons innervating taste 

cells with apical ENaCs will have shorter latencies than neurons innervating taste cells with 

receptor sites deeper within the epithelium.  Such a result would have powerful implications for 

salt coding since animals appear to be able to recognize a salt solution within 600 ms after 

contact with a drinking spout (Halpern and Tapper 1971). 

In 2010, my colleagues (Dr. Contreras, Dr. Nikonov) and I showed that NaCl-specialist 

neurons of the rat geniculate ganglion responded to NaCl with shorter response latencies than 

acid-generalist neurons (Breza et al. 2010).  To determine response latency, it was imperative 

that stimulus onset (arrival of taste solutions) was accurately determined.  To accomplish this 

important undertaking, we developed a technique (Electrogustogram; EGG) where summated 

potentials from the anterior tongue were measured in conjunction with single-cell recordings 

from the rat geniculate ganglion.  As will be shown in the following chapters, the finding that 

NaCl specialists and acid generalists had unique response latencies triggered my interest in 

exploring the response characteristics and mechanisms of sodium-taste responses in NaCl 

specialists and acid generalists.   

Modulation of NaCl Responses by Intracellular pH 

 The rat CT nerve is responsive to strong and weak acids, but there is a poor correlation 

between the pH of the solution and the magnitude of the CT response.  In fact, CT nerve 

responses to weak acids (e.g. acetic acid) are greater than those to strong acids (e.g. HCl) at 

the same pH (Lyall et al. 2001).  This is due, in large part, to the permeability of weak acids 

across the plasma membrane.  Weak acids permeate the membrane, then dissociate inside the 

cell and lower intracellular pH, exciting a subpopulation of fungiform (Lyall et al. 2001) and 

circumvallate (Huang et al. 2008) taste-bud cells.  Interestingly, weak acids decrease 

amiloride/benzamil-sensitive NaCl responses in the rat CT nerve (Lyall et al. 2002).  This 

implies that decreases in intracellular pH decrease ENaC channel activity (Lyall et al. 2002), as 

is the case in heterologous expression systems (Chalfant et al. 1999), but this process has not 
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been tested at the single-unit level.  Thus, it is unknown whether intracellular pH differentially 

modulates NaCl responses in NaCl-specialist and acid-generalist neuron types. 

Fungiform Cell Types: connections with Chorda Tympani Afferents 

Type I taste cells, originally thought to be supporting cells (Pumplin et al. 1997), have 

amiloride-sensitive currents (Vandenbeuch et al. 2008), indicating that they express functional 

ENaCs.  Type III cells, deemed presynaptic cells, have functional synapses with afferent nerve 

fibers and express a proton-sensitive channel of the transient receptor family of ion channels, 

PKD2L1 (Horio et al. 2011; Huang et al. 2006; Ishimaru et al. 2006).  These cells respond well 

to citric acid, acetic acid, and KCl.  Deletion of these cells results in abolished sour-taste 

responses (Huang et al. 2006).  Interestingly, cells of this type have also been shown to 

communicate with neighbor receptor cells via paracrine signaling, including but not limited to 

serotonin, norepinephrine, and ATP (Herness and Chen 1997; Herness et al. 2002; Huang et al. 

2008; Huang et al. 2007; Roper 2006; Tomchik et al. 2007).  Paracrine signaling is also a crucial 

step in communication of taste-bud cells with afferent fibers.  Indeed, mutant mice lacking the 

ATP receptor have abolished taste function (Finger et al. 2005).  Thus, the taste bud functions 

as a receptor organ in the transmission of chemosensory stimuli to afferent-nerve fibers. 

NaCl-specialist neurons are the only known neuron type inhibited by ENaC antagonists 

(Breza et al. 2010; Hettinger and Frank 1990; Lundy and Contreras 1999; Ninomiya and 

Funakoshi 1988).  It is reasonable to assume that NaCl-specialist neurons are in communication 

with Type I cells, albeit directly (stimulus-receptor cell-afferent neuron) or indirectly (stimulus-

receptor cell-presynaptic cell-afferent neuron).  Given the specificity of the NaCl-specialist 

neuron type to sodium salts, it is more likely that responses in these neurons are not 

communicated through presynaptic cells, since Type III cells are broadly responsive.     

Acid generalists are responsive to citric acid, NaCl, KCl and NH4Cl.  Based on this response 

profile, it is reasonable to assume that these neurons are in contact with Type III cells.  Indeed, 

these neurons are broadly tuned to taste stimuli, indicating that, they receive information from 

neighboring taste cells, express multiple types of receptors, or a single receptor is broadly 

responsive to taste stimuli.  Recently, a variant of the transient receptor potential family, 

vanilloid receptor 1 was implicated in amiloride-insensitive responses to Na+, K+, NH4
+, and Ca2

+ 

salts (Lyall et al. 2004), but these studies have never been tested in single units and it is 

unknown whether this ion channel is expressed on Type III cells.  

Purpose 
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 The purpose of these studies are to 1) characterize the response profiles (frequency and 

latency) of NaCl and Na gluconate salts and acetic acid in NaCl-specialist and acid-generalist 

neurons (Chapter 2); 2) determine whether the TRPV1 ion channel is the receptor mechanism 

for NaCl responses in acid generalists (Chapter 2); and 3) determine whether acetic acid 

modulates NaCl responses in NaCl-specialist and acid-generalist neurons (Chapter 3).   

 Although sodium is an essential nutrient, ingesting too much sodium can increase the risk of 

hypertension and stroke (Gleiberman 1973; James et al. 1987; Mancilha-Carvalho et al. 1989; 

Page 1976).  Since the early 1970s to 2000, sodium intake has increased by nearly 55% (Briefel 

and Johnson 2004).  This is due, in large part, to increased ingestion of processed foods 

(canned and packaged), particularly in industrialized countries (James et al. 1987). Many of 

these processed foods contain sodium salts with large-organic anions and organic acids, which 

are thought to decrease salt-taste intensity in humans.   

Results from both chapters provide critical information regarding the modulation of sodium 

responses in salt-sensitive neurons types and provide theoretical interpretation of functional 

connections between CT neurons and fungiform taste-bud cells.   
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CHAPTER TWO 

ANION SIZE MODULATES SALT TASTE IN RATS 

 

INTRODUCTION 

Salt-taste detection depends upon two salt-sensing transduction pathways that involve 

specialized membrane channels on the surface of fungiform taste bud cells in rats.  One is the 

well-documented epithelial sodium channel (ENaC) that is selective for the sodium cation and 

can be blocked pharmacologically by amiloride.  The other is not well understood in the rodent 

taste system but has recently been hypothesized to be a variant of the nonspecific-cation 

channel of the transient receptor potential (TRP) family, TRPV1t (Lyall et al. 2004), which is 

broadly receptive to several cations, sodium as well as potassium, calcium, and ammonium.  

These two salt-sensing pathways in fungiform taste bud cells communicate with two divergent 

afferent neuron groups in the chorda tympani nerve.  Narrowly-tuned NaCl-specialist neurons 

respond with high spike rate selectively to sodium (and lithium) salts and little if at all to other 

salts or other basic taste stimuli.  Furthermore, ENaC antagonists attenuate NaCl responses of 

NaCl-specialist neurons but not the NaCl responses of other neuron groups (Breza et al. 2010; 

Hettinger and Frank 1990; Lundy and Contreras 1999; Ninomiya and Funakoshi 1988).  

Compelling behavioral studies in rats with amiloride (Spector et al. 1996) and in conditional 

ENaC knockout mice (Chandrashekar et al. 2010) demonstrate the critical involvement of the 

ENaC salt-sensing pathway for sodium discrimination.  In contrast to NaCl-specialist neurons, 

broadly-tuned neurons of the chorda tympani nerve respond with high spike discharge rates to 

NaCl, KCl and NH4Cl as well as to other basic taste stimuli (Contreras and Lundy 2000; Lundy 

and Contreras 1999).  It is possible that TRPV1t may be involved in salt-sensing by broadly-

tuned neurons, but it has yet to be explored.   

It is generally accepted that the positively charged cation is the active stimulus in salt-taste 

transduction, but the negatively charged anion also influences the spike discharges of afferent 

neurons.  In fact, the amplitude of the rat chorda-tympani nerve response to sodium was 

progressively smaller as the size of the anion became larger (Beidler 1954; Elliott and Simon 

1990; Ye et al. 1991; 1993).  Rehnberg, et al. (1993) showed that this ‘anion effect’ may be a 

characteristic of the nonselective salt-sensing pathway.  They found that narrowly-tuned NaCl-

best fibers of the hamster chorda tympani nerve responded with similar spike rate to NaCl and 
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Na acetate, whereas broadly-tuned generalist neurons responded at a lower spike rate to Na 

acetate than to NaCl.  The suggestion is that anion size influences the salt-intensity signal 

conveyed by the nonselective salt-sensing pathway and not the selective salt-sensing pathway.  

This was confirmed in a behavioral study conducted by Geran and Spector (2000) who showed 

that anion size reduced performance on a sodium detection task with amiloride when rats had to 

rely on the nonselective pathway, but not without amiloride when they could rely on the selective 

pathway.  It is notable, that human subjects, whose salt-sensing taste system seems to possess 

a non-amiloride nonselective pathway (Ossebaard and Smith 1996; 1995), report that sodium 

solutions taste less intense (van der Klaauw and Smith 1995) and they recognize the salt-taste 

quality of sodium solutions more slowly (Delwiche et al. 1999) when the accompanying anion is 

large instead of small (van der Klaauw and Smith 1995).  These findings relate directly to 

human health and disease, especially salt-induced hypertension, because processed foods 

consist of large anion-containing organic sodium salts (James et al. 1987) that serve as food 

stabilizers and preservatives.  Consequently, people who subsist on a diet rich in processed 

foods are less able to recognize its sodium level and may compensate by adding even more salt 

to their diet thereby further increasing the risk for hypertension and stroke (Gleiberman 1973; 

James et al. 1987; Mancilha-Carvalho et al. 1989; Page 1976). 

Although much is known about the salt-sensing pathways of the taste system, there is also 

much that remains to be explored and determined.  As noted above for the nonselective 

sodium-sensing pathway, the evidence for TRPV1t as a salt transduction mechanism is far from 

compelling and no one has investigated the effect of TRPV1t antagonists on the salt responses 

of broadly-tuned neurons.  I, therefore, examined the influence of selective pharmacological 

antagonists of TRPV1t on sodium responses of narrowly-tuned and broadly tuned neurons.  

Rehnberg and his colleagues (1993) showed that broadly-tuned fibers of the hamster chorda 

tympani mediated the anion effect.  In the present study, I determined whether the anion effect 

is a feature of sodium-specific or broadly-tuned neurons in rats.  

Perhaps no stronger link exists between the physiology of the rodent taste system and 

behavior as there is between the sodium-selective pathway and sodium ingestion (Contreras & 

Lundy, 2000).  The response characteristics and pharmacology of the sodium-selective pathway 

match logically and predictably with those of sodium intake behavior with at least one exception 

regarding temporal resolution.  Behaviorally, rats discriminate taste quality and intensity within 

600 ms of tasting the solution (Halpern & Tapper, 1971), while most electrophysiological 

investigations ignore the immediate phasic discharges after stimulation and focus more on 
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delayed tonic discharges.  Recently, we introduced (Breza et al. 2010) a novel method 

(electrogustogram; EGG) for marking the time when the stimulus contacts the lingual surface to 

obtain accurate measurement of immediate neural responses.  With this method, we showed for 

single neurons in the geniculate ganglion that response latency (first spikes after stimulation) 

was as good a barometer of stimulus quality and intensity as response frequency.  Single 

neurons responded with short latency and high frequency to their best stimulus, and response 

frequency increased and response latency decreased with an increase in stimulus 

concentration.  This demonstrates that much of the information on stimulus quality and intensity 

is present early on during the phasic portion of the response.   

Accordingly in the present study, I recorded integrated responses from the whole chorda 

tympani nerve and single-cell spike discharges from the geniculate ganglion to a battery of taste 

solutions representing the four basic taste qualities, and to concentration series of NaCl and Na 

gluconate.  In addition, I examined the inhibitory effects of ENaC and TRPV1 antagonists on 

sodium responses of narrowly-tuned NaCl specialists and broadly-tuned acid-generalist 

neurons.  Single cell responses were examined in detail especially between 500–1000 ms to 

compare with behavioral experiments (Geran and Spector 2000b) and longer recording intervals 

(5 s) for consistency with our own prior single unit analyses (Breza et al. 2007; 2006; Breza et 

al. 2010; Lundy and Contreras 1999) and with those in the literature (Geran and Travers 2006; 

Smith and Travers 1979; Sollars and Hill 2005).  Additionally, I analyzed EGG waveforms and 

compared them to the solution conductances to address whether the EGG could provide insight 

into interactions of taste solutions with the lingual epithelium. 

METHODS 

Animals, Surgery, and Recording Techniques 

Animals and surgery.  Adult male Sprague-Dawley rats (Charles River Laboratories; n = 

27) weighing 299–450 g were housed individually in plastic cages in a temperature-controlled 

colony room on a 12–12 h light-dark cycle with lights on at 0700 h.  Rats were anesthetized with 

urethane (1.7 g/kg body wt), tracheostomized, and secured in a non-traumatic head holder.  For 

CT preparations (n = 17), rats were placed in a custom made brass head holder which could be 

rotated for the nerve dissection.  The whole CT nerve was exposed by a mandibular approach, 

transected proximally, and desheathed for recording.  For single unit experiments, rats (n = 10) 

were placed in a stereotaxic instrument with blunt ear bars.  The geniculate ganglion was 

exposed with a dorsal approach (Breza et al. 2007; 2006; Breza et al. 2010; Lundy and 

Contreras 1999) .  Each rat's tongue was gently extended and held in place by a suture 
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attached to its ventral surface.  Body temperature was maintained at 37°C with a custom made 

(Paul Hendrick; FSU) heating pad and temperature controller.   

Recording Techniques 

Electrogustogram (EGG).  The EGG was recorded in vivo with Ag/AgCl electrodes by 

means of saline-agar-filled capillary pipettes (Ø 100 µM, 0.15 M NaCl, 0.5% agar).  The active 

electrode (negative polarity) was placed near the receptive field, and an indifferent electrode 

(positive polarity) made contact with muscle on the neck.  The electrode with negative polarity 

was used as the active electrode so that an increase in conductance (voltage drop) from 

electrolyte solutions (NaCl, Na gluconate, QHCl, and KCl) resulted in upward deflections.  The 

signal was amplified (DC × 50; A-M Systems, Sequim, WA), digitized with waveform hardware 

and software (Spike 2; Cambridge Electronic Design, Cambridge, England), and stored on a 

computer for off-line analysis. 

Chorda tympani nerve.  The Chorda Tympani nerve was cut near its entrance into the 

tympanic bulla, draped over a platinum wire hook (positive polarity), and the entire cavity was 

then filled with high quality paraffin oil (VWR) to isolate the signal from ground and maintain 

nerve integrity.  An indifferent electrode (negative polarity) was attached to the skin overlying 

the cranium with a stainless steel wound clip.  Neural activity was differentially amplified (AC × 

10,000; A-M Systems, Sequim, WA, bandpass 300–5,000 Hz), observed with an oscilloscope, 

digitized and stored as described above. 

Geniculate ganglion.  Low impedance (1.1–1.5 MΩ) glass-insulated tungsten 

microelectrodes (tip Ø 1 µm) were mounted on a stereotaxic micromanipulator (Siskiyou Design 

Instruments; Grants Pass, OR) and advanced downward from the dorsal surface of the 

ganglion.  Unit/few unit activity was recorded extracellularly (criteria 3:1 signal to noise ratio).  

An indifferent electrode (negative polarity) was attached to the skin overlying the cranium with a 

stainless-steel wound clip.  Neural activity was amplified (AC × 10,000; A-M Systems, Sequim, 

WA, bandpass 300–5,000 Hz), observed with an oscilloscope, digitized and stored as described 

above. 

Stimulus Delivery and Stimulation Protocols 

Solutions were presented to the tongue at a constant flow rate (50 µl/s) and temperature 

(35°C ± 0.3) by an air-pressurized 32 channel commercial fluid-delivery system (16 channels for 

the present study) and heated perfusion cube (OctaFlow; ALA Scientific Instruments, 

Farmingdale, NY), respectively.  The flow rate, temperature, and rinse composition were 

essentially identical to our recent geniculate ganglion study (Breza et al. 2010), except that we 
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reduced the dead volume in the delivery tube from 250 to 25 µl.  This resulted in a more abrupt 

change in stimulus quality and concentration from rinse to stimulus without introducing tactile or 

thermal artifacts, as switching between solutions reservoirs containing artificial saliva did not 

affect EGG (Table 2.1) or CT nerve (Figure 2.2) responses.  All solutions and pharmacological 

reagents were reagent grade and purchased from VWR International or Sigma Aldrich.  Artificial 

saliva (0.015 M NaCl, 0.022 M KCl, 0.003 M CaCl2,
 and 0.0006 MgCl2; pH 5.8 ± 0.2) served as 

the rinse solution and solvent for all stimuli.  I tested CT-nerve responses to 5-s applications of 

0.3 M NH4Cl, 0.5 M sucrose, 0.03–0.5 M NaCl, 0.01 M citric acid, 0.02 M quinine hydrochloride 

(QHCl), 0.1 M KCl, 0.03–0.5 M Na gluconate, 1 and 5 µM benzamil HCl + 0.1 M NaCl, 1 and 5 

µM SB-366701 + 0.1 M NaCl, 0.1 % DMSO (vehicle for SB-366791) + 0.1 M NaCl, and to 0.2 

and 2 mM of Cetylpyridinium chloride (CPC) + 0.1 M NaCl.  CPC is water soluble and has 

shown to modulate the amiloride-insensitive component of sodium taste (DeSimone et al. 2001), 

and therefore was used in addition to SB-366791 for control purposes (solubility).  Benzamil and 

SB-366791 were used to access the contribution of ENaC and TRPV1 channels, respectively.  

SB-366791 is a lipophilic compound, and therefore was dissolved in 100% DMSO (10 mM stock 

solution), and then diluted to a final concentration of 1 and 5 µM immediately before use.  The 

final concentration of DMSO for both SB-366791 solutions was 0.1%.  Additionally, I tested CT-

nerve responses to 60-s applications of 0.1 M NaCl (control), 1 and 5 µM benzamil + 0.1 M 

NaCl, 1 and 5 µM SB-366701 + 0.1 M NaCl, and to 0.2 and 2 mM of CPC + 0.1 M NaCl, 5 µM 

benzamil + 1 or 5 µM SB-366701 + 0.1 M NaCl, and to 5 µM benzamil + 0.2 or 2 mM of CPC + 

0.1 M NaCl for consistency with experiments in the literature (DeSimone et al. 2001; Lyall et al. 

2004; Lyall et al. 2005).  Because benzamil, SB-366791, and CPC are light sensitive, I wrapped 

reservoirs containing these compounds in aluminum foil throughout the duration of the 

experiment.  Stock solutions of benzamil and SB-366791 were stored at -20°C.     

I tested each single neuron’s response to 5 s of stimulation with the following stimuli:  0.5 M 

sucrose, 0.03–0.5 M NaCl, 0.01 M citric acid, 0.02 M quinine hydrochloride (QHCl), 0.1 M KCl, 

0.03–0.5 M Na gluconate, 1 µM benzamil HCl + 0.1 M NaCl, and 1 µM SB-366701 + 0.1 M 

NaCl.  Each stimulus was presented 3–9 times.  The standard stimuli, (0.5 M sucrose, 0.1 M 

NaCl, 0.01 M citric acid, 0.02 M QHCl, and 0.1 M KCl), which were used to categorize 

geniculate ganglion neurons previously, (Breza et al. 2010) were applied twice at the beginning 

and twice at the end of the protocol to validate the stability of the recording.   

Measurement of Solution Conductance 
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I measured the conductance of each test solution and artificial saliva by a custom made 

solution-conductance device (FSU; Paul Hendrick, Fred Fletcher, and Dr. Te Tang).  The device 

was constructed out of a Plexiglas block, with an area bored out in the center for fluid 

placement.  The fluid reservoir was 1 cm wide, 3.333 cm long, and 3.333 cm deep.  Stainless-

steel electrode plates (1 cm wide and 3.333 cm high) were embedded at each end of the 

reservoir.   Exactly 10 ml of solution filled the reservoir raising the fluid level to the top of the two 

electrode plates.  A variac was plugged into terminals on one end of the chamber and was used 

to apply 100 volts (AC) across the solution between the electrodes.  The output of the variac 

was modified with a 100 K Ω resistor, wired in series, so that only 1 milliamp of current was 

constantly applied through the chamber.  A multimeter (Fluke 85 III; Everett, WA) was plugged 

into terminals on the end of the chamber and the voltage of the solution was measured.  The 

chamber was designed in accordance with solution-volume resistance: R = l / (σ * A), where “R” 

is the resistance, “l” is the length of the chamber, “σ” is the conductivity of the solution, and “A” 

is the area of the electrodes.  With these factors in mind, the chamber and circuitry were 

designed so that 10 ml of a standard-conductivity solution (1 millisiemen/cm; Ricca Chemical 

Company; Arlington TX) read as 1 volt across the two electrode plates; all other solution 

conductances were relative to the conductance of the standard-conductivity solution.  Since the 

supplied voltage and current from the variac were known and constant, the voltage output 

across the electrodes was related to the resistance of the solution (increasing solution 

concentration decreases voltage); solution conductance could then be solved for via ohms law 

because conductance = the reciprocal of resistance.  Results of solution conductance are 

shown in Table 2.1.  

Data Analysis 

Chorda tympani nerve.  A 5-s period of baseline activity immediately prior to each stimulus 

was used to calculate the area under the curve for the integrated 5-s response during 

stimulation by way of vertical cursors in Spike 2.  The EGG was used to mark the time when the 

stimulus first contacts the lingual epithelium and start of analysis.  Consistent responses (criteria 

± 10%) to standards (0.3 M NH4Cl and 0.5 M NaCl) at the beginning and end of the protocol 

were indicators of nerve integrity and recording stability (see Figs 1 & 2).  Whole nerve 

responses were normalized to the average response to 0.3 M NH4Cl at the beginning and end 

of the protocol.   For 60-s applications, the AUC of the tonic-neural response was calculated 

during the last 30 s of each stimulus (steady-state response) and was subtracted from baseline 

activity 30 s prior to the first stimulus by means of vertical cursors.  The AUC during the last 30 s 
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of the response was calculated from the change in voltage from the stimulus channel because 

the voltage of the EGG was virtually unaffected during the switch from 0.1 M NaCl alone to 0.1 

M NaCl + drug (see Figure 2.3).  Data were normalized to the average 0.1 M NaCl control 

response (beginning, middle, and end of protocol). Average responses to 0.1 M NaCl at the 

beginning, middle, and end of the protocol are shown in Figure 2.3 to show the stability of the 

recordings.    

Geniculate ganglion.  Spike templates were formed by amplitude and waveform shape.  

Spontaneous firing rate for each neuron was calculated as the average number of spikes/100 

ms during the 5 s immediately before each stimulus.  Response frequency was calculated as 

the difference between the spontaneous firing rate immediately before stimulation and the 

average number of spikes/100 ms occurring during a full 5-s period of chemical stimulation.  I 

used a hierarchal cluster analysis [Pearson’s product-moment correlation coefficient (r – 1) and 

the average-linking method between subjects (Statistica; StatSoft, Tulsa, OK)] to categorize 

neurons by their average responses to 0.5 M sucrose, 0.03–0.5 M NaCl, 0.01 M citric acid, 0.02 

M quinine hydrochloride (QHCl), 0.1 M KCl, 0.03–0.5 M Na gluconate, 1 µM benzamil HCl + 0.1 

M NaCl, 1 µM SB-366701 + 0.1 M NaCl, and the 0.1 M NaCl recovery responses following each 

drug.   

Responses to the four basic taste stimuli and 0.1 M KCl were used to determine the breadth 

of tuning (H) for each neuron, calculated as H = − K Σ pi log pi, where K is a scaling constant 

(1.43 for 5 stimuli; (Geran and Travers 2006) and pi is the proportion of the response to  

individual stimuli to which the neuron responded against the total responses to all the stimuli 

(Smith and Travers 1979).  H values range from 0 to 1; 0 corresponds to neurons that 

responded to only one stimulus, and 1 corresponds to neurons that responded equally to all the 

stimuli. Thus H values provide a quantitative measure of breadth of tuning. Because the entropy 

measure is unable to deal with negative proportions, absolute values were used for inhibitory 

responses—inhibitory responses were generally infrequent and of low magnitude.  Taking the 

absolute value of inhibitory responses was the original method of dealing with inhibitory 

responses as discussed in Smith and Travers (1979).  The results of entropy were compared 

with the Noise-to-Signal ratio as described previously (Spector and Travers 2005).  Briefly, the 

product of the response to the second-best stimulus and the reciprocal of the response to the 

best stimulus (N/S = 2nd best stimulus X 1/best stimulus).  Effect size, using the Glass’s d 

method; d = (x̅2 - x̅1)/SD x̅1, was calculated for each neuron’s average response to a chemical 

stimulus over the full 5-s period and was used to indicate the response magnitude for each 



 

 

 

14 

 

 

neuron and as a neuron group.  By convention, effect sizes of 0.2, 0.5, and 0.8–∞ are used to 

indicate small, medium, and large effects (Cohen 1992) and are therefore used here to indicate 

the size of the effect (difference in response from baseline).  The results from the N/S and 

Glass’s d were compared with the breadth of tuning results shown in Table 2.2. 

The AUC was calculated for each neuron’s average response to a chemical stimulus 500 

ms and 1 s after stimulus onset via standard trapezoidal-approximation methods (base = 100 

ms) and averaged for each neuron group (Figure 2.9) for detailed analysis of spike rate during 

behaviorally-relevant timeframes (Halpern and Tapper 1971). Trapezoidal methods were also 

used to assess the effect of 1 µM benzamil and 1 µM SB-366791 on 0.1 M NaCl responses, in 

NaCl specialist and acid generalist neurons.  Here I calculated area for each second following 

stimulus onset to validate when the antagonist effectively attenuated 0.1 M NaCl responses.  

The results from this analysis were not graphed in 1-s intervals because effects of drug, or lack 

thereof, are clearly shown from the average responses in 100-ms intervals (Figure 2.10).    

Effects sizes (Glass’s d) for each 100 ms bin following stimulus onset were calculated for each 

neuron’s average response to a chemical stimulus and were averaged within each neuron 

group to estimate response latency and response magnitude (peak response) for comparison 

with our recent geniculate ganglion study (Breza et al. 2010).  Here, I used the medium size 

effect (0.5) to determine response latency.  The effect size needed to stay at or above 0.5 for at 

least five 100-ms bins for response latency to be determined.     

Statistics.  Further statistical analyses were conducted with appropriate analysis of variance 

(ANOVA; Statistica; StatSoft, Tulsa, OK) or T-test, within and between subjects.  One-way 

repeated measures (RM) ANOVAs were used to evaluate the effect stimulus quality and 

intensity, and drug on the integrated CT nerve response (5 and 60 s), and from 5-s responses to 

all stimuli within neuron group.  EGG responses were averaged and presented (Table 2.1); 

however statistical analyses were not performed on EGG waveforms because at this juncture, 

the nature of these signals are still ambiguous (amplitude, shape, polarity, etc.) and therefore 

are used primarily as a marker of stimulus onset and validation of stimulus delivery (see below).  

Spontaneous firing rate before each stimulus was averaged for each neuron, and average 

baseline firing rate for each neuron group was then evaluated with an independent T-test.  Two-

way ANOVA’s were used to compare the AUC (500 ms and 1 s) for NaCl (0.03–0.5 M) and Na 

gluconate (0.03–0.5 M), within and between neuron groups (stimulus X group).  Two-way RM 

ANOVAs were used to compare the AUC (1-s intervals) for NaCl with or without drug within 

neuron type (stimulus X time).  Significant main effects or interactions (p < 0.05) of ANOVAs 
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were further examined with Fisher’s Least Significant Difference (LSD) method.  Graphic and 

tabular data are presented as group means ± standard error of the mean (SEM).  

RESULTS 

Chorda Tympani and EGG: Standard Taste Stimuli and Sodium Salts 

 Shown on top in Figure 2.1 are the typical responses from one CT nerve recording and on 

bottom the average responses from six male rats to 5-s applications of the standard taste 

stimuli, 0.3 M NH4Cl, and to a NaCl and Na gluconate concentration series (0.03-0.5 M).  CT 

nerve response magnitude varied by taste stimulus [F(16,80) = 98.56, P < 0.001].  The 

responses to 0.1 M NaCl were significantly greater (all P-values < 0.001) than those to KCl and 

the other standard stimuli; KCl responses were equal to sucrose, citric acid, and QHCl 

responses.  Responses to NaCl increased with each concentration (P < 0.001) except between 

0.3-0.5 M; whereas responses to Na gluconate increased for all stimulus concentrations (all P-

values < 0.05).  Responses to NaCl were greater than those to Na gluconate at equimolar 

concentrations (all P-values < 0.001).  Responses to 0.5 M NaCl and 0.3 M NH4Cl at the 

beginning and end of the protocol did not change statistically demonstrating response stability 

over the recording interval.  Notably, each test solution elicited a unique, but concentration 

dependent EGG waveform reflective, in part, of the conductive/resistive properties of the 

solution (Table 2.1) and indicative of controlled delivery of test solutions to the tongue.  

Interestingly, citric acid and Na gluconate produced EGG waveforms that could not be explained 

by the solution conductance alone (see Table 2.1).  For example, although citric acid is more 

conductive than artificial saliva alone, citric acid produced EGG deflections that were the 

opposite polarity from other conducting solutions; and NaCl produced EGG deflections that 

were 4.4–5.4 X greater than those to equimolar concentrations of Na gluconate, despite the fact 

that measures of solution conductance were similar.   

Chorda Tympani: Ion Channel Antagonists 

Shown on top in Figure 2.2 are the typical responses from one CT nerve recording and on 

bottom the average responses of 7 male rats to short-duration 5-s applications of 0.1 M NaCl 

with and without ion channel antagonists, as well as the average responses to 0.3 M NH4Cl and 

0.5 M NaCl at the beginning and end of the protocol, and to artificial saliva (tactile control).  CT 

nerve response magnitude varied by taste stimulus [F(14,84) = 30.66, P < 0.001].  5-s 

responses to 0.1 M NaCl were unaffected by DMSO (SB-366791 vehicle) or TRPV1 channel 

antagonists.  In contrast, benzamil suppression of 0.1 M NaCl responses was dose dependent – 

7% with 1 µM (P < 0.05) and 24% with 5 µM (P < 0.001).  Switching fluid delivery between two 
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channels containing artificial saliva (AS) had no discernable effect on CT nerve (Figure 2.2) or 

EGG response magnitudes (Table 2.1), indicating the reliability of the stimulus delivery system 

to present stimuli at controlled flow rate.  Responses to 0.5 M NaCl and 0.3 M NH4Cl at the 

beginning and end of the protocol did not change statistically demonstrating response stability 

over the recording interval.  Notably, the 0.1 M NaCl (with or without drug) elicited consistent 

EGG waveforms, indicating controlled delivery of test solutions to the tongue.  

Shown on top in Figure 2.3 are the typical responses from one CT nerve recording and on 

bottom the average responses of four male rats to long-duration 60-s applications of 0.1 M NaCl 

with or without ion channel antagonists.   Benzamil suppression of 0.1 M NaCl tonic responses 

[F(17,51) = 327.28, P < 0.001] was greater with 60-s application and dose dependent— 44% 

with 1 µM (P < 0.001) and 86% with 5 µM (P < 0.001).  Even with longer duration application the 

addition of TRPV1 antagonists CPC (200 µM and 0.2 M) or SB-366791 (1 µM and 5 µM) were 

without effect on tonic NaCl responses.   

Geniculate Ganglion: Basic Firing Characteristics 

Hierarchical cluster analysis grouped neurons (n = 20) on the basis of their responses to all 

test stimuli (see methods); results from this analysis are shown in the dendrogram (Figure 2.4; 

top).  Analysis of agglomeration by means of a scree plot (data not shown) indicated that an 

abrupt upward deflection occurred at 0.41, which separated the neurons into 2 main groups 

(NaCl specialists and acid generalists).  Two neurons (Figure 2.4; 16 and 17) fell outside the 

acid-generalist cluster, but they closely resembled neurons within the cluster and therefore were 

included in the group.  In fact, the only difference between those two neurons and the other 

eight in the cluster was the proportion of their citric acid response to other stimuli, which was 

more robust than the other neurons in the group.   

 Shown in Figure 2.5 is the typical response profile of a NaCl-specialist (top) and an acid-

generalist (bottom) neuron to 5-s stimulation with the standard stimuli.  As shown, the NaCl-

specialist neuron responds selectively to NaCl in background of low spontaneous firing rate, 

whereas the acid-generalist neuron responds broadly to all five standard stimuli in a background 

of high spontaneous firing rate. The average spontaneous firing rate of 0.17 ± 0.4 spikes/ 

100ms (1.7 spikes/s) for acid generalists was not significantly greater than 0.11 ± 0.6 

spikes/100ms (1.1 spikes/s) for NaCl specialists (T = -1.66, P = 0.12).  This was due to an 

unusually high spontaneous firing rate (3.4 standard deviations above the mean) of one NaCl 

specialist neuron.  When this neuron was omitted from the analysis (new average = 0.09 ± 0.03 

spikes/100ms), I confirmed our previous finding (Breza et al. 2010) that acid-generalist neurons 
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had higher spontaneous firing rates than NaCl specialists (T = -2.66, P = 0.017).  This NaCl-

specialist neuron, however, was not omitted from the study because the majority of our 

analyses corrected for spontaneous firing rate and this neuron’s response profile was the same 

as the others in the group.  Notably, each test solution elicited a unique and consistent EGG 

waveform on two separate recording days indicative of controlled delivery of test solutions to the 

tongue. 

NaCl Specialists and Acid Generalists: Response Profiles to Standard Stimuli 

Shown in Figure 2.6 are the average 5-s responses of NaCl specialist (top) and acid 

generalist (bottom) neurons.  NaCl specialists responded robustly to 0.1 M NaCl and little if at all 

to the other standard stimuli, [F(15,135) = 43.37, P < 0.001) and were therefore narrowly tuned, 

with a low Noise-to-signal ratio (Table 2.2).  Although there was no overall difference in NaCl 

and Na gluconate responses, there was a different pattern of response across concentration.  

Responses to NaCl increased from 0.03 to 0.1 M (P < 0.001), but 0.1 M responses were similar 

to 0.3 and 0.5 M NaCl; responses to Na gluconate increased between 0.03–0.3 M but 0.3 and 

0.5 M responses were similar.  Responses to 0.1 M NaCl were greater than those to 0.1 M Na 

gluconate (P < 0.05), but responses to 0.5 M NaCl were less than those to 0.5 M Na gluconate 

(P < 0.01)  The ENaC blocker benzamil attenuated responses to 0.1 M NaCl by 37% (P < 

0.001), while the TRPV1 antagonist SB-366791 had no effect.   

Acid generalists responded broadly to test stimuli [F(15,135) = 30.46, P < 0.001).    

Responses to citric acid were significantly greater than those to other standard stimuli 

representing the basic taste qualities (P values < 0.01)—the order of stimulus effectiveness was 

citric acid > 0.1 M NaCl > QHCl = KCl > sucrose (significant P values ≤ 0.02).  Responses to 

NaCl and Na gluconate increased from 0.03–0.3 M (all P-values ≤ 0.001), but responses to 

NaCl were greater than those to Na gluconate from 0.1–0.5 M (all P-values < 0.01).  Neither 

benzamil nor SB-366791 had any effect on 0.1 M NaCl responses.   

Shown in Figure 2.7 are average response profiles of NaCl specialists (top) and acid 

generalists (bottom) to the standard stimuli (5-s applications) averaged in 100 ms intervals—

response latencies and peak responses to both sodium salts are clearly shown in the figure and 

in Table 2.3.  NaCl specialists responded robustly to 0.1 M NaCl and weakly at best to other 

taste stimuli.  Consequently, the breadth of tuning for NaCl specialists was narrow over 5 s, as 

was the Noise-to-signal ratio, and the effect size for 0.1 M NaCl was 20X greater than to the 

other standard taste stimuli (see Table 2.2).  The NaCl-specialists group responded to 0.1 M 

NaCl with a short latency and spike rate peaked before 1 s after stimulus onset (see Table 2.3).  
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The effect sizes for other taste stimuli did not reach or stay at 0.5 for more than 100 ms 

throughout the entire 5-s stimulation indicating that other taste stimuli have weak effects on 

spike frequency in narrowly-tuned NaCl-specialist neurons. 

Acid generalists responded robustly to 0.01 M citric acid and 0.1 M NaCl, moderately to 0.02 

M QHCl and 0.1 M KCl, and weakly to 0.5 M sucrose over the 5-s stimulus duration.  

Consequently, the breadth of tuning for acid generalists was broad, as was the Noise-to-signal 

ratio, and the effect sizes for citric acid and 0.1 M NaCl were 2 to 6X greater than those to the 

other standard taste stimuli (see Table 2.2).  Effect sizes for 0.01 M citric acid and 0.1 M NaCl 

over the 5-s period were virtually identical, as were effect sizes for 0.02 M QHCl and 0.1 M KCl 

(Table 2.2).  There were, however, remarkable differences in responses latencies and peak 

responses between stimuli, which are largely in agreement with our recent investigation (Breza 

et al. 2010).  The response latency to 0.1 M NaCl was longer than those to NaCl specialists and 

spike frequency peaked later.  The response latency to citric acid and to QHCl was identical, but 

spike frequency to citric acid peaked earlier than QHCl.  KCl had a slightly longer latency than 

citric acid and QHCl, but peaked at the same time as QHCl.  The response latency to sucrose 

was longer; spike frequency peaked late and oscillated around the peak for the remainder of the 

5–s application.        

NaCl Specialists and Acid Generalists: Concentration Response Profiles to Sodium Salts 

Figure 2.8 shows the average response patterns (100-ms bins) of NaCl specialists (left) and 

acid generalists (right) to four concentrations of NaCl and Na gluconate.  Overall, spike rates 

were greater and response latencies shorter for NaCl specialists than for acid generalists (see 

Table 2.3).   As a rule for both neuron groups, response frequency increased and response 

latency decreased with increasing stimulus concentration.   

Although the average 5-s responses by NaCl specialist neurons were similar to both salts 

(see Figure 2.6), there were notable differences in the temporal response pattern as reflected by 

latency and peak response measures (see Table 2.3).  As indicated above, response latency 

decreased as concentration increased for both sodium salts; however, the average response 

latencies were shorter to NaCl than to Na gluconate at all concentrations, except 0.1 M.  Peak 

responses also differed between the two salts, with earlier NaCl peaks for the two weakest 

concentrations, but earlier Na gluconate peaks for the two strongest concentrations.   

Similar to NaCl specialists, the response latency of acid-generalist neurons decreased as 

concentration increased for the sodium salts, but was always shorter to NaCl than to Na 

gluconate.  Peak responses occurred earlier for all NaCl concentrations except for the strongest 
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concentration where the peak response to 0.5 M gluconate occurred earlier than that to NaCl.  

As a group, acid generalists were weakly responsive, at best, to 0.03 M NaCl and completely 

unresponsive 0.03 M Na gluconate because the effect size was never at or above 0.5 for more 

than 100 ms.   

Response Magnitude During 500–1000 ms: Implications for Behavioral Identification     

Figure 2.9 is an AUC plot of the average responses shown in Figure 2.8 occurring over the 

first 500 (Top) and first 1000 ms (Bottom) after stimulus onset by NaCl-specialist and acid-

generalist neurons.  Over the first 500 ms, there were significant main effects for stimulus 

[F(7,126) = 15.46, P < 0.001] and neuron group [F(1, 18) = 5.84, P < 0.05], and a significant 

stimulus X group interaction [F(7,126) = 2.86, P < 0.01).  The AUC plot shows that NaCl 

specialists increased their response to NaCl and Na gluconate as concentration increased from 

0.03–0.3 M (all p values < 0.05).  NaCl specialists responded similarly to 0.03, 0.3, and 0.5 M 

NaCl and Na gluconate but responded significantly greater to 0.1 M NaCl than to 0.1 M Na 

gluconate (P < 0.05).  NaCl specialists responded more to NaCl and Na gluconate than did acid 

generalists (P values < 0.05) across all concentrations except 0.03 M.  Acid generalists 

increased their response to NaCl as concentration increased from 0.1–0.3 M (P < 0.02) and 

increased their response to Na gluconate as concentration increased from 0.3 to 0.5 M (P ≤ 

0.05), but were virtually unresponsive to 0.03–0.1 M NaCl and 0.03–0.3 M Na gluconate.  

Furthermore, acid generalist’s responses to 0.3 M NaCl were greater than those to 0.3 M Na 

gluconate (P < 0.01), but responses to both salts were equal at 0.5 M.  

Over the first 1000 ms, there were significant main effects for stimulus [F(7,126) = 44.76, P 

< 0.001] and neuron group [F(1, 18) = 11.08, P < 0.01], and a significant stimulus X group 

interaction [F(7,126) = 3.68, P < 0.01).  For NaCl-specialist neurons, the addition of 500 ms to 

the response measure had little impact beyond that already described above, whereas for acid 

generalists, the effect of adding 500 ms was pronounced. For NaCl specialists, response 

frequency increased as concentration increased from 0.03 to 0.3 M (all p values < 0.01) to both 

sodium salts.  NaCl-specialists responded similarly to 0.03, 0.3 and 0.5 M NaCl and Na 

gluconate, but significantly more to 0.1 M NaCl (P < 0.001) than to 0.1 M Na gluconate.  Acid 

generalist’s responses to NaCl and Na gluconate increased with concentration.  Responses to 

NaCl increased with increasing stimulus concentration from 0.03–0.3 M (P values < 0.01), 

whereas responses to Na gluconate were equal at 0.03 and 0.1 M, but both were less than 0.3 

and 0.5 M (P values < 0.01).  At the lowest concentration (0.03 M), responses to NaCl and Na 

gluconate were equal because acid generalists were unresponsive to both salts at this 
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concentration during the first 500 ms; however responses to NaCl were greater than those to Na 

gluconate at 0.1–0.5 M (P values ≤ 0.01).  Overall, NaCl-specialists responded more to 0.03–0.5 

M NaCl and Na gluconate than did acid-generalists at each concentration (all P-values < 0.05).   

NaCl Specialists and Acid Generalists: Effects of ENaC and TRPV1 Antagonists  

Shown in Figure 2.10 are the average responses to 0.1 M NaCl with or without drug (1 µM 

benzamil or 1 µM SB-366791) by NaCl specialist (top) and acid generalist neurons (bottom).  

For NaCl-specialist neurons, there were significant main effects for drug [F(2,18) = 51.23, P < 

0.001] and time [F(4,36) = 7.94, P < 0.001], and a significant drug X time interaction [F(8,72) = 

2.08, P < 0.05] on response frequency.  As shown in Figure 2.10, benzamil significantly 

inhibited NaCl response frequency.  This inhibition was evident at response onset and 

increased progressively over time.  For example, benzamil increased the average response 

latency by 100 ms and delayed the peak response by 200 ms (see Table 2.3).  By the end of 

the 5-s stimulation period, the average response to NaCl with benzamil was about 50% of the 

response to NaCl alone.  In contrast, SB-366791 had no effect on NaCl responses by NaCl-

specialist neurons.  For acid generalists, there were no significant effects of drug or time on 

response frequency.  Neither benzamil nor SB-366791 influenced latency and peak responses 

to NaCl as shown in Table 2.3 and in Figure 2.10.     

DISCUSSION 

The purpose of our research was to determine how two well-known salt-sensing pathways, 

one that processes information specific to sodium and the other that processes information 

broadly to a range of cation salts, code information about taste quality and intensity.  My 

research focused on the spike discharge patterns that occurred early after stimulation because 

this is the time when rats make critical decisions to either ingest or avoid a taste solution 

(Halpern and Tapper 1971).  To accomplish this important undertaking, I required a reliable 

stimulus onset marker (EGG) that allowed me to accurately characterize the temporal response 

patterns to chemical stimulation.  In my prior work, my colleagues and I have shown that the 

EGG served us exceptionally well by demonstrating the importance of response latency as a 

measure of stimulus quality and intensity discrimination.  The present research confirmed the 

value of the EGG as a reliable onset marker for the assessment of salt taste discrimination at 

both the whole nerve and single cell level by the chorda tympani nerve and geniculate ganglion, 

respectively.  I explored two major issues concerning salt taste: what are the receptor 

mechanisms for salt taste, and how does anion size influence neural responses.  Firstly, I 

hypothesized that sodium specific pathway would use ENaC exclusively, while the nonselective 
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pathway would use TRPVt, to detect sodium solutions.  With fine grained analysis of the 

temporal response features of both neuron groups to pharmacological antagonism of ENaC or 

TRPV1t, I confirmed the former and refuted the latter.  Secondly, I hypothesized that anion size 

would reduce responses of the non-selective pathway, but not the sodium specific pathway.  I 

found that anion size had a large effect on the non-selective pathway, but also influenced 

responses of the selective pathway as well.  Additionally, I showed that the EGG is not only a 

reliable measure of stimulus onset, but also is an informative measure for taste solution 

interactions with the lingual epithelium.  These findings will be addressed in detail below, first 

with emphasis on the overall effects of test stimuli on the lingual epithelial potential (EGG) and 

integrated CT nerve responses, and second on the effects of test stimuli on two well-known 

sodium responsive neuron types, NaCl specialists and acid generalists. 

Electrogustogram and Integrated CT Nerve Recordings 

Simultaneous recording of the lingual epithelial potential (EGG) and integrated CT nerve 

responses provided a means to anchor analysis of stimulus arrival and a way to monitor effects 

of taste solutions on the receptive field and neural connections downstream, respectively.  

Highly-conducting-inorganic solutions (Table 2.1) produced robust, concentration dependent 

effects on the lingual epithelial potential and integrated CT nerve responses (Figure 2.1).  The 

solution conductances of 0.1 M NaCl and 0.1 M KCl were similar as were their EGG responses 

in terms of waveform amplitude, polarity, and shape.  As I have seen previously (Breza et al. 

2010), sucrose elicited a small downward EGG deflection of opposite polarity to ionic solutions 

(NaCl, KCl, quinine HCl).  In the present study, I found that 0.5 M sucrose mixed in artificial 

saliva was less conductive than artificial saliva alone (Table 2.1).  Therefore, the downward 

EGG deflection to sucrose most likely reflected a decrease in conductance from baseline AS.  

This indicates that a large portion of the EGG response to sucrose is electrochemical in nature.  

Although the polarity and magnitude of EGG waveforms of sucrose, NaCl, and KCl appear to 

reflect only the electrochemical properties of solutions (i.e. conductivity/resistivity), Na gluconate 

and citric acid did not follow this pattern—other factors may be involved.  The solution 

conductances of 0.01 M citric acid, 0.02 M QHCl, and 0.03 M Na gluconate were similar (Table 

2.1), but the EGG response to QHCl was more than three times larger than the EGG response 

to Na gluconate, and citric acid produced a large EGG response that was of opposite polarity to 

the ionic solutions (Table 2.1).   In fact the EGG response to citric acid often persisted after 

stimulus offset indicating a lag in recovery of the lingual epithelium perhaps due to a reduction in 

the pH of cells in the lingual epithelium (Lyall et al. 2001). 
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CT nerve responses to sucrose, citric acid, QHCl, and KCl were similar, and all were 60% 

less than responses to NaCl.  Interestingly, this summated potential reflects, in large part, the 

number of cell types sampled from the geniculate ganglion and the response frequency of a 

given cell types response to a chemical stimulus (Breza et al. 2007; 2006; Breza et al. 2010; 

Lundy and Contreras 1999).  In fact, responses to sucrose in the CT nerve are driven mostly by 

sucrose-specialist neurons, as they are the only neuron type that responds robustly to sucrose. 

Sucrose specialists are encountered less often and need to be searched for specifically if they 

are necessary for the study.  In contrast, NaCl specialists and acid generalists are encountered 

most frequently.  NaCl specialist and acid generalist neuron types are responsive to NaCl, but 

acid generalists are also highly responsive to citric acid and to lesser extent, QHCl and KCl.  In 

addition, there are two other NaCl generalist neuron types, which respond well to NaCl and 

QHCl, but only one of the two neuron types is responsive to citric acid and KCl—both are 

unresponsive to sucrose.  QHCl best neurons are rare, and often fall into the NaCl generalist 

category (Breza et al. 2007), but have been reported as a separate group in the rat geniculate 

ganglion (Breza et al. 2006; Lundy and Contreras 1999).  QHCl generalists are also responsive 

to NaCl (Breza et al. 2007; Lundy and Contreras 1999).  With so many NaCl responsive 

neurons in the rat geniculate ganglion, it is not surprising that responses to a moderate 

concentration of NaCl are 60% greater than those to the other basic taste stimuli and to KCl. 

The CT nerve response was smaller to Na gluconate than to NaCl; the difference in 

response amplitude between these two salts was even greater for the EGG.  The CT results are 

in agreement with results from other labs, where anions larger than chloride are inhibitory on 

sodium responses of the whole CT nerve (Beidler 1954; Ye et al. 1991).  The EGG results are 

consistent with measurements of lingual-transepithelial conductance (Ye et al. 1991; 1994; 

1993).  Chloride is highly permeable through the paracellular pathway and this facilitates 

electroneutral diffusion of positively charged ions to receptor sites located deep within the 

epithelium (Ye et al. 1991).  Gluconate is about 5.5 times larger than chloride and therefore has 

limited conductance through highly resistive tight junctions and paracellular pathways in the 

lingual epithelium (Elliott and Simon 1990; Ye et al. 1991; 1993).  As a result, gluconate 

compromises electroneutral diffusion of sodium to receptor sites deep within the epithelium.    

Since NaCl and Na gluconate had similar conductance levels at each concentration (Table 

2.1), the reduced magnitude in EGG and CT signals cannot be due to large differences in 

sodium concentration (dissociation).  It is highly probable that the impermeable gluconate anion 

caused a smaller voltage drop across the lingual epithelium leading to a smaller EGG response.  



 

 

 

23 

 

 

The smaller voltage drop is the result of lessened electroneutral driving force of sodium diffusion 

to paracellular-receptor sites, leading to a smaller CT nerve response.  If sodium transduction 

occurs mostly at the apical membrane of taste receptor cells, then it is likely that CT nerve 

responses to sodium would be less affected by anion size than voltage measurements across 

the lingual epithelium.   

Sodium Transduction Mechanisms: Apical and Non-apical Transduction Sites 

It is generally accepted that salt taste detection depends upon two salt-sensing pathways 

that involve specialized membrane channels on taste buds cells of rats.  In the present study, I 

found that short, 5-s applications of the potent, but selective, ENaC antagonist, benzamil, 

significantly reduced CT nerve responses to 0.1 M NaCl in a dose dependent manner (Figure 

2.2).  Prolonged benzamil exposure again in a dose dependent manner dramatically reduced 

0.1 M NaCl responses (Figure 2.3).  In fact, 60–180s of exposure to the highest concentration of 

benzamil (5 µM benzamil) reduced the tonic response of 0.1 M NaCl by nearly 86% consistent 

with the notion that ENaC is the principle ion channel for the transduction of sodium in rats 

(Heck et al. 1984).  These findings are consistent with the results of previous studies showing 

that 100 µM amiloride reduced by about 75% the CT nerve response to 0.1 M NaCl at room 

temperature (Heck et al. 1984; Ye et al. 1993).  Benzamil is a large, hydrophilic molecule and 

therefore is impermeable to tight junctions.  The fact that benzamil had an immediate effect on 

NaCl responses suggests that it inhibited ENaC channels on the apical membrane of taste 

receptor cells. 

To investigate the role of TRPV1 channels in salt taste, I used CPC, a water-soluble TRPV1 

modulator (DeSimone et al. 2001) and SB-366791, a highly specific but lipophilic TRPV1 

antagonist, previously shown to be inhibit the amiloride-insensitive component of the CT nerve 

response to NaCl (Lyall et al. 2004; Lyall et al. 2005).  Surprisingly, I was unable to confirm the 

earlier findings despite the fact that I used the same effective doses of CPC as used in the 

DeSimone (2001) study, and a 5 µM dose of SB-366791 that was five times stronger than the 

most effective dose used in the Lyall et al. (2004 and 2005) investigations.  There is a difference 

in stimulation methods between the present and earlier studies that may account for the 

discrepant findings.  I delivered solutions topically over a freely exposed tongue at a constant 

slow flow rate.  This method of stimulation and pharmacological antagonism is extremely 

effective when receptors are located on the apical membrane of taste cells.  Thus, the present 

results show clearly that TRPV1 channels are not located on the apical membrane of taste 

receptor cells; however, it is possible that TRPV1 receptors are located along the basal 
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membranes of taste-receptor cells or on fibers below tight junctions but high molecular weight 

antagonists, like CPC and SB-366791, cannot penetrate the tight junction barrier to exert an 

effect.  This latter point is consistent with the anion effect on sodium responses in acid 

generalists, as discussed in detail below.  In the earlier studies (DeSimone et al. 2001; Lyall et 

al. 2004; Lyall et al. 2005), the tongue was encased into a Lucite chamber and sealed in place 

by vacuum while stimulus solutions were flushed into the chamber at high flow rate.  The 

combination of negative pressure over the tongue and higher stimulus velocity may have 

increased the permeability of TRPV1 antagonists to receptor sites below tight junctions.  

Consequently, it was only with this stimulation procedure that TRPV1 antagonists suppressed 

rat CT nerve responses.  Taken altogether, I cannot prove the functional role of TRPV1 

channels in salt taste detection nor can I discount it entirely either.   

NaCl-specialists and Acid-generalist Neurons: Response Profiles  

 I recorded from two neuron classes distinguished by their unique response patterns to the 

basic taste stimuli, KCl, Na gluconate, and benzamil.  NaCl specialists responded almost 

exclusively to sodium solutions and the responses to NaCl were significantly attenuated by 

benzamil consistent with our prior studies of the geniculate ganglion (Breza et al. 2007; 2006; 

Breza et al. 2010; Lundy and Contreras 1999) and single fiber studies in the rat (Frank et al. 

1983) and hamster (Hettinger and Frank 1990) CT nerve.  In fact, NaCl specialist neurons were 

so narrowly tuned that the effect size for their response to NaCl was 20X greater than the effect 

sizes to the other standard stimuli.  The Noise-to-signal ratio and Glass’s d were more accurate 

predictors of the neurons tuning, since some inhibitory responses increased the entropy 

measure.  When averaged over the entire 5-s period, NaCl specialists responded robustly to 

NaCl and Na gluconate across a range of concentrations.  Although NaCl-specialist neurons 

distinguished NaCl from Na gluconate by subtle differences in temporal pattern, the overall 5-s 

response rate was similar for the two salts.  

An important difference between the present and our prior study (Breza et al. 2010) was a 

change in our stimulus delivery system from the former providing a graded change in stimulus 

concentration (due to 10-fold higher dead volume level in the delivery tube when switching from 

rinse to stimulus) to the present providing an abrupt change.  This had a profound influence 

mostly on the phasic portion of stimulus-evoked neural response across a range of 

concentrations but also influenced the average 5-s response, as well (Figure 2.6).  In our 

previous study, the spike discharge rate to NaCl peaked around 2 s and remained at a relatively 

high rate with little decay throughout the 5-s stimulus period.  In the present study, the spike 
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discharge rate to NaCl peaked early (less than 1 s), especially to the higher concentrations, and 

adapted to a progressively slower rate over the 5-s stimulus interval (Figure 2.8).  In the present 

study, the average 5-s responses to 0.1, 0.3, and 0.5 M NaCl were similar, whereas in our prior 

study, the average responses to these stimuli increased systematically with concentration.  

Consequently, in the present study, immediate responses were a more accurate barometer of 

stimulus concentration than the 5-s response measure.  The 5-s response measure lacked the 

sensitivity to discriminate the three strongest NaCl concentrations, whereas the immediate 

phasic response rate (Figure 2.8) and response latency (Table 2.3) changed more predictably 

with stimulus concentration.  As NaCl concentration increased, phasic response rate increased 

and response latency decreased.  This is consistent with whole-nerve experiments (Bealer 

1978) providing compelling data to indicate that the phasic portion of the CT nerve response 

was responsible for coding NaCl intensity information.    

Benzamil’s suppression of NaCl responses by NaCl-specialist neurons was immediate, dose 

dependent and increased with time.  For example, more suppression was seen to 5 µM than 1 

µM benzamil, which was evident by a reduction in phasic response rate and an increase in 

response latency to NaCl and reflected, as well, by the NaCl responses of the CT nerve.  I have 

demonstrated previously that benzamil increased the response latency of NaCl specialist 

neurons to NaCl (Breza et al. 2010).  The immediate effects of benzamil show that ENaCs 

mediate the early phasic component of NaCl reception.  In the present investigation, I used 

effect-size analysis in 100-ms intervals to determine when spike responses reliably increased 

from pre-stimulus rinse.  The analysis took into account the spike variance during the pre-

stimulus rinse period and produced a quantitative measure of the effect size (0–∞) that changed 

logically and consistently with mean spike rate (see Figures 2.7, 2.8, and 2.10 and Table 2.3).   

Consistent with our single unit studies in the geniculate ganglion (Breza et al. 2010; Lundy 

and Contreras 1999) acid generalists responded best to citric acid over 5-s, but also responded 

well to NaCl, QHCl, and KCl.  The responses to NaCl and citric acid were similar, as were the 

responses to QHCl and KCl.  Our acid generalist neurons are analogous to H units in single 

fiber experiments of the rat (Frank et al. 1983; Ninomiya and Funakoshi 1988) and hamster CT 

(Hettinger and Frank 1990; Rehnberg et al. 1993).  Like NaCl specialists, acid generalists 

increased their response frequency and decreased their response latency to increasing sodium 

concentration; acid generalist neurons were, however, slower to respond to sodium salts and 

had a higher sodium threshold than did NaCl specialist neurons.  This latter finding contrasts 

with that of earlier report (Frank, et al., 1983) showing that H units had a lower NaCl threshold 
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than NaCl specialists.  In the earlier study, room temperature distilled water served as the rinse 

and solvent for the stimuli, while in the present study body temperature artificial saliva served as 

the rinse and solvent.  I suspect that the salt composition of artificial saliva was the key factor 

contributing to the difference in NaCl threshold.  In fact, I have found that the spontaneous firing 

rate of acid-generalist neurons was higher when using artificial saliva compared to deionized 

water as a rinse (Breza et al. 2010), while that for NaCl specialists was similar for both rinse 

conditions.  In the present study, acid generalists responded to sodium solutions without a 

phasic component; in fact, the responses to all chemical stimuli were less phasic and more tonic 

in nature (Figure 2.8).  Sodium response frequency in acid generalists was profoundly 

attenuated by the large anion gluconate consistent with single fiber recordings with Na acetate 

in hamsters (Rehnberg et al. 1993).  Our findings that Na gluconate decreased response 

frequency and increased response latency are consistent with human psychophysical findings 

that large anions decrease stimulus intensity and increase reaction times (Delwiche et al. 1999; 

van der Klaauw and Smith 1995). 

Neither benzamil nor SB-366791, both of which are impermeable to tight junctions, 

influenced NaCl responses of acid generalist neurons.  I expected benzamil to be ineffective, 

but anticipated that the TRPV1 antagonist would suppress NaCl responses consistent with prior 

whole nerve studies (DeSimone et al. 2001; Lyall et al. 2004; Lyall et al. 2005).  As noted 

earlier, TRPV1 receptors may be located below tight junctions and inaccessible with our 

stimulation method.  Since large anion inhibition is a special feature of acid generalist neurons, 

it is likely that these neurons are in synaptic contact with taste cells below their tight junction 

barrier where they can be activated through TRPV1 or some other mechanism.   

As far as I know there are no studies to support the involvement of TRPV1 on taste-

mediated behavior like there is for ENaC (e.g., Spector, et al., 1996; Chandrashekar, et al., 

2010).  In fact, it has been shown that TRPV1 KO and wild-type mice have equal detection 

thresholds for NaCl (Ruiz et al. 2006; Treesukosol et al. 2007).  Furthermore, it has been shown 

that the increased licking responses to NaCl solutions by potassium-deprived rats were 

unaffected by TRPV1 antagonists, SB-366791 and ruthenium red (Guenthner et al. 2008).   

Behaviorally, amiloride is an excellent antagonist because it is tasteless to rats (Markison and 

Spector 1995), while TRPV1 antagonists like CPC, taste bitter to rats (St John and Hallagan 

2005), and SB-366791, a lipophilic molecule, must be dissolved in DMSO.  Thus, there seems 

to be some roadblocks in the way of gaining insight into transduction mechanism for the 

nonselective salt-sensing pathway involving acid generalist neurons.       
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NaCl-specialists and Acid-generalist Pathways: Implications for Behavior  

Most electrophysiological studies of taste deliver taste solutions to the tongue for 10–120s to 

ensure sufficient impulse data for analysis.  This long measurement period has its advantages 

especially when studying the effects of competitive antagonists on neural responses, as shown 

in Figure 2.3.  Conscious rats, however, can recognize NaCl solutions within 600 ms after 

stimulus contact (Halpern and Tapper 1971).  Similarly, animals can discriminate visual stimuli 

within 500–700 ms with discrimination occurring more rapidly as stimulus intensity increased 

(Blough 1977).  It is logical to expect that the underlying neural process for rapid taste quality 

and intensity discrimination must be in temporal registry with the behavior.  In the present study, 

the most obvious response measures more in temporal registry with behavioral discrimination 

are response latency (Breza et al. 2010; Lawhern et al. 2011) and phasic response frequency 

(Bealer, 1978).   For the ENaC salt-sensing pathway, NaCl specialist neurons responded to 

NaCl and Na gluconate with concentration-dependent response latency and phasic response 

frequency components during the first 500-ms measurement period.  Moreover, I found that 

benzamil increased NaCl response latency and reduced phasic response rate.  Importantly, 

these effects of an ENaC antagonist on neural responses are consistent with psychophysical 

results showing that amiloride raised NaCl detection thresholds and shifted the response 

function to suprathreshold NaCl concentrations to the right (Geran and Spector 2000a).  In 

essence, rats behaved as if amiloride made NaCl solutions taste less intense over a broad 

range of concentrations.     

In contrast to NaCl specialists, acid generalists were much slower to react to sodium 

solutions (Table 2.3) and were unresponsive to 0.03–0.1 M NaCl and 0.03–0.3 M Na gluconate 

during the first 500 ms and were still unresponsive to 0.03–0.1 M Na gluconate during the first 

second.  If the phasic portion of the neural response is responsible for coding stimulus intensity 

(Bealer, 1978), then acid generalist neurons are primarily responsive to hypertonic 

concentrations of cationic salt solutions beginning around 0.3 M for NaCl and 0.5 M for Na 

gluconate.  At this juncture, it appears that the sodium-selective pathway is critical for sodium 

discrimination across a broad range of concentrations, whereas the non-selective cation 

pathway is important for detecting hypertonic concentrations of any stripe, whether they be 

sodium, potassium, calcium, ammonium, etc. This pathway may have the evolved to protect the 

organism from a hypersaline environment but further studies are needed to support this notion. 

Conclusions    
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There are two salt-sensing pathways involved in salt taste detection in the rat.  The sodium-

specific pathway involves ENaC located on the apical membrane of type I taste receptor cells of 

fungiform papillae.  These receptor cells communicate directly with narrowly-tuned NaCl-

specialist neurons that respond selectively to a broad range of NaCl concentrations.  

Information about NaCl taste quality and intensity seems to be coded immediately as reflected 

by systematic, concentration-dependent changes in phasic response frequency and response 

latency that temporally matches with taste recognition by rats.  The non-selective cation 

pathway involves a yet unknown receptor process most likely located on the basal membrane of 

taste-receptor cells or on afferent fibers below the tight junction barrier preventing access by 

large anion molecules and pharmacological antagonists.  Non-selective cation receptor cells 

communicate with acid generalist neurons that respond broadly to a range of cations including 

sodium as well as to other basic tastes, but especially acids.  Large anions, such as gluconate, 

suppress salt taste signaling by the non-selective pathway by a reduction in response frequency 

and an augmentation in response latency.  This characteristic of anion suppression of salt taste 

by the non-selective pathway parallels human psychophysical studies showing that large anions 

reduce salt taste perception and may enhance the intake of processed foods containing large-

anion salts that serve as preservatives and food stabilizers.  Since salt-taste in humans seem to 

possess a non-selective cation pathway (Ossebaard and Smith 1996; 1995), which is 

suppressed by large anions such as gluconate, there is a pressing need to solve the riddle of 

how the non-selective pathway detects salt. 
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Figure 2.1.  Raw electrophysiological traces from the CT nerve (Top) and average responses 

(bottom, n = 6) to 0.3 M NH4Cl, 0.5 M sucrose, 0.03–0.5 M NaCl, 0.01 M citric acid, 0.02 M 

quinine hydrochloride (QHCl), 0.1 M KCl, 0.03–0.5 M Na gluconate.  Data are normalized to the 

average NH4Cl response.  Comparative stimuli (0.3 M NH4Cl and 0.5 M NaCl) are shown in 

white, standard taste stimuli are shown in grey, and sodium salt concentration response 

functions are shown in black.  * indicates significantly different from the proceeding 

concentration, whereas † indicates significantly different from NaCl at an equimolar 

concentration. 
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Figure 2.2.  Raw electrophysiological traces from the CT nerve (Top) and average responses 

(bottom, n = 7) 0.1 M NaCl alone (control), or mixed with CPC (200 µM and 2 mM), SB-366791 

(1 and 5 µM), 0.1 % DMSO, and benzamil (1 and 5 µM).  Data were normalized to the average 

NH4Cl response.  Comparative stimuli (0.3 M NH4Cl and 0.5 M NaCl;white bars) are shown for 

comparative purposes.  Notice that switching rinse channels containing artificial saliva (AS) had 

no impact on CT nerve responses.  * indicates significantly different from control responses. 
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Figure 2.3.  Raw electrophysiological traces from the CT nerve (Top) and average responses 

(bottom, n = 4) 0.1 M NaCl alone, mixed with benzamil (1 and 5 µM).  To measure the efficacy 

of TRPV1 antagonists on 0.1 M NaCl responses, 5 µM benzamil was presented in combination 

with CPC (200 µM and 2 mM) or SB-366791 (1 and 5 µM).  Data were normalized to the 

average 0.1 M NaCl response. * indicates significantly different from the proceeding stimulus. 
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Figure 2.4.  Dendrogram of the results from the hierarchical cluster analysis. 
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Figure 2.5.  Raw electrophysiological traces from a NaCl specialist (Top) and from an acid 

generalist (Bottom) in response to 0.5 M sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 M quinine 

hydrochloride (QHCl), 0.1 M KCl. 
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Figure 2.6.  Average responses to all test stimuli (5-s presentations relative to baseline) from 

NaCl specialists (Top) and acid generalists (bottom).  * indicates significantly different from the 

proceeding concentration, whereas † indicates significantly different from NaCl at an equimolar 

concentration. 
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Figure 2.7.  Average response profiles from NaCl specialists (Top) and acid generalists 

(Bottom) to 0.5 M sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 M quinine hydrochloride (QHCl), 

0.1 M KCl in 100 ms bins.  Vertical line indicates stimulus onset (time 0). 
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Figure 2.8.  Average concentration responses profiles (0.03–0.5 M) of NaCl specialists (left) and 

acid generalists (right) to NaCl and to Na gluconate in 100 ms bins. Vertical line indicates 

stimulus onset (time 0), → indicates response latency to NaCl, whereas ← indicates response 

latency to Na gluconate.  † indicates peak responses to NaCl, whereas ‡ indicates peak 

responses to Na gluconate. 
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Figure 2.9.  Area under the curve measurements to NaCl and Na gluconate in half log 

increments (0.03–0.5) in NaCl specialists and acid generalists for the first 500 ms (Top) and 1 s 

after stimulus onset (Bottom).  * indicates significantly different from the proceeding 

concentration, whereas † indicates significantly different from NaCl at an equimolar 

concentration. 

  



 

 

 

46 

 

 

 

  



 

 

 

47 

 

 

Figure 2.10.  Average responses profiles from NaCl specialists (Top) and acid generalists 

(Bottom) to 0.1 M NaCl alone or mixed with 1 µM benzamil or 1 µM SB-366791 in 100 ms bins. 

Vertical line indicates stimulus onset (time 0). 
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Table 2.1.  Conductance of test solutions (dissolved in artificial saliva) and AUC measurements 

for 5-s EGG responses.  The AUC measurement for artificial saliva was derived from switching 

between two-stimulus channels containing artificial saliva (tactile control).  High conducting 

solutions produce large EGG responses (larger voltage drop), but this alone does not account 

for EGG magnitude or polarity, as is the case for Na gluconate and citric acid, respectively.   

 

 

 

 

Solution Conductance (Millisiemens/cm) EGG (AUC) 

Artificial saliva 4.85 -0.01 ± 0.02 

0.5 M sucrose 3.25 -1.22 ± 0.13 

0.01 M citric acid 6.13 -3.28 ± 1.10 

0.02 M QHCl 5.99 3.18 ± 0.31 

0.1 M KCl 10.87 8.94 ± 0.74 

0.03 M NaCl 6.67 3.36 ± 0.42 

0.1 M NaCl 10.20 7.79 ± 0.52 

0.3 M NaCl 13.89 11.05 ± 0.94 

0.5 M NaCl 16.13 12.24 ± 0.80 

0.03 M Na gluconate 5.85 0.75 ± 0.10 

0.1 M Na gluconate 7.81 1.45 ± 0.24 

0.3 M Na gluconate 11.36 2.53 ± 0.41  

0.5 M Na gluconate 14.29 2.65 ± 0.50 

0.3 M NH4Cl 18.18 11.36 ± 0.99 
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Table 2.2.  Breadth of tuning, Noise-to-signal ratios and effect sizes to 5-s applications with the 

standard stimuli.  Breadth of tuning is indicated by H values for each neuron group, whereas 

Noise-to-signal ratios are indicated by N/S values, and effects sizes are indicated by Glass’s d 

for each of the standard stimuli.  Values are shown as mean ± SEM. 

 

 

Neuron Type H  N/S Glass’s d Glass’s d Glass’s d  Glass’s d Glass’s d 

 5 stimuli  2 stimuli Sucrose NaCl Citric acid QHCl KCl 

NaCl specialist 0.41 ± 0.05  0.15 ± 0.04 1.32 ± 0.33 20.78 ± 6.16 0.00 ± 0.10 0.28 ± 0.15 1.01 ± 0.39 

Acid generalist 0.90 ± 0.01  0.64 ± 0.03 1.34 ± 0.25 6.32 ± 0.75 6.34 ± 1.06 2.90 ± 0.55 2.79 ± 0.34 
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Table 2.3.  Response latencies and peak-response frequencies of NaCl specialists and acid 

generalist to test stimuli as measured by Glass’s d.    

 

 

Stimulus Response latency 
(NaCl specialists) 

Peak Response 
(NaCl specialists) 

Response latency 
(acid generalists) 

Peak Response 
(acid generalists) 

0.5 M sucrose N/A 

 

2900–2999 ms 

d = 0.7 ± 0.2 

1600–1699 ms 

d = 0.5 ± 0.1 

2300–2399 ms 

d = 0.8 ± 0.2 

0.01 M citric acid N/A 

 

300–399 ms 

d = 0.4 ± 0.2 

600–699 ms 

d = 0.5 ± 0.2 

1700–1799 ms 

d = 1.8 ± 0.4 

0.02 M QHCl N/A 

 

600–699 ms 

d = 0.3 ± 0.1 

600–699 ms 

d = 0.7 ± 0.2 

1900–1999 ms 

d = 0.9 ± 0.2 

0.1 M KCl N/A 

 

2500–2599 ms 

d = 0.6 ± 0.1 

700–799 ms 

d = 0.8 ± 0.2 

1900–1999 ms 

d = 0.9 ± 0.2 

0.03 M NaCl 100–199 ms 

d = 0.5 ± 0.2 

600–699 ms 

d = 1.6 ± 0.3 

1300–1399 ms 

d = 0.6 ± 0.1 

1600–1699 ms 

d = 0.8 ± 0.2 

0.1 M NaCl 100–199 ms 

d = 1.1 ± 0.4 

700–799 ms 

d = 2.9 ± 0.4 

300–399 ms 

d = 0.5 ± 0.1 

1300–1399 ms 

d = 1.5 ± 0.3 

0.3 M NaCl 0–99 ms 

d = 0.6 ± 0.2 

800–899 ms 

d = 3.3 ± 0.4 

200–299 ms 

d = 0.5 ± 0.2 

1400–1499 ms 

d = 2.6 ± 0.4 

0.5 M NaCl 0–99 ms 

d = 0.7 ± 0.3 

1000–1099 

d = 3.5 ± 0.3 

100–199 ms 

d = 0.5 ± 0.2 

1600–1699 ms 

d = 2.4 ± 0.3 

0.03 M Na gluc 200–299 ms 

d = 0.7 ± 0.4 

1000–1099 ms 

d = 1.3 ± 0.3 

N/A 2400–2499 ms 

d = 0.5 ± 0.1 

0.1 M Na gluc 100–199 ms 

d = 0.8 ± 0.4 

1300–1399 ms 

d = 2.3 ± 0.4 

500–599 ms 

d = 0.5 ± 0.2 

2500–2599 ms 

d = 1.1 ± 0.1 

0.3 M Na gluc 100–199 ms 

d = 1.3 ± 0.6 

700–799 ms 

d = 3.4 ± 0.4 

300–399 ms 

d = 0.5 ± 0.2 

1300–1399 ms 

d = 2.0 ± 0.3 

0.5 M Na gluc 100–199 ms 

d = 0.9 ± 0.5 

700–799 ms 

d = 3.6 ± 0.5 

300–399 ms 

d = 0.5 ± 0.2 

1500–1599 ms 

d = 2.4 ± 0.3 

1 uM benzamil 200–299 ms 

d = 0.6 ± 0.3 

900–999 ms 

d = 2.6 ± 0.5 

300–399 ms 

d = 0.5 ± 0.1 

1400–1499 ms 

d = 1.5 ± 0.3 

1 uM SB-366791 100–199 ms 

d = 0.7 ± 0.3 

500–599 ms 

d = 2.3 ± 0.5 

300–399 ms 

d = 0.6 ± 0.2 

1100–1199 ms 

d = 1.4 ± 0.2 
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CHAPTER THREE 

ACETIC ACID MODULATES SALT TASTE IN RATS 

 

INTRODUCTION 

Salty and sour sensations are two of five basic-taste qualities, yet little is known about their 

interactions.  It is reasonable to assume that the taste system is adroit in dealing with such 

interactions, as the sense of taste functions as an instrument, facilitating ingestion of nutrients 

and rejecting toxins.  Understanding salty and sour interactions is important given the high 

prevalence of chemical stimuli that give rise to these basic-taste qualities in many of our foods.  

The prototypical taste stimulus representing salty is NaCl, whereas the prototypical taste 

stimulus representing sour taste is citric acid—both are natural stimuli.   

In rodents, sodium-taste transduction is initiated by the diffusion of sodium ions through an 

epithelial sodium channel (ENaC) located on the apical membrane of taste receptor cells above 

the tight junctions (DeSimone et al. 1993; Elliott and Simon 1990; Ye et al. 1993).  There is an 

additional, unknown receptor mechanism, which appears to be located on either the basolateral 

membrane of taste receptor cells or on afferent fibers, below tight junctions (DeSimone et al. 

1993; Elliott and Simon 1990; Ye et al. 1993).   

Single unit-recordings from severed rat and hamster chorda-tympani fibers (Hettinger and 

Frank 1990; Ninomiya and Funakoshi 1988) and intact cell bodies in the geniculate ganglion 

(Boudreau 1983; Breza et al. 2010; Lundy and Contreras 1999) have shown that the former 

mechanism is highly selective to sodium and lithium ions, and these responses are attenuated 

with ENaC blockers such as amiloride or benzamil—deemed amiloride/benzamil-sensitive.  In 

contrast, the latter mechanism is nonselective to a broad range of cations, such as sodium, 

potassium, calcium, and ammonium (Boudreau 1983; Breza et al. 2010; Lundy and Contreras 

1999; Ninomiya and Funakoshi 1988)—it is also highly responsive to Brønsted-Lowry acids 

(Boudreau 1983) and virtually unaffected by amiloride or benzamil, deemed amiloride/benzamil-

insensitive.   

The mechanisms underlying sour-taste transduction of natural, organic acids (i.e. citric and 

acetic) are not firmly established but appear to necessitate, at least in part, decreased 

intracellular pH (Huang et al. 2008; Lyall et al. 2001) and the expression of a PKD2L1 channel 

on the cell membrane (Horio et al. 2011; Huang et al. 2006; Ishimaru et al. 2006).  Citric acid 
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and acetic acid are weak, carboxylic acids and gain entry into cells by passive-lipophilic 

diffusion and dissociate, thereby decreasing intracellular pH (Huang et al. 2008; Lyall et al. 

2001).  This mechanism may explain why there is a poor correlation between the acidity (pH) of 

a solution and the intensity of the sour sensation.  In fact, acetic acid evokes much larger CT 

nerve-signals than HCl at the same pH and responses to equimolar concentrations of HCl, citric, 

and acetic acid are similar (Lyall et al. 2001).   

Based on whole nerve experiments in rats, sour stimuli decrease the sodium-response 

magnitude in the benzamil-sensitive pathway, whereas the response to the sour/salty mixture in 

the benzamil-insensitive pathway is additive (Lyall et al. 2002).  The mechanism of suppression 

on the benzamil-sensitive pathway may involve decreased in conductance through apical 

ENaCs.  Indeed, decreases in intracellular pH in heterologous expression systems decreased 

ENaC activity, reduced single channel open probability, reduced single channel open time, and 

increased channel closed time, without affecting single-channel conductance (Chalfant et al. 

1999). 

Recent evidence suggests that taste-bud cells communicate by way of paracrine (Herness 

and Chen 1997; Herness et al. 2002; Huang et al. 2008; Huang et al. 2007; Tomchik et al. 

2007) and autocrine (Huang et al. 2009) signals.  This may be a way of modulating sensory 

input, particularly if multiple chemicals, representing unique taste qualities, simultaneously enter 

the oral cavity.  Type I fungiform-taste cells respond to sodium with amiloride-sensitive currents 

(Vandenbeuch et al. 2008), indicating that they express functional ENaCs.  Type III taste cells 

respond to citric acid and KCl and have functional synapses (Huang et al. 2008; Tomchik et al. 

2007).  It has been proposed that these taste cells receive multiple inputs from neighboring 

taste cells within the bud.  We recently proposed that such interactions among taste-bud cells 

can be measured electrophysiologically from cell bodies in the geniculate ganglion (Breza et al. 

2010), which receive downstream input from taste-bud cells in fungiform papillae; but this has 

yet to be examined with taste mixtures.  If type III receptor cells respond to sodium salts and 

acids through distinct, membrane bound receptor mechanisms or through distinct convergent 

inputs, then the response to the mixture should be equal to the sum of the component 

responses.  If the mechanism for salt and acid transduction is shared, then responses to 

NaCl/acid mixtures should be less than sum of the component responses.   

We have shown the nonselective pathway is highly influenced by rinse composition  and 

adapted temperature (Breza et al. 2006; Lundy and Contreras 1999); responding optimally to 

salts and acids when artificial saliva is flowed over the tongue at temperatures approximating 
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body temperature (35–40°C).  To our knowledge, neither whole nerve nor single unit 

experiments to weak acids or salt/acid mixtures have been conducted under these physiological 

conditions in the rat.  Accordingly, I recorded 5-s responses to taste stimuli representing the 

basic taste qualities, a concentration series of acetic acid and acetic acid/NaCl mixtures from 

the whole chorda tympani nerve and from NaCl specialist and acid generalist neurons in the rat 

geniculate ganglion.  I chose acetic acid because it is a weak acid and is an effective stimulus in 

the whole chorda-tympani nerve at pH’s higher than equimolar concentrations of HCl or citric 

acid.  Benzamil, a selective ENaC antagonist, was used to verify NaCl responses mediated via 

ENaCs, from those mediated via the nonselective pathway. 

METHODS 

Animals, Surgery, and Recording Techniques 

Animals and surgery.  Adult male Sprague-Dawley rats (Charles River Laboratories; n = 

19) weighing 399–675 g were housed individually in plastic cages in a temperature-controlled 

colony room on a 12–12 h light-dark cycle with lights on at 0700 h.  Rats were anesthetized with 

urethane (1.7 g/kg body wt), tracheostomized, and secured in a non-traumatic head holder.  For 

CT preparations (n = 8), rats were placed in a custom made brass head holder which could be 

rotated for the nerve dissection.  The whole CT nerve was exposed by a mandibular approach, 

transected proximally, and desheathed for recording.  For single unit experiments (n = 11), rats 

were placed in a stereotaxic instrument with blunt ear bars.  The geniculate ganglion was 

exposed with a dorsal approach (Breza et al. 2007; 2006; Breza et al. 2010; Lundy and 

Contreras 1999).  Each rat's tongue was gently extended and held in place by a suture attached 

to its ventral surface.  Body temperature was maintained at 37°C with a custom made (Paul 

Hendrick; FSU) heating pad and temperature controller.   

Recording Techniques 

Electrogustogram (EGG).  The EGG was recorded in vivo with Ag/AgCl electrodes by 

means of saline-agar-filled capillary pipettes (Ø 100 µM, 0.15 M NaCl, 0.5% agar).  The active 

electrode (negative polarity) was placed near the receptive field, and an indifferent electrode 

(positive polarity) made contact with muscle on the neck.  The electrode with negative polarity 

was used as the active electrode so that an increase in conductance (voltage drop) from 

electrolyte solutions (NaCl, QHCl, KCl, NH4Cl) resulted in upward deflections.  The signal was 

amplified (DC × 50; A-M Systems, Sequim, WA), digitized with waveform hardware and 

software (Spike 2; Cambridge Electronic Design, Cambridge, England), and stored on a 

computer for off-line analysis. 
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Chorda tympani nerve.  The CT nerve was cut near its entrance into the tympanic bulla, 

draped over a platinum wire hook (positive polarity), and the entire cavity was then filled with 

high quality paraffin oil (VWR) to isolate the signal from ground and maintain nerve integrity.  An 

indifferent electrode (negative polarity) was attached to the skin overlying the cranium with a 

stainless steel wound clip.  Neural activity was differentially amplified (AC × 10,000; A-M 

Systems, Sequim, WA, bandpass 300–5,000 Hz), observed with an oscilloscope, digitized and 

stored as described above. 

Geniculate ganglion.  Low impedance (1.1–1.9 MΩ) glass-insulated tungsten 

microelectrodes (tip Ø 1 µm) were mounted on a stereotaxic micromanipulator (Siskiyou Design 

Instruments; Grants Pass, OR) and advanced downward from the dorsal surface of the 

ganglion.  Unit/few unit activity was recorded extracellularly (criteria 3:1 signal to noise ratio).  

An indifferent electrode (negative polarity) was attached to the skin overlying the cranium with a 

stainless-steel wound clip.  Neural activity was amplified (AC × 10,000; A-M Systems, Sequim, 

WA, bandpass 300–5,000 Hz), observed with an oscilloscope, digitized and stored as described 

above. 

Stimulus Delivery and Stimulation Protocols 

Solutions were presented to the tongue at a constant flow rate (51 µl/s; dead volume = 25 

µl; see solution-delivery section for detailed description) and temperature (35°C ± 0.3) by an air-

pressurized 32 channel commercial fluid-delivery system (16 channels for the present study) 

and heated perfusion cube (OctaFlow; ALA Scientific Instruments, Farmingdale, NY), 

respectively.  All solutions and pharmacological reagents were reagent grade and purchased 

from VWR International or Sigma Aldrich.  Artificial saliva (0.015 M NaCl, 0.022 M KCl, 0.003 M 

CaCl2,
 and 0.0006 MgCl2; pH 5.8 ± 0.2) served as the rinse solution and solvent for all stimuli.  I 

tested CT-nerve responses to 5-s applications of 0.3 M NH4Cl, 0.5 M NaCl, 0.5 M sucrose, 0.1 

M NaCl, 0.01 M citric acid, 0.02 M quinine hydrochloride (QHCl), 0.1 M KCl, 0.003–0.1 M acetic 

acid, and 0.003–0.1 M acetic acid mixed with 0.1 M NaCl.  The tongue was pretreated for 60s 

with 1 µM benzamil mixed in artificial saliva and then stimulated with 0.1 M NaCl (without 

benzamil) to assess the effect of benzamil pretreatment on NaCl responses mediated via apical 

ENaCs.  Because benzamil is light sensitive, I wrapped the reservoir containing this compound 

in aluminum foil throughout the duration of the experiment.  Stock solutions of benzamil were 

stored at -20°C.     

I tested each single neuron’s response to 5 s of stimulation with the following stimuli:  0.5 M 

sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 M quinine hydrochloride (QHCl), 0.1 M KCl, 0.003–



 

 

 

55 

 

 

0.1 M acetic acid, and 0.003–0.1 M acetic acid mixed with 0.1 M NaCl.  For single units, the 

protocol for taste stimulus delivery, benzamil pretreatment, and 0.1M NaCl recovery was 

essentially the same as for CT protocols except each stimulus was presented 3–4 times and 

averaged.  The standard stimuli, (0.5 M sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 M QHCl, 

0.1 M KCl, and 0.3 M NH4Cl) were applied twice at the beginning and twice at the end of the 

protocol to validate the stability of the recording.   

Measurement of Solution Conductance and pH 

 I measured the conductance of each test solution and artificial saliva by a custom made 

solution-conductance device (FSU; Paul Hendrick, Fred Fletcher, and Dr. Te Tang), to compare 

relative conductances with EGG waveforms.  The circuitry and procedure are described in detail 

in Chapter 2.  Results of solution conductance and EGG waveform are shown in Table 3.1.  The 

pH of each solution was measured with a glass-pH electrode (Mettler Toledo  FE20).  The 

results of solution pH are shown in Table (3.1). 

Data Analysis 

Chorda tympani nerve.  A 5-s period of baseline activity immediately prior to each stimulus 

was used to calculate the area under the curve for the integrated 5-s response during 

stimulation by way of vertical cursors in Spike 2.  The EGG was used to mark the time when the 

stimulus first contacts the lingual epithelium and start of analysis.  Consistent responses (criteria 

± 10%) to standards (0.3 M NH4Cl and 0.5 M NaCl) at the beginning and end of the protocol 

were indicators of nerve integrity and recording stability (see Figs 1 & 2).  Whole nerve 

responses were normalized to the average response to 0.3 M NH4Cl at the beginning and end 

of the protocol.    

Geniculate ganglion.  Spike templates were formed by amplitude and waveform shape.  

Spontaneous firing rate for each neuron was calculated as the average number of spikes/100 

ms during the 5 s immediately before each stimulus.  The EGG was used to mark the time when 

the stimulus first contacts the lingual epithelium and start of analysis.  Response frequency was 

calculated as the difference between the spontaneous firing rate immediately before stimulation 

and the average number of spikes/100 ms occurring during a full 5-s period of chemical 

stimulation.  I used a hierarchal cluster analysis [Pearson’s product-moment correlation 

coefficient (r – 1) and the average-linking method between subjects (Statistica; StatSoft, Tulsa, 

OK)] to categorize neurons by their average responses to 0.5 M sucrose, 0.1 M NaCl, 0.01 M 

citric acid, 0.02 M quinine hydrochloride (QHCl), 0.1 M KCl, 0.3 M NH4Cl, 0.003–0.1 M acetic 
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acid, 0.003–0.1 M acetic acid + 0.1 M NaCl, 0.1 M NaCl immediately following pretreatment with 

1 µM benzamil, and 0.1 M NaCl recovery.  

Responses to the 0.5 M sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 M QHCl, 0.1 M KCl, 

and 0.3 M NH4Cl were used to determine the breadth of tuning (H) for each neuron, calculated 

as H = − K Σ pi log pi, where K is a scaling constant (1.285 for 6 stimuli) and pi is the proportion 

of the response to  individual stimuli to which the neuron responded against the total responses 

to all the stimuli (Smith and Travers 1979).  H values range from 0 to 1; 0 corresponds to 

neurons that responded to only one stimulus, and 1 corresponds to neurons that responded 

equally to all the stimuli. Thus H values provide a quantitative measure of breadth of tuning. 

Because the entropy measure is unable to deal with negative proportions, absolute values were 

used for inhibitory responses—inhibitory responses were generally infrequent and of low 

magnitude.  Taking the absolute value of inhibitory responses was the original method of 

dealing with inhibitory responses (Travers and Smith 1979) as discussed in Smith and Travers 

(1979).  The results of entropy were compared with the Noise-to-Signal ratio as described 

previously (Spector and Travers 2005).  Briefly, the product of the response to the second-best 

stimulus and the reciprocal of the response to the best stimulus (N/S = 2nd best stimulus X 

1/best stimulus).  Effect size, using the Glass’s d method; d = (x̅2 - x̅1)/SD x̅1, was calculated for 

each neuron’s average response to a chemical stimulus over the full 5-s period and was used to 

indicate the response magnitude for each neuron and as a neuron group.  By convention, effect 

sizes of 0.2, 0.5, and 0.8–∞ are used to indicate small, medium, and large effects (Cohen 1992) 

and are therefore used here to indicate the size of the effect (difference in response from 

baseline).  The results from the N/S and Glass’s d were compared with the breadth of tuning 

results shown in Table 3.2. 

The AUC (1 second bins) was calculated for each neuron’s average response to acetic acid, 

acetic acid + NaCl and the sum of the responses to acetic acid (0.003–0.1 M) and 0.1 M NaCl 

(summed/predicted response) via standard trapezoidal-approximation methods (base = 100 ms) 

and averaged for each neuron group for detailed analysis of spike rate.  Effect sizes (100 ms 

bins) were used to determine the response latency and the magnitude of the peak response.  

This was accomplished by calculating the effect size for each neuron’s average response to a 

chemical stimulus and then averaging within each neuron group.  Here, I used a medium size 

effect to determine response latency.  The effect size needed to stay at or above 0.5 for at least 

five 100-ms bins for response latency to be determined.     
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Statistics.  Further statistical analyses were conducted with appropriate analysis of variance 

(ANOVA; Statistica; StatSoft, Tulsa, OK) or T-test, within and between subjects.  One-way 

repeated measures (RM) ANOVAs were used to evaluate the effect of all test stimuli and NaCl 

recovery following benzamil pretreatment on integrated CT nerve responses and single units, 

valve latency (latency from valve open to EGG deflection) and AUC measurements of 

NaCl/acetic acid mixtures versus summed-component responses for each second following 

stimulus onset.  Two-way RM ANOVAs were used to compare the AUC (1-s intervals) for NaCl 

with or without benzamil pretreatment within neuron type (stimulus X time).  EGG responses 

were averaged and presented; however statistical analyses were not performed on EGG 

waveforms because at this juncture, the nature of these signals are still ambiguous (amplitude, 

shape, polarity, etc.) and therefore are used primarily as a marker of stimulus onset and 

validation of stimulus delivery (see below).  Spontaneous firing rate before each stimulus was 

averaged for each neuron, and average baseline firing rate for each neuron group was then 

evaluated with an independent T-test.  Significant main effects or interactions (p < 0.05) of 

ANOVAs were further examined with Fisher’s Least Significant Difference (LSD) method.  

Graphic and tabular data are presented as group means ± standard error of the mean (SEM).  

RESULTS 

Solution Delivery, EGG Waveform, and Solution Conductance 

Each test solution elicited a unique, but concentration dependent EGG waveform indicative 

of controlled delivery of test solutions to the tongue.  I measured the solution conductance to 

compare EGG polarity and magnitude with the electrical conductance of test solutions (Table 

3.1).  There was a main effect of valve latency [F(15,255) = 4.65, P < 0.001].  Post hoc test 

revealed that the valve latency of stimulus channel 6 (0.3 M NH4Cl) was significantly shorter 

than the latency to all other valves except stimulus channel 2 (0.1 M NaCl) and stimulus 

channels 12 and 14 (0.01 and 0.1 M acetic acid + NaCl; P-values < 0.05).  There were no 

overall differences in valve latency between ionic and nonionic stimuli and no differences 

between the basic taste stimuli and KCl.  The average valve latency for all 16 channels was 

493.2 ± 10.8 ms, which corresponds with an average flow rate of 51µl/s.  The stimulus channel 

with the shortest average latency (channel 6; 0.3 M NH4Cl) was 449 ± 14 ms; the latency of the 

slowest stimulus channel (channel 6; 0.01 M acetic acid) was 565 ± 27 ms, which corresponds 

to a flow rate range of 44–56µl/s, respectively.  After all experiments were completed, the flow 

rate of each stimulus channel was precisely measured with a 15 mL conical tube over 4 minutes 

(e.g.50µl/s over 4 minutes = 12 mL); the results showed that the flow rate of each stimulus 



 

 

 

58 

 

 

channel corresponded identically with valve latencies, indicating that EGG onset is a precise 

marker of stimulus arrival.         

Chorda Tympani and EGG: Standard Taste Stimuli, Acetic Acid, and Taste Mixtures 

 Shown on top in Figure 3.1 are the typical responses from one CT nerve recording and on 

bottom the average responses from seven male rats to 5-s applications of the standard taste 

stimuli, 0.3 M NH4Cl, and to an acetic acid and acetic acid + 0.1 M NaCl concentration series.  

CT nerve response magnitude varied by taste stimulus [F(17,102) = 83.55, P < 0.001].  The 

responses to 0.1 M NaCl were significantly greater (all P-values < 0.001) than those to sucrose, 

citric acid, QHCl, and KCl.  Responses to acetic acid increased with concentration (all P-values 

< 0.05).  Responses to 0.01 M citric acid and 0.01—0.03 M acetic acid were similar, but 

responses to 0.1 M acetic acid were greater than those to 0.01 M citric acid (P < 0.001) despite 

similarities in solution pH (Table 3.1).  Responses to 0.1 M NaCl were greater than those to 

each acetic acid concentration (all P-values < 0.001).  Mixtures of acetic acid + 0.1 M NaCl 

increased with increasing acetic acid concentration (P-values < 0.05) except between 0.01 and 

0.03 (P = 0.13).  Each response to the acetic acid + 0.1 M NaCl mixture was significantly 

different than acetic acid responses alone (all P-values < 0.001).  Responses to 0.003 M acetic 

acid + 0.1 M NaCl were significantly lower than 0.1 M NaCl alone (P < 0.05), whereas 0.01 and 

0.3 M acetic acid + 0.1 M NaCl were equal to 0.1 M NaCl alone, and 0.1 M acetic acid + 0.1 M 

NaCl was significantly greater than 0.1 M NaCl alone.  Responses to 0.5 M NaCl and 0.3 M 

NH4Cl at the beginning and end of the protocol did not change statistically demonstrating 

response stability over the recording interval.   

 To investigate the effect of acetic acid on 0.1 M NaCl responses, I compared actual 

responses from acetic acid + NaCl mixtures to the sum of the component responses (predicted 

responses) and to 0.1 M NaCl alone.  CT-response magnitude varied with taste stimulus 

[F(8,48) = 43.58, P < 0.001].  Responses to acetic acid/NaCl mixtures were less than those to 

predicted responses at each concentration (P-values < 0.001).  When responses to mixtures 

were compared to the sum of the component responses, responses to 0.003, 0.01, 0.03, and 

0.1 M acetic acid + 0.1 M NaCl were 22.1 ± 6.8, 18.7 ± 4.0, 20.5 ± 2.2, and 24.1 ± 2.1 % less 

than predicted, respectively.  The overall suppressive effect across all concentrations was 21.3 

± 2.0.  0.1 M NaCl was significantly less than all predicted responses (P-values< 0.05), unlike 

actual responses to acetic acid/NaCl mixtures (described above).   

Chorda Tympani: Effects of Benzamil Pretreatment 
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Shown on top in Figure 3.2 are the typical responses from one CT nerve recording and on 

bottom the average responses of 7 male rats to short-duration 5-s applications of 0.1 M NaCl 

with and without benzamil pretreatment, as well as the average responses to 0.3 M NH4Cl and 

0.5 M NaCl at the beginning and end of the protocol.  CT response magnitude varied by taste 

stimulus [F(7,42) = 60.51, P < 0.001].  Pretreatment with 1 µM benzamil significantly decreased 

0.1 M NaCl responses by 40% (P < 0.001) immediately following pretreatment.  The effect of 

benzamil pretreatment continued to decrease NaCl responses by 16%, 60s after switching back 

to artificial saliva alone (P < 0.01), but NaCl responses were fully recovered after 2 minutes of 

artificial saliva rinse (P = 0.49).  Responses to 0.3 M NH4Cl and 0.5 M NaCl standards were 

statistically similar at the beginning and end of the protocol. 

Geniculate Ganglion: Basic Firing Characteristics 

Hierarchical cluster analysis grouped neurons (n = 21) on the basis of their responses to all 

test stimuli (see methods); results from this analysis are shown in the dendrogram (Figure 3.3).  

Analysis of agglomeration by means of a scree plot (data not shown) indicated that an abrupt 

upward deflection occurred at 0.42, which separated the neurons into 2 main groups (NaCl 

specialists and acid generalists).  NaCl specialists and acid generalists differed greatly in their 

response profiles to the basic taste stimuli, KCl, and NH4Cl; however the greatest difference 

rests with the response profiles to ascending concentrations of acetic acid, acetic acid/NaCl 

mixtures, and 0.1 M NaCl responses post 1 µM benzamil pretreatment.   

Shown in Figure 3.4 are raw data from a NaCl-specialist (top) and an acid-generalist 

(bottom) neuron to 5-s stimulation with acetic acid (0.003–0.1 M), acetic acid (0.003–0.1 M) + 

0.1 NaCl.  As shown, the NaCl-specialist neuron is unresponsive to acetic acid at all 

concentrations tested, but responds well to the mixture of 0.1 M NaCl with acetic acid.  In 

contrast, the acid generalist responds to acetic acid and to the mixture of 0.1 M NaCl with acetic 

acid.  Consistent with our recent ganglion study (Breza et al. 2010), and depicted in Figure 3.4, 

baseline firing rates were significantly lower (T = -2.13, P = 0.05) in NaCl specialists (mean = 

0.23 ± 0.01 spikes/100 ms) than in acid generalists (mean = 0.41 ± 0.02 spikes/100 ms).     

NaCl Specialists and Acid Generalists: Average 5-s Responses 

NaCl specialist.  Shown in Figure 3.5 are the average 5-s responses of test stimuli from 

NaCl specialist (top) and acid-generalist neurons (bottom).  There was an effect of stimulus 

[F(15,180) = 41.80, P < 0.001] on firing rate.  NaCl specialists were narrowly tuned, responded 

better to 0.1 M NaCl than to any other single stimulus (all P-values < 0.001).  The breadth of 

tuning and N/S ratio were low when 0.3 M NH4Cl was excluded from the analyses (see Table 
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3.2).  Including 0.3 M NH4Cl in the analyses increased breadth of tuning and N/S ratio, with the 

effect size to 0.1 M NaCl 4X greater than that to 0.3 M NH4Cl.  Without 0.3 M NH4Cl, the effect 

size for 0.1 M NaCl was 17 X greater than to other basic taste stimuli and KCl (Table 3.2).  

Benzamil pretreatment significantly decreased 0.1 M NaCl responses by 76% (P < 0.001); spike 

rate was restored by the 3rd presentation of 0.1 M NaCl.  Benzamil pretreatment did not affect 5-

s NaCl responses by acid generalists.   

There was no concentration effect of acetic acid in NaCl specialists; in fact, all acetic acid 

responses were equal.  Overall, 5-s responses to acetic acid/NaCl mixtures in this large ANOVA 

were not significantly different from NaCl alone.  Predicted responses of NaCl/acetic acid 

mixtures were compared against actual responses to the mixture and NaCl alone.  A one-way 

RM ANOVA resulted in a main effect of stimulus [F(8,96) = 3.18, P < 0.01] on firing rate.  There 

was a trend of acetic acid suppression on 0.1 M NaCl responses compared to predicted 

responses (0.003, 0.01, 0.03 M; P = 0.054, P = 0.064, P = 0.064, respectively ); however only  

0.1 M acetic acid + 0.1 M NaCl was significantly different from its predicted value (P < 0.01).  In 

this smaller ANOVA, 0.1 M NaCl responses were significantly different than the 0.003 M acetic 

acid/NaCl mixture (P < 0.05).   

For a majority of NaCl specialists the responses to the mixture at each acetic acid 

concentration were less than the responses to NaCl alone; however 2 of 13 NaCl specialists 

responded synergistically to the mixtures across all concentrations (one by 27% the other by 

11%).  However as a group, acetic acid reduced NaCl responses by 8.9 ± 4.7, 6.9 ± 4.6, 7.0 ± 

4.4, and 14.3 ± 5.9 percent at 0.003, 0.01, 0.03, and 0.1 M, respectively.  The overall percent 

decrease across all concentrations was 9.3 ± 4.0. 

Acid generalists. Acid generalist’s firing rate was significantly affected by taste stimulus 

[F(15, 105) = 20.76, P < 0.001].  Acid generalists were broadly responsive to all taste stimuli, 

responding better to 0.3 M NH4Cl and 0.1 M acetic acid than to any other single stimulus (P-

values < 0.001).  Consequently, the breadth tuning was broad, as was the Noise-to-signal ratio, 

regardless of whether NH4Cl was included in the equation.  The N/S was lower than the breadth 

of tuning measure, particularly when NH4Cl was included in the analysis, because responses to 

NH4Cl were more than twice those to the second best stimulus, as measured by Glass’s d.  

Responses to acetic acid/NaCl mixtures, such as 0.03 M acetic acid + 0.1 M NaCl, and 0.1 M 

acetic acid + 0.1 M NaCl, were equal to 0.3 M NH4Cl and 0.1 M acetic acid.  Responses to 0.1 

M NaCl and 0.01 M citric acid were similar, but both responses were greater than those to 0.5 M 

sucrose, 0.02 M QHCl, 0.1 M KCl and 0.003 M acetic acid.   
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The spike rate of Acid generalists increased with acetic acid concentration alone (0.01–0.1 

M; P-values < 0.05), and to the acetic acid/NaCl mixtures (0.01–0.1 M; P-values < 0.05).  

Consistent with whole-nerve studies, responses to 0.01 M citric acid and 0.01–0.03 M acetic 

acid were similar, but responses to 0.1 M acetic acid were greater than those to 0.01 M citric 

acid (P < 0.001) despite similarities in solution pH (Table 3.2).  Responses to acetic acid/NaCl 

mixtures were greater than those to acetic acid alone (P-values < 0.01).  The response to 0.003 

m acetic acid + 0.1 M NaCl was equal to 0.1 M NaCl alone, but all other acetic acid/NaCl 

mixtures were greater than 0.1 M NaCl (P-values < 0.05).  Predicted responses of NaCl/acetic 

acid mixtures were compared against actual responses to the mixture and NaCl alone.  A one-

way RM ANOVA resulted in a main effect of stimulus [F(8,56) = 18.07, P < 0.001] on firing rate, 

but this effect was due to the fact that NaCl responses were less than acetic acid/NaCl mixtures.  

In fact, post hoc comparisons revealed that responses to acetic acid/NaCl mixtures were similar 

to predicted values at all concentrations.  Although there wasn’t a significant inhibitory effect of 

acetic acid on NaCl responses, 3 of 8 neurons were suppressed by the mixture at each 

concentration (9, 21, and 36%), whereas 2 of 8 neurons responded synergistically to the mixture 

at each concentration (one by 11% and the other by 20%).   

NaCl Specialists and Acid Generalists: Response Profiles 

NaCl specialists.  Shown in Figure 3.6 are the response patterns (in 100-ms bins) to the 

four basic taste stimuli, 0.1 M KCl, 0.3 M NH4Cl, and 0.1 M NaCl after benzamil treatment in 

NaCl specialists (Top) and acid generalists (Bottom).  NaCl specialists responded abruptly to 

0.1 M NaCl 100 ms after stimulus contact.  In contrast, the response to 0.3 M NH4Cl was 

sluggish with a seven fold longer latency (see Table 3.3).  Benzamil suppressed NaCl spike rate 

thereby increasing NaCl response latency 12 fold.  Benzamil pretreatment reduced NaCl-spike 

frequency for the full 5-s stimulation period (P-values < 0.001) as reflected by a significant 

stimulus [F(2, 24) = 57.55, P < 0.001]  and a stimulus by time interaction effects [F(8, 96) = 

3.86, P < 0.001].   

Acid generalists.  Acid generalists responded abruptly to 0.3 M NH4Cl 100 ms after 

stimulus contact.  The mean response to 0.1 M NaCl was less than twice the frequency and 

twice the latency.  There was a significant stimulus by time interaction [F(8, 56) = 2.59, P < 0.05] 

when comparing spike rate responses to NaCl with and without benzamil pretreatment.  

Benzamil pretreatment reduced NaCl spike rate just for the first second of stimulation (P < 0.01) 

thereby increasing spike latency by two fold (see Table 3.3).   

Response Profiles to Acetic Acid and Acetic Acid/NaCl Mixtures 
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Shown in figure 3.7 are the average responses to 0.1 M NaCl, acetic acid (0.003–0.1 M) and 

acetic acid + NaCl in NaCl specialists (left) and acid generalists (right).  As shown, acetic acid 

alone had little impact on spike frequency in NaCl specialists but had a concentration dependent 

impact on spike frequency and latency in acid generalists.  In fact, as the concentration of acetic 

acid increased, response frequency increased and response latency decreased (see Table 3.3) 

in a parallel fashion. Responses to acetic acid/NaCl mixtures in NaCl specialists were never 

greater than NaCl responses alone.  In contrast, responses to the mixtures in acid generalists 

were always greater than NaCl responses.   

NaCl Specialists and Acid Generalists: Phasic Responses to Stimulus Mixtures 

NaCl specialists.  To quantify with precision the effect of acetic acid on NaCl response 

magnitudes, I analyzed the AUC for each response to NaCl, acetic acid/NaCl mixtures, and the 

predicted values in 1-s intervals.  Shown in Figure 3.8 are the results of the first second after 

stimulus onset in NaCl specialists (Top) and acid generalists (Bottom).  Response frequency 

during the first second was significantly affected by stimulus [F(8, 96) = 4.89, P < 0.001] in NaCl 

specialists.  As shown in the figure, average responses to acetic acid/NaCl mixtures were, in 

general, less than NaCl alone, but only 0.003 and 0.03 M acetic acid/NaCl mixtures were less 

than NaCl responses alone (P-values < 0.05).  There was a trend towards significance at 0.01 

M (P = 0.07) and 0.1 M (P = 0.06) as well.  Responses to acetic acid/NaCl mixtures during the 

first second were significantly less than predicted values at all concentrations (P-values < 0.05) 

in NaCl specialists.  There were main effects of stimulus on response magnitudes for NaCl 

specialists during seconds 2–5, but post hoc tests showed no significant differences between 

actual responses and predicted responses to acetic acid/NaCl mixtures.  Thus, only phasic 

responses to NaCl during the first second of stimulation in NaCl specialists were significantly 

affected by acetic acid.  

 Acid generalists.  As shown in Figure 3.8 (Bottom) spike rates in acid generalists to 

stimulus mixtures increased with increasing concentration [F(8, 56) = 8.46, P < 0.001], but spike 

rates to acetic acid/NaCl mixtures were similar to predicted responses at each concentration.  In 

fact, post hoc analyses showed no statistical differences between stimulus mixtures and 

predicted responses, indicating that overall, response rates to the mixture were additive.  As 

expected, the ANOVAs showed the same response patterns for each second during stimulation. 

DISCUSSION 

 The taste system is adroit in dealing with mixtures of different taste qualities, yet we 

understand little about the physiological processes involved with such interactions at whole 
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nerve or single-unit levels.  Accordingly, I recorded summated responses from the whole nerve 

and spike discharges from sodium-selective and acid/sodium responsive neurons in the rat 

geniculate ganglion to NaCl, acetic acid, and acetic acid/NaCl mixtures under highly controlled 

experimental conditions.  These conditions approximated the physiological state in order to 

elucidate mechanisms underlying sour/salty interactions.  To accomplish such a feat, it was 

imperative that stimulus protocols for whole nerve and single unit experiments be nearly 

identical, and that analyses be anchored to stimulus onset, which was determined by deflection 

of summated potentials (EGG) from anterior tongue.   

 I addressed these major issues of taste: how are acetic acid and acetic acid/NaCl taste 

mixtures represented at the whole nerve and from NaCl-specialist and acid-generalist neurons 

under conditions approximating the physiological state.  I hypothesized that whole-nerve 

responses to acetic acid/NaCl mixtures would be less than additive in short 5-s applications, as 

shown previously with longer (60–120 s) stimulus presentations (Lyall et al. 2002).  Additionally, 

I hypothesized that responses to NaCl in NaCl specialists would be reduced by acetic acid, but 

responses to acetic acid/NaCl mixtures in acid generalists would be additive.  This latter 

hypothesis was derived from whole-nerve experiments (Lyall et al. 2002) where only the 

benzamil-sensitive portion of NaCl taste was significantly attenuated with acetic acid/NaCl 

mixtures.  Importantly, this hypothesis has not been previously tested at the single-unit level.  

Accordingly, I recorded from NaCl specialist and acid generalist neuron types in the geniculate 

ganglion to elucidate these mechanisms at the single unit level.  Results from these 

experiments are in general agreement with my hypotheses and will be discussed in detail in the 

sections below. 

Chorda Tympani and EGG: Basic Tastes, Acetic Acid, Acetic Acid/NaCl Mixtures and 

Benzamil 

 Overall, the CT nerve responds to the four basic taste stimuli and to KCl with magnitudes 

reflected by the response frequencies and distribution of neuron types in the rat geniculate 

ganglion (Breza et al. 2007; 2006; Breza et al. 2010; Lawhern et al. 2011; Lundy and Contreras 

1999).  The CT nerve responded to a broad concentration range (0.003–0.1 M) of acetic acid—

EGG deflections to acetic and citric acid were usually the opposite polarity of salt solutions, 

though both solutions are more conductive that artificial saliva alone (Table 3.1).  Consistent 

with the Lyall et al (2002) whole-nerve study, responses to 0.01 M citric acid were equal to 0.01 

M acetic acid (Figure 3.1), despite a large difference in solution pH (Tables 3.1).  0.1 M acetic 

acid was more than twice as effective as 0.01 M citric acid, but 0.01 M citric acid is more acidic 
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(Table 3.1).  The response to the highest concentration of acetic acid (0.1 M) was significantly 

lower than a moderate concentration of NaCl (0.1 M).  Thus, the CT nerve is more sensitive to 

NaCl than to acetic acid under these experimental conditions.   

Although the CT responded to 0.003 M acetic acid and to 0.1 M NaCl, responses to the 

mixture were less than 0.1 M NaCl alone.  0.01 and 0.03 M acetic acid produced moderate 

responses in the CT nerve but mixtures with 0.1 M NaCl were equal to 0.1 M NaCl alone.  The 

response to each stimulus mixture was less than the sum of the component responses.  This 

implies that either acetic acid inhibits the NaCl signal or that NaCl inhibits the acid signal.  Lyall 

et al (2002) showed that responses to NaCl through the benzamil-sensitive pathway were 

inhibited by acetic acid, whereas responses of the benzamil-insensitive pathway were additive.  

The suggestion is that decreases in intracellular pH decreases the sodium currents through 

apical ENaCs.  Evidence for a similar mechanism has been shown in Xenopus oocytes, where 

decreases in intracellular, but not extracellular pH, decreased channel activity, reduced single 

channel open probability, reduced single channel open time, and increased channel closed 

time, without affecting single-channel conductance (Chalfant et al. 1999).  It was concluded from 

the Chalfant et al (1999) study that the alpha subunit of ENaC was directly regulated by 

changes in intracellular pH.   

In chapter 2 I showed that 1 µM benzamil decreased 0.1 M NaCl responses by 44% if the 

solution mixture (0.1 M NaCl + 1 µM benzamil) was left on the tongue for 60s.  The effect of a 

fivefold higher concentration of benzamil was partially recovered after a 60-s wash with 0.1 M 

NaCl and fully recovered after an additional 60-s with artificial saliva.  It was clear from this 

experiment that benzamil had lasting effects but the effects were completely reversible.  

Because benzamil successfully blocked the channel for an extended period of time, I chose to 

pretreat the tongue with 1 µM benzamil for 60s before 0.1 M NaCl application to ensure enough 

time for the drug to bind to its site of action.  By delivering the drug in the rinse, NaCl responses 

from the same stimulus channel (channel 2; see Figure 3.2) could be compared before and after 

treatment to ensure that any difference in response magnitude was not confounded by subtle 

changes in flow rate between stimulus channels.  Pretreatment of 1 µM benzamil for 60s 

decreased 5-s NaCl responses by 40% consistent with 60-s co-applications of 0.1 M NaCl + 1 

µM benzamil—NaCl responses were fully recovered after the third presentation of 0.1 M NaCl.  

Single Units: Basic Tastes, Acetic Acid, Acetic Acid/NaCl Mixtures and Benzamil 

  The solution-delivery procedures were essentially identical to those in whole-nerve studies 

for parallel comparison.  I focused on NaCl-specialist and acid-generalist neuron types, as they 
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have unique response characteristics, especially distinguished by their differential sensitivity to 

ENaC blockers (Breza et al. 2010; Lundy and Contreras 1999), indicating that they represent 

two distinct salt-sensing pathways.  Furthermore, these two neuron types are the two major 

neuron types of the CT (Breza et al. 2007; 2006; Breza et al. 2010; Lundy and Contreras 1999).  

0.3 M NH4Cl was added to the stimulus protocols because it is known to strongly activate acid 

generalists (Lundy and Contreras 1999) and has been used as a standard in whole-nerve 

recordings for decades.  1 µM benzamil was added to the stimulus array to identify NaCl 

responses mediated via apical ENaCs. 

NaCl specialists responded narrowly, with a low N/S ratio when tested with the four basic 

taste stimuli and to 0.1 M KCl.  NaCl specialists responded to a high concentration of NH4Cl (0.3 

M), but with less than half the frequency and seven times the latency as 0.1 M NaCl.  All but one 

NaCl specialist responded second best to 0.3 M NH4Cl.  This had a significant impact on the 

N/S measure and the breadth of tuning; however the effect size was 4X greater for 0.1 M NaCl 

than for 0.3 M NH4Cl (Table 3.2) and 17X greater for 0.1 M NaCl than for other basic taste 

stimuli and 0.1 M KCl.  Therefore, Glass’s d was a more faithful representation of the breadth of 

tuning, than the N/S ratio or Entropy.  Lundy and Contreras (1999) showed that NaCl specialists 

responded very weakly to 15 s of stimulation with 0.3 M NH4Cl when the tongue was adapted to 

dH2O.  It is possible in the present study that 0.3 M NH4Cl responses in NaCl specialists were 

enhanced with an artificial saliva rinse and faster change in solution concentration (10 fold 

decrease in dead volume); however, the overall response profile to the basic taste stimuli and 

0.1 M KCl were virtually identical to results by Lundy and Contreras (1999) and Breza et al. 

(2010).  In the rat CT, high concentrations (0.5 M ) of NH4Cl are partially blocked by amiloride 

(Lundy and Contreras 1997), so it is possible that the NH4
+

 cation is permeable to ENaC at high 

concentrations.  

Acid generalists responded broadly to the basic taste stimuli and to 0.1 M KCl, as measured 

by breadth of tuning and the N/S ratio.  Consistent with all my studies in the rat geniculate 

ganglion (Breza et al. 2007; 2006; Breza et al. 2010), responses to 0.1 M NaCl were ~ 50% less 

in acid generalist than in NaCl specialists.  Acid generalists responded best to 0.3 M NH4Cl, 

consistent with two other studies in the rat geniculate ganglion (Boudreau 1983; Lundy and 

Contreras 1999)—therefore, the common nomenclature of “acid generalist” is a misnomer if 

NH4
+ is only considered as a cation.  NH4

+ can, however, be considered a Brønsted-Lowry acid 

(Boudreau 1983) as well, since NH4
+ → NH3 + H+ (Lundy and Contreras 1999).   At present, it is 

unknown whether NH4Cl is activating acid generalists by donating a proton, whether the NH4
+ 
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cation is permeable to some ion channel, or whether both mechanisms are in play.  It is, 

however, unlikely that NaCl specialists are responding to the proton, since NaCl specialists are 

unresponsive to HCl (Lundy and Contreras 1999), citric acid (Breza et al. 2007; 2006; Breza et 

al. 2010) or acetic acid (Chapter 3).  Furthermore, the pH of NH4Cl is less acidic than acetic acid 

and is therefore a weaker Brønsted-Lowry acid than is HCl, citric acid, or acetic acid.   

Including 0.3 M NH4Cl in the Entropy equation had virtually no impact on acid generalist’s 

the breadth of tuning, but the N/S decreased because the response to 0.3 M NH4Cl was more 

than twice the response to the second best stimulus—the exact opposite of NaCl specialists.  

Glass’s d showed that the effect size to 0.3 M NH4Cl in acid generalists was more than twice as 

large as the effect to 0.1 M citric acid, the second best stimulus.  The N/S ratio was not 

particularly informative of acid generalist’s breadth of tuning, since acid generalists were 

responsive to virtually all chemicals, not just citric acid NH4Cl, but it was interesting to see that a 

high concentration of NH4Cl had such profound effects on the N/S ratio and H values.   NH4Cl 

had profound effects on spike pattern in acid generalists.  Here, I show for the first time that the 

response latency to 0.3 M NH4Cl was shorter than the response latency to all other stimuli.  This 

response latency was seven times shorter than the NaCl response latency by NaCl specialists, 

indicating that NH4Cl is communicated more quickly and with higher spike rate to the brain 

through acid generalists.   

Pretreatment with 1 µM benzamil had a profound impact on NaCl specialist’s response to 

NaCl.  In fact, benzamil pretreatment was so robust that it virtually eliminated the 5-s response 

to 0.1 M NaCl.  Similar effects have been shown with 10 µM amiloride in NaCl specific fibers of 

the hamster CT (Hettinger and Frank 1990).  Unexpectedly, benzamil pretreatment also 

modestly reduced the spike rate of acid-generalist neurons during the first second of NaCl 

stimulation.  This latter finding raises a cautionary flag of using concentrations of 

pharmacological antagonists that may be too high and cause unwanted nonspecific effects 

across receptor mechanisms and neuron types, and thereby complicate interpretation of 

behavioral outcomes.  Indeed, increasing benzamil concentration from 1 to 5 µM decreased CT 

nerve responses to NaCl from 44 to 86 % (see Chapter 2).  It seems unlikely that an 86% 

reduction was due to an exclusive suppression of NaCl responses by NaCl specialists.  In fact, if 

5 µM benzamil exerted its effects solely on NaCl specialists, then one would expect that the vast 

majority of geniculate ganglion neurons are NaCl specialists.  However, this does not match 

with the heterogeneity and frequency of other neuron types typically sampled from the 
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geniculate ganglion (Breza et al. 2007; 2006; Breza et al. 2010; Lawhern et al. 2011; Lundy and 

Contreras 1999).  

I am aware of only one single fiber study in the rat (Wistar) that used 100 µM amiloride 

(Ninomiya and Funakoshi 1988).  In the study by Ninomiya and Funakoshi (1988), nearly 50% 

of the neurons that were highly sensitive to amiloride treatment were also responsive to 0.01 M 

HCl.  The average response frequency to 0.01 M HCl was one-third the response to 0.1 M 

NaCl.  This is in contrast with our results from NaCl-specialist neurons in the geniculate 

ganglion with 0.01 M HCl (Lundy and Contreras 1999), 0.01 M citric acid (Breza et al. 2007; 

2006; Breza et al. 2010; Lawhern et al. 2011), and 0.003–0.1 M acetic acid (current study).  In 

fact, there was no greater difference in the present study between NaCl specialists and acid 

generalists than their responses to 0.003–0.1 M acetic acid.   

NaCl specialists showed a remarkable level of specificity when challenged with acetic acid 

across a broad range of concentrations (0.003–0.1 M).  In contrast, acid generalists responded 

to acetic acid in a concentration dependent fashion.  As acetic acid concentration increased, 

acid generalist’s response frequency increased and latency decreased.  This principle finding of 

latency is consistent with our studies with NaCl (Breza et al. 2010) and Na gluconate (Chapter 

2).  Responses to stimulus mixtures also differed between NaCl-specialist and acid-generalist 

neuron types.  Responses to acetic acid/NaCl mixtures were less than predicted values in NaCl 

specialists; however this effect was limited to phasic responses during the first second of 

stimulation and was not attributed to latency.  As shown in Figure 3.7, responses to the mixture 

were never greater than NaCl responses alone.  In fact, responses to 0.003 M acetic acid + 

NaCl and 0.03 M acetic acid + NaCl were significantly different than NaCl responses alone (see 

Figure 3.8), which is in agreement with the whole nerve experiments.  Indeed, responses to the 

0.003 M acetic acid/NaCl mixture in the whole nerve were significantly less than NaCl 

responses alone.  In contrast to NaCl specialists, responses rate to acetic acid/NaCl mixtures in 

acid generalists were additive; this was coupled with a decrease in response latency to the two 

highest acetic acid/NaCl mixtures compared to the latency to NaCl or acetic acid alone.  Thus, 

taste cells innervated by acid generalists were depolarized more quickly with the stimulus 

combination.   

Together, these above findings are in general agreement with results from whole-nerve 

experiments where only the benzamil-sensitive portion of the response was attenuated (Lyall et 

al. 2002).  Although the inhibitory responses to acetic acid/NaCl mixtures in NaCl specialists 

were not as robust as those predicted by whole nerve responses (9.3 % reduction in NaCl 
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specialists vs. 21.3 % reduction in CT), the whole nerve is indeed a summated response and 

many factors need to be considered.  For example, it is possible that there are more NaCl 

specialists than acid generalists in the rat CT.  Over the years, I have recorded from more NaCl 

specialists (n = 75; with publications and Chapters 2 and 3) than from acid generalists (n = 43; 

with publications and Chapters 2 and 3).  Together, these samples estimate that there are more 

NaCl specialists than acid generalist in the rat CT nerve, which would contribute to a larger 

portion of the summated signal.  It is also possible that the fiber diameter of NaCl specialists is 

significantly larger than other neuron types.  A recent study in the geniculate ganglion 

(Nakamura and Bradley 2011) showed that CT neurons in the geniculate ganglion were not 

equal in diameter, suggesting that fiber or soma diameter may be linked to neuron type.  Over 

the years I have noticed that extracellular-spike amplitudes from NaCl specialists are larger than 

any other CT-neuron type (unpublished observations).  Although this would need to be 

confirmed with intracellular recording and cell labeling, it is possible that NaCl specialists have 

larger soma and fiber diameters.  Aside from these factors, if the percent differences between 

actual responses to acetic acid/NaCl mixtures and predicted responses are calculated for each 

neuron, regardless of type, the percent decrease was more similar to the percent decrease of 

the whole nerve.  In fact, NaCl specialists and acid generalists together responded 14.3% less 

to stimulus mixtures than to predicted responses—the percent decrease of the CT nerve was 

21.3%.  Together, all these factors would certainly impact the amplitude of the whole nerve, 

since the whole nerve is indeed a summated potential and therefore need to be considered.   

NaCl Specialists and Acid Generalists: Functional Connections with Fungiform Taste 

Cells 

 The fungiform taste bud contains a heterogeneous population of taste receptor cells.  Type I 

cells of the fungiform papillae are the only known cell type that is sensitive to amiloride 

(Vandenbeuch et al. 2008).  Type III cells have traditional synapses with afferent fibers that 

respond well to citric acid, acetic acid, and KCl (Huang et al. 2008; Tomchik et al. 2007).  It is 

unknown how Type I cells communicate with afferent fibers, but it is possible that 

communication to afferent fibers may be accomplished without a synapse, by way of paracrine 

signaling.  Indeed, knocking out the ATP receptor abolishes NaCl taste responses from the 

mouse CT (Finger et al. 2005).  Thus, ATP is crucial for communication with afferent fibers, but 

has also shown to play a role in cell-to-cell communication within the bud (Huang et al. 2007).  

Type III cells have been implemented in communicating information from neighboring taste 

receptor cells (Tomchik et al. 2007).  Type III cells express PKD2L1 channels on their plasma 
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membrane that may be involved in the transduction of acids (Horio et al. 2011; Huang et al. 

2006).  Weak acids are membrane soluble, decrease intracellular pH (Lyall et al. 2001), and 

activate Type III cells exclusively (Huang et al. 2008).  Genetic ablation of taste cells expressing 

the PKD2L1 channel severely compromises whole nerve responses to acids (Huang et al. 2006) 

and mutants lacking the PKD2L1 receptor have decreased, but not abolished nerve responses 

to acids (Horio et al. 2011).   

With these factors in mind, it is tempting to speculate that NaCl specialists are in contact 

with Type I taste bud cells, whereas acid generalists are in contact with Type III cells.  NaCl 

specialists were unresponsive to a broad-concentration range of acetic acid suggesting that 

they lack PKD2L1 channel expression.  In contrast, acid generalists were responsive to a broad 

concentration of acetic acid suggesting that they express PKD2L1 channels.  Not only were 

NaCl specialists virtually unresponsive to acetic acid, acetic acid decreased their responses to 

NaCl, suggesting that a single transduction mechanism is involved.  Therefore, it is reasonable 

to assume that, intracellular acidification via acetic acid decreases intracellular pH (Chalfant et 

al. 1999; Lyall et al. 2001; Lyall et al. 2002), thereby decreasing ENaC activity in Type I cells as 

shown in Xenopus oocytes (Chalfant et al. 1999).  Acid generalists responded to acetic acid and 

NaCl; their responses to acetic acid/NaCl mixtures were additive, suggesting that acetic acid 

and NaCl were transduced through different mechanisms.  At this juncture, it is unclear whether 

additive responses in acid generalists are accomplished through cell-to-cell communication, or 

whether the Type III cell expresses receptor mechanisms for transduction of both taste qualities. 

Conclusions 

 Acetic acid was an effective stimulus in the whole CT nerve and differentially affected NaCl-

specialist and acid-generalist neuron types.  NaCl specialists were unresponsive to broad 

concentration range (0.003–0.1 M) of acetic acid, whereas acid generalists responded to acetic 

acid in a concentration dependent manner.  Increasing acetic acid concentration decreased 

response latency and increased responses frequency of acid generalists, consistent with NaCl 

specialists responses to an increase in NaCl (Breza et al. 2010) and Na gluconate (Chapter 2) 

concentration.  Acetic acid and citric acid responses were equal at the same concentration, but 

acetic acid was more than twice as effective at a similar pH.  The response by acid-generalist 

neurons to an acetic acid/NaCl mixture is equal to the sum of the component responses, while 

that by NaCl specialists is less than the component responses.  The additive response by acid 

generalists is coupled with a reduction in response latency for the two highest acetic acid 

concentrations.  The data suggest that acetic acid reduces ENaC activity via intracellular 
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acidification in Type I fungiform taste-bud cells that are in communication with NaCl specialist 

neurons   In contrast, the data suggest that acetic acid/NaCl mixtures activate Type III fungiform 

taste bud cell via separate receptor/cellular mechanisms and communicate an additive signal to 

the central nervous system. 
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Figure 3.1.  Raw electrophysiological traces from the CT nerve (Top) and average responses 

(bottom, n = 7) to 0.3 M NH4Cl, 0.5 M NaCl, 0.5 M sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 

M quinine hydrochloride (QHCl), 0.1 M KCl, 0.003–0.1 M acetic acid, 0.003–0.1 M acetic acid 

mixed with 0.1 M NaCl, and predicted responses (sum of component responses to 0.003–0.1 M 

acetic acid acetic acid and 0.1 M NaCl).  Data are normalized to the average 0.3 M NH4Cl 

response.  * indicates acetic acid/NaCl mixtures significantly different from 0.1 M NaCl alone , † 

indicates significantly different from the proceeding concentration, and ‡ indicates acetic 

acid/NaCl mixtures significantly different from their predicted responses at the same 

concentration. 
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Figure 3.2.  Raw electrophysiological traces from the CT nerve (Top) and average responses 

(bottom, n = 7) 0.3 M NH4Cl, 0.5 M NaCl, and 0.1 M NaCl before and after pretreatment with 1 

µM benzamil.  Data were normalized to the average 0.3 M NH4Cl response.  * indicates 

significant differences in 0.1 M NaCl responses post benzamil treatment. 
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Figure 3.3.  Dendrogram of the results from the hierarchical cluster analysis. 
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Figure 3.4. Raw electrophysiological traces from the a NaCl specialist and acid generalist 

neuron to 0.003–0.1 M acetic acid and 0.003–0.1 M acetic acid mixed with 0.1 M NaCl.  
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Figure 3.5. Average responses to all test stimuli (5-s presentations relative to baseline) from 

NaCl specialists (Top) and acid generalists (bottom).  * indicates acetic acid/NaCl mixtures 

significantly different from 0.1 M NaCl alone , † indicates significantly different from the 

proceeding concentration, and ‡ indicates acetic acid/NaCl mixtures significantly different from 

their predicted responses at the same concentration. 
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Figure 3.6.  Average response profiles from NaCl specialists (Top) and acid generalists 

(Bottom) to 0.5 M sucrose, 0.1 M NaCl, 0.01 M citric acid, 0.02 M QHCl, 0.1 M KCl, 0.3 M 

NH4Cl, and 0.1 M NaCl post benzamil treatment in 100 ms bins.  Vertical line indicates stimulus 

onset (time 0). 
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Figure 3.7.  Average response profiles (in 100 ms bins) of NaCl specialists (left) and acid 

generalists (right) to 0.1 M NaCl, 0.003–0.1 M acetic acid, and 0.003–0.1 M acetic acid mixed 

with 0.1 M NaCl.  Vertical line indicates stimulus onset (time 0). 
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Figure 3.8.  Area under the curve measurements during the first second of stimulation with 0.1 

M NaCl, 0.003–0.1 M acetic acid, 0.003–0.1 M acetic acid mixed with 0.1 M NaCl, and to the 

predicted responses to acetic acid and NaCl mixtures.  * indicates significantly different from 0.1 

M NaCl, whereas † indicates significantly different from the predicted response. 
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Table 3.1.  Conductance of test solutions (dissolved in artificial saliva), AUC measurements for 

5-s EGG responses, and solution pH.  High conducting solutions produce large EGG responses 

(larger voltage drop), but this alone does not account for EGG magnitude or polarity, as is the 

case for citric and acetic acid, respectively.  AUC measurements for artificial saliva alone are 

not shown as they have been described in detail elsewhere (see Chapter 2). 

 

 

Solution Conductance (Millisiemens/cm) EGG (AUC) pH 

Artificial saliva 4.91 N/A 5.8 

0.3 M NH4Cl 18.21 19.60 ± 1.68 5.15 

0.5 M sucrose 3.0 -1.15 ± 0.14 5.29 

0.1 M NaCl 10.24 12.00 ± 0.90 5.36 

0.01 M citric acid 6.27 -1.09 ± 0.30 2.60 

0.02 M QHCl 6.02 3.46 ± 0.17 6.14 

0.1 M KCl 10.93 13.28 ± 1.15 5.66 

0.003 M acetic acid 5.26 -0.78 ± 0.31 3.55 

0.01 M acetic acid 5.41 -1.07 ± 0.31 3.33 

0.03 M acetic acid 5.62 -1.46 ± 0.37 3.16 

0.1 M acetic acid 5.79 -2.21 ± 0.46 2.82 

0.003 M acetic acid + 0.1 M NaCl 13.28 12.43 ± 0.88 3.54 

0.01 M acetic acid + 0.1 M NaCl 13.50 13.09 ± 0.87 3.30 

0.03 M acetic acid + 0.1 M NaCl 13.74 13.35 ± 0.96 3.13 

0.1 M acetic acid + 0.1 M NaCl 13.93 14.54 ± 0.88 2.80 
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Table 3.2.  Breadth of tuning, Noise-to-signal ratios and effect sizes to 5-s applications with 5 (Top) or 6 (Bottom) standard stimuli.  

Breadth of tuning is indicated by H values for each neuron group, whereas Noise-to-signal ratios are indicated by N/S values, and 

effects sizes are indicated by Glass’s d for each of the standard stimuli.  Values are shown as mean ± SEM. 

 

Neuron Type H N/S Glass’s d Glass’s d Glass’s d Glass’s d Glass’s d Glass’s d 

 5 stimuli 2 stimuli Sucrose NaCl Citric acid QHCl KCl Omitted 

NaCl specialist 0.46 ± 0.07 0.23 ± 0.09 1.30 ± 0.50 17.31 ± 5.61 0.31 ± 0.12 0.28 ± 0.12 1.13 ± 0.24 Omitted  

Acid generalist 0.89 ± 0.01 0.76 ± 0.07 0.91 ± 0.16 2.61 ± 0.44 2.90 ± 0.72 0.92 ± 0.72 1.47 ± 0.29 Omitted 

 

Neuron Type H N/S Glass’s d Glass’s d Glass’s d Glass’s d Glass’s d Glass’s d 

 6 stimuli 2 stimuli Sucrose NaCl Citric acid QHCl KCl NH4Cl 

NaCl specialist 0.60 ± 0.06 0.42 ± 0.10 1.30 ± 0.50 17.31 ± 5.61 0.31 ± 0.12 0.28 ± 0.12 1.13 ± 0.24 4.07 ± 1.10 

Acid generalist 0.83 ± 0.02 0.53 ± 0.06 0.91 ± 0.16 2.61 ± 0.44 2.90 ± 0.72 0.92 ± 0.72 1.47 ± 0.29 7.05 ± 1.33 
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Table 3.3.  Response latencies and peak-response frequencies of NaCl specialists and acid 

generalist to test stimuli as measured by Glass’s d.   

 

Stimulus 
Response 

latency (NaCl 
specialists) 

Peak 
Response 

(NaCl 
specialists) 

Response 
latency (acid 
generalists) 

Peak Response 
(acid 

generalists) 

0.5 M sucrose N/A 
2000–2099 ms 
d = 6.9 ± 4.1 

1500–1599 ms 
d = 1.1 ± 0.6 

4400–4499 ms 

d = 2.5 ± 1.0 

0.1 M NaCl 
100–199 ms 

d = 13.1 ± 8.0 
500–599 ms 

d = 23.8 ± 8.8 
200–299 ms 
d = 2.1 ± 1.0 

2400–2499 ms 
d = 3.8 ± 0.8 

0.01 M citric acid 
N/A 

 

2800–2899 ms 

d = 0.8 ± 0.4 

700–799 ms 

d = 1.1 ± 0.5 

2900–2999 ms 

d = 5.4 ± 1.3 

0.02 M QHCl N/A 
1100–1199 ms 
d = 1.8 ± 1.1 

700–799 ms 
d = 0.7 ± 0.2 

3600–3699 ms 

d = 1.9 ± 0.7 

0.1 M KCl N/A 
4300–4399 

d = 3.0 ± 0.8 
300–399 ms 
d = 0.9 ± 0.4 

4400–4499 ms 

d = 2.9 ± 0.7 

0.3 NH4Cl 
700–799 ms 

d = 1.4 ± 0.6 

2700–2799 ms 

d = 5.8 ± 1.7 

100–199 ms 

d = 5.1 ± 3.0 

1800–1899 ms 

d = 9.8 ± 2.8 

0.003 M acetic acid N/A 
4200–4299 ms 

d = 0.3 ± 0.3 

2000–2099 ms 

d = 0.8 ± 0.5 

3900–3999 ms 

d = 1.4 ± 0.5 

0.01 M acetic acid N/A 
4400–4499 ms 

d = 0.4 ± 0.2 

700–799 ms 

d = 2.2 ± 1.0 

2900–2999 ms 

d = 3.5 ± 0.6 

0.03 M acetic acid N/A 
4400–4499 

d = 0.2 ± 0.4 

300–399 ms 

d = 0.9 ± 0.7 

4300–4399 ms 

d = 5.8 ± 1.5 

0.1 M acetic acid N/A 
1000–1099 ms 

d = 1.4 ± 0.6 
200–299 ms 
d = 2.6 ± 1.4 

2200–2299 ms 

d = 7.5 ± 1.3 

0.003 M acetic acid + 
0.1 M NaCl 

100–199 ms 

d = 3.5 ± 2.4 

800–899 ms 

d = 22.7 ± 11.1 

200–299 ms 

d = 1.0 ± 1.1 

4400–4499 ms 

d = 5.9 ± 1.2 

0.01 M acetic acid + 

0.1 M NaCl 

100–199 ms 

d = 5.1 ± 3.1 

700–799 ms 

d = 28.7 ± 14.4 

200–299 ms 

d = 1.4 ± 0.5 

3600–3699 ms 

d = 6.1 ± 0.9 

0.03 M acetic acid + 

0.1 M NaCl 

100–199 ms 

d = 8.5 ± 5.5 

600–699 ms 

d = 17.9 ± 6.1 

100–199 ms 

d = 1.3 ± 0.4 

3900–3999 ms 

d = 8.0 ± 2.2 

0.1 M acetic acid + 

0.1 M NaCl 

100–199 ms 

d = 5.5 ± 2.6 

700–799 ms 

d = 19.2 ± 7.6 

100–199 ms 

d = 1.5 ± 0.9 

900–999 ms 

d = 9.8 ± 2.4 

0.1 M NaCl post 

1 µM Benzamil 

1200–1299 ms 

d = 4.2 ± 3.6 

4500–4599 ms 

d = 5.7 ± 1.6 

400–499 ms 

d = 1.4 ± 0.6 

4300–4399 ms 

d = 5.3 ± 1.4 
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CHAPTER FOUR 

GENERAL DISCUSSION AND CONCLUSIONS 

 

 These experiments examined the response characteristics of sodium-responsive neurons 

with fungiform receptive fields to organic salts and organic acids.  In Chapter 2, I showed that 

narrowly tuned NaCl-specialist neurons responded similarly to sodium salts regardless of 

whether the accompanying anion was small (chloride) or large (gluconate).  In contrast, I 

showed that the large anion, gluconate, profoundly attenuated sodium response frequency and 

increased sodium response latency in acid-generalist neurons.  NaCl specialists were the only 

neuron type that was affected by the specific ENaC blocker, benzamil, indicating that they are in 

contact with fungiform taste cells with apical ENaCs.  These results were similar to those from 

the hamster CT and are in agreement with psychophysical studies, demonstrating that NaCl-

specialist and acid-generalist neuron types code sodium taste differentially.  These results were 

further supported by differential-response latencies between the two neuron types.  NaCl 

specialists responded vigorously to sodium salts with short response latencies, whereas acid 

generalists responded with half the frequency and with 2–3 times longer latencies.  Increasing 

sodium concentration increased response frequency and decreased response latency of both 

neuron types, but NaCl specialists were always quicker to respond and responded with higher 

spike rates.  Under these experimental conditions, response latency is as accurate a barometer 

of stimulus intensity as is response frequency.  All animals need to appreciate stimulus intensity 

from chemicals in the environment and the results herein support the notion that higher 

concentrated solutions are recognized sooner by the peripheral-taste neurons.  Interestingly, the 

response-latency results from both neuron types support the notion that a rat can recognize a 

high concentration of NaCl (0.3–0.5 M) within 250–600 ms (Halpern and Tapper 1971).  Halpern 

and Tapper (1971) did not test whether rats can recognize low to moderate concentrations 

(0.03–0.1 M) of NaCl within the same timeframe, but the results from NaCl specialists alone 

indicate that such behavior may be possible.     

Importantly, the measurement of response latency could not have been accomplished 

without the aid of an accurate marker for stimulus onset.  Although the primary purpose of the 

EGG was to determine stimulus onset, there were a few instances where the EGG may have 

provided additional information about events occurring on the lingual epithelium.  For example, 

the solution conductances of NaCl and Na gluconate were similar, but EGG-response 

magnitudes to NaCl were several times larger than those to Na gluconate.  This effect is 
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consistent with measurements of lingual-transepithelial conductance (Ye et al. 1991; 1994; 

1993) and provides additional evidence of a shunt pathway for small anions in the lingual 

epithelium and the facilitation of NaCl to nonapical receptor sites.  Although a great deal of effort 

was spent in trying to elucidate the receptor mechanism of acid generalists, whose receptor 

sites may be located within these paracellular shunts, I was largely unsuccessful.  Specifically, 

TRPV1 antagonists were ineffective at blocking CT nerve or single unit responses to NaCl at 

concentrations shown to be effective in the rat CT (Lyall et al. 2004; Lyall et al. 2005).  Thus, the 

origin of the amiloride/benzamil-insensitive receptor remains a mystery.  It is possible that 

TRPV1 antagonists are impermeable to the tight-junctional barrier and are method of stimulation 

does not permit large molecules to reach receptor sites deep in the epithelium; but evidence of 

TRPV1 positive fibers or taste cells that are below tight junctions is necessary to rule out this 

possibility.  Unfortunately, the lack of behavioral evidence in support of TRPV1 as a salt-taste 

sensor (Guenthner et al. 2008; Treesukosol et al. 2007) makes it an unlikely candidate.    

In Chapter 3 I showed that acetic acid increased CT-response magnitude in a concentration-

dependent fashion.  Equimolar concentrations of citric acid and acetic acid (0.01 M) evoked 

similar CT-response magnitudes, despite gross differences in solution pH.  This result is similar 

to results reported by Lyall et al. (2001) and supports the notion that intracellular pH is the 

proximate stimulus in sour transduction (Lyall et al. 2001).  Acetic acid decreased NaCl 

responses in the rat CT, indicating that either acetic acid suppressed NaCl responses or that 

NaCl responses suppressed acetic-acid responses.  To test this directly, I recorded from NaCl-

specialist and acid-generalist neurons to NaCl, acetic acid, and to acetic acid/NaCl mixtures. 

The results at the single-unit level showed that acetic acid had differential effects on NaCl-

specialist and acid-generalist neuron types.  In fact, the greatest difference between NaCl-

specialist and acid-generalist neuron types was their response profiles to a broad concentration 

range of acetic acid.  NaCl specialists were virtually unresponsive to a broad concentration 

range of acetic acid, whereas acid generalists responded to acetic acid in a concentration-

dependent fashion.  Specifically, as acetic-acid concentration increased, acid generalists 

responded with increased spike rate and decreased response latency in a parallel fashion.  

These results were similar to concentration effects of sodium salts on both neuron types, which 

were shown in Chapter 2.  Acetic acid/NaCl mixtures had differential effects on NaCl-specialist 

and acid-generalist neurons.  NaCl responses in NaCl-specialist neurons were suppressed by 

acetic acid, but this effect was limited to the first second of stimulation (phasic responses).    In 

contrast, NaCl responses in acid-generalist neurons were not attenuated by acetic acid—in fact, 

responses to acetic acid/NaCl mixtures were similar to the sum of the component responses.  
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I used a high concentration (0.3 M) of NH4Cl, because this concentration has been used as 

a standard in countless whole-nerve studies, and because NH4
+ can be thought of as a cation 

and as a Brønsted-Lowry acid (Boudreau 1983), since NH4
+ → NH3 + H+ (Lundy and Contreras 

1999).  Clearly, NH4 is a weak Brønsted-Lowry acid since its pH was greater than the weak 

Brønsted-Lowry acid, acetic acid.  NH4Cl did activate both neuron types, but with nearly polar 

opposite effects.  NaCl specialists responded with a shorter latency and higher frequency to 0.1 

M NaCl than to 0.3 NH4Cl.  In contrast, acid generalists responded with a shorter latency and 

higher frequency to 0.3 NH4Cl than to 0.1 M NaCl.  It is possible that high concentrations (0.3–

0.5 M) of NH4Cl are activating NaCl specialists through apical ENaCs since amiloride partially 

suppressed 0.5 M NH4Cl responses in the rat CT (Lundy and Contreras 1997).  Although the 

NH4
+ cation can function as a weak Brønsted-Lowry acid, it is unlikely that the donated proton 

(NH4
+ → NH3 + H+)  is activating NaCl specialists since NaCl specialists are unresponsive to 

HCl (Lundy and Contreras 1999), citric acid (Breza et al. 2007; 2006; Breza et al. 2010) or 

acetic acid (Chapter 3).  In contrast, it is likely that the donated proton is activating acid 

generalists; however it is also possible that the NH4
+ is activating acid generalists as well.  

Unfortunately, these questions will be left unanswered until an antagonist for salt responses in 

the amiloride-insensitive pathway is discovered.   

Conclusion 

Together, the results from both studies indicate that NaCl specialists are in contact with 

Type I fungiform taste-cells that utilize a single transduction mechanism (ENaC), whose NaCl 

responses are relatively unaffected by anion size but are attenuated by decreases in 

intracellular pH.  In contrast, results from acid generalists suggest that they are in contact with 

Type III fungiform taste-cells, whose NaCl responses are strongly attenuated by large anions 

and whose responses to acetic acid and NaCl stem from distinct-receptor mechanisms.  NaCl 

specialists are sensitive to low concentrations of sodium salts and these responses are 

attenuated by the ENaC antagonist, benzamil, indicating that they have apical-ENaC 

expression.  In contrast, acid generalists responded with high frequency and short latency to 

high concentrations of NaCl, NH4Cl, and acetic acid.  Based on the attenuation of sodium 

responses by the large anion, gluconate, it is likely that the receptor sites for salt transduction 

are below tight junctions.  Responses to acetic acid were most likely due to decreases in 

intracellular pH and the expression of the PKD2L1 channel expression on the plasma 

membrane.   

Future research will determine the mechanism(s) by which acid generalists respond to salts 

and acids.   



 

 

 

91 

 

APPENDIX A 

ACUC ANIMAL CARE APPROVAL 
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