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Abstract

Sodium intake is important to maintain proper osmolarity and volume of extracellular fluid in
vertebrates. The ability to find sources of sodium ions for managing electrolyte homeostasis relies
on the activity of the taste system to sense salt. Several studies have been performed to under-
stand the mechanisms underlying Na* reception in taste cells, the peripheral detectors for food
chemicals. It is now generally accepted that Na* interacts with specific ion channels in taste cell
membrane, called sodium receptors. As ion channels, these proteins mediate transmembrane ion
fluxes (that is, electrical currents) during their operation. Thus, a lot of information on the func-
tional properties of sodium receptors has been obtained by using electrophysiological techniques.
Here, I review our current knowledge on the biophysical and physiological features of these re-
ceptors obtained by applying the patch-clamp recording techniques to single taste cells.
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1. Introduction

Sodium ion represents the main cation of the extracellular fluid in vertebrate body. Na* has to be ingested with
foodstuffs to balance its loss through, for example, urine and sweat. The ability to detect Na* sources is therefore
essential for survival, and a specific taste sensitivity (called salty taste in humans) has evolved to ensure ade-
quate sodium intake and homeostasis [1]-[4]. Sensing Na* by taste cells in the oral cavity relies on the activity of
specific membrane proteins (sodium receptors) that work as ion channels [5]. Thus, research on mechanisms
underlying Na* detection has been mainly accomplished by using electrophysiological techniques. In this paper,
I will review our current understanding of the biophysical and functional properties of sodium receptors as de-
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duced by applying the technique of patch-clamp recording to single taste cells. A lot of studies on sodium re-
ception have been also performed by recording the activity of fibers in taste nerves (chorda tympani and glos-
sopharyngeal) while stimulating the tongue with salt solutions. However, | will not describe these experiments
here because nerve recording techniques monitor the integrated, encoded output from taste buds, that is, down-
stream of the initial events of sodium detection and transduction. Extensive literature and nice reviews on this
topic are already available [7]-[12].

2. Taste Cells and Taste Receptors

Taste cells are specialized epithelial cells clustered into ovoid structures, the taste buds [13] [14]. In mammals,
taste buds are housed mainly in specific structures of the tongue mucosa called fungiform, foliate, and circum-
vallate papillae [14]. Taste cells are structurally and functionally polarized (Figure 1): the membrane that gets
into contact with the saliva is called apical membrane and contains the molecular elements for the detection of
food chemicals (taste receptors); the membrane beneath the intercellular junctions between adjacent cells is
called basolateral membrane and expresses several types of proteins involved in signal transduction and trans-
mission to nerve endings [5] [8] [15]. Thus, like hair cells in the inner ear and photoreceptors in the retina, taste
cells work as an interface between external stimuli and afferent neurons conveying information to the brain. Un-
like other sensory cells, however, taste cells exhibit two distinctive features, namely, they undergo continuous
turnover as the surrounding epithelia [13], and they are endowed with voltage-gated ion channels underlying ac-
tion potential firing [16]. Therefore, taste cells are epithelial cells with neuronal-like properties. As nicely
pointed out by Avenet [17] “This duality, epithelia cell on one hand, nerve cell on the other, confers on these
cells a unique combination of epithelial and nerve ion channels”: the transduction mechanism for sodium ions
represents indeed a paradigmatic example of such duality.
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Figure 1. Hypothetical model of the transduction pathway for the detection of sodium ions (Na*) in taste cells. Apical
ion channels (in this case, the epithelial sodium channel, ENaC) work as sodium receptors. When the Na* concentration in
the saliva increases, Na* flows into the cell driven by its electrochemical gradient. This inward current leads to membrane
depolarization, which in turn activates voltage-gated ion channels underlying action potential firing. Communication be-
tween sodium-chemosensitive cell and nerve endings or other adjacent taste cells could be mediated by neurotransmitter (NT)
release through non-conventional synapses, although this is speculative at the moment (?). Inset: A taste bud isolated from
rat fungiform papilla observed with differential interference contrast microscope. Arrow points to the apical end of taste cells.

Scale bar: 5 pm.
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There are two main categories of taste receptors: G-protein coupled membrane receptors (GPCRs) that inte-
ract with organic substances and ion channels for inorganic ions [5] [18]-[23]. Substances that elicit sweet (e.g.,
sucrose in desserts), bitter (e.g., caffeine in coffee), and umami (e.g., glutamate in parmesan cheese) tastes in
humans interact with specific GPCRs in the apical membrane (T1R1-3, T2Rs), which then trigger an intracellu-
lar enzymatic cascade leading to Ca** release from intracellular stores, opening of transient receptor potential
M5 (TRPM5) channels, membrane depolarization, and action potential firing in the basolateral membrane [15]
[21] [22]. Detection and transduction of acidic compounds (e.g., acetic acid in vinegar that elicits sour taste) in-
volve different molecular pathways in which protons enter taste cells either through a proton-selective ion
channel or by crossing directly the cell membrane as undissociated acid: the subsequent intracellular acidifica-
tion is believed to cause membrane depolarization by shutting-down resting K* channels [15] [24].

As to sodium detection, recent data with genetically engineered mice support the notion that the epithelial so-
dium channel (ENaC) works as taste receptor [25] for the amiloride-sensitive (AS) component of the salt taste
response [7] [9]-[11], so named for the inhibitory effect exerted by amiloride, a diuretic drug (see below). Other
mechanisms have been proposed to explain the amiloride-insensitive (Al) component of sodium taste, but at the
moment the molecular candidates are elusive. The AS component is believed to be involved in taste recognition
of Na* and to mediate the “saltiness”, whereas the Al mechanism may represent an aversive pathway activated
to avoid excessive ingestion of salt and inorganic electrolytes [2] [4] [7]-[10]. ENaCs are selective for Na* over
other cations, such as K*, whereas channels underlying Al taste response may allow different cations to pass
through (non-specific channels). The relative contribution of AS and Al components to sodium reception de-
pends on the mammalian species and on the papillary localization of taste cells. In general, species with a low
sodium diet, i.e. herbivores, and some omnivores, such as the rodents, utilize ENaC as a specific sodium recep-
tor, whereas carnivores may utilize a more non-selective ion channel [8]-[10] [23] [26]. Functional ENaCs are
usually located predominantly in taste cells of the anterior part of the tongue, namely at the level of fungiform
papillae, whereas Al component prevails in the circumvallate papillae in the back of the tongue [27], although
this pattern cannot be generalized [28]. Both AS and Al components have been described for sodium taste in
humans [10] [29]-[31].

3. Taste Transduction of Sodium Ions: an Electrophysiological Tale

The current view of the mechanism underlying Na* taste reception can be summarized as follows (Figure 1):
Taste cells sensitive to Na* possess specific ion channels in their apical, chemo-sensitive membrane. When Na*
concentration increases in the saliva due to release from foodstuffs, Na* enters into taste cells through apical
channels driven by its electrochemical gradient. This flux is an electrical current that depolarizes cell membrane
and eventually leads to action potential firing and signal transmission to nerve fibers [8] [18] [19]. The apical
channels behave as sodium receptors, since they recognize Na* and allow it to get into taste cells.

The first indications that taste cells sense Na* through an electrogenic ion transport mechanism were provided
by the seminal works of DeSimone and collaborators early in the 80°. By recording the electrical activity of rat
taste nerves during stimulation of the tongue with salt solutions, they found that nerve response diminished in
the presence of amiloride, which blocks the transport of several ions, including sodium [32]. The effect of ami-
loride on sodium taste was also observed in man [33]. With the advent of patch-clamp recording techniques [34],
it has been possible to analyze in detail the sodium transport responsible for salt taste in single taste cells. By
then, several studies have demonstrated that an amiloride-sensitive sodium channel, molecularly identified as
epithelial sodium channel (ENaC), mediates the transmembrane current underlying the initial electrical events of
the taste transduction for sodium, at least in part (see above). The contribution of ENaC to salt taste response va-
ries significantly among mammalian species and even among different strains of a given animal [10] [23].

Patch-clamp technique has been a breakthrough in taste research. Mammalian taste cells are very tiny (cell
body with a diameter <10 um) and early experiments with intracellular electrodes provided distorted informa-
tion about their membrane electrophysiology. Intracellular recording is feasible and reliable in large cells, such
as motoneurons and muscle fibres, since the electrical short-cut produced by membrane damage induced by mi-
croelectrode impalement is negligible compared to the ion flows through the whole intact membrane [35]. This
reasoning led Stephen D. Roper to use the large taste cells of Necturus maculosus for intracellular recording: he
was able to record the first action potentials in these sensory cells, indicating that they were electrically excitable
[36]. His influential work and results were subsequently confirmed in the small taste cells of other vertebrates
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(such as, frog, mouse, and rat) thanks to the patch-clamp recording technique (e.g., frog [37]; mouse [38]; rat

[39]).
4. Epithelial Sodium Channel (ENaC)

The epithelial sodium channel (ENaC) is a key membrane protein underlying absorption of Na* in many epithe-
lia, such as those found in kidney, colon, and lung [40]. This channel differs both molecularly and functionally
from the voltage-gated Na" channel [41] underlying action potential firing, whereas it shares primary structure
homology with the acid-sensing ion channel (ASIC) expressed preferentially by neurons [42] but also found in
taste cells [5]. The study of ENaC is tightly linked to the use of amiloride as pharmacological tool [43]. Amilo-
ride affects several membrane transporters and ion channels; in the submicromolar concentration range, however,
it is a specific reversible blocker of ENaC [8]. Thus, amiloride can be used to monitor the presence of functional
ENaCs. Patrick Avenet and Bernd Lindemann [44] first recorded amiloride-sensitive sodium currents in frog
taste cells. Subsequently, these currents were demonstrated also in taste cells from rodents (hamster [45]; mouse
[46]; rat [27]). The majority of available data have been obtained by using the patch-clamp technique in the
whole-cell, voltage-clamp configuration and its variations, such as the perforated-patch recording [47], but a few
works were performed also on membrane patches excised from taste cells.

4.1. Tissue Preparations for Patch-Clamp Recording

Patch-clamp recording studies of ENaCs in taste cells have been accomplished by using mainly three different
tissue preparations: isolated taste cells (frog [44] [48] [49]), isolated taste buds (hamster [28] [45]; mouse [50]
[51]; rat [27] [52]-[56]), or single taste bud isolated with a piece of epithelium and arranged in such a way to
keep apical and basolateral membranes separated (mouse [46] [57]-[62]; rat [63]). All these preparations have in
common the requirement for enzymatic digestion to separate taste cell/tissue from surrounding epithelium/lami-
na propria of the tongue mucosa. To avoid enzymatic treatment, a method for maintaining taste buds in tissue
slices was initially developed with Necturus tongue [64] [65]. However, with the exception of a later study on
rat vallate papilla [66], no standard method has been developed to patch record taste cells maintained in tissue
slices [67]-[69].

The main advantage of isolated single taste cells or taste buds is that they are easy to collect, and cell mem-
brane is readily accessible for patch-clamp pipettes. However, there are two main problems when recording in
whole-cell configuration. First, if amiloride is bath-applied, it is not possible to establish the membrane localiza-
tion of functional ENaCs, and this has to be taken into account when interpreting the results [45] [52]. Note also
that in isolated cells, apical membrane proteins may spread over the basolateral membrane due to disruption of
intercellular junctions [44]. Second, both apical and basolateral membranes are exposed to the same extracellu-
lar solution, which does not reflect the physiological situation in situ. In particular, exposure of apical membrane
to high-Na" concentration (as found in standard physiological saline, such as Tyrode’s) may affect the function-
ing of ENaCs due to the phenomenon of sodium self-inhibition (see below). These drawbacks are overcome
with taste buds maintained in peeled epithelial sheets: this preparation allows one to bathe apical and basolateral
membranes with different solutions. As usual in experimental research, the choice of preparations depends on
the information to be obtained. Isolated taste cells/buds are adequate to study the biophysical and pharmacolog-
ical properties of ENaCs and how they are affected by different conditions (e.g., hormonal regulation [45] [51];
drug effects [56]). On the other hand, taste bud cells in epithelial sheets are more appropriate when studying
channels in their actual membrane localization (e.g., [61] [62]. Indeed, this preparation has allowed demonstrat-
ing definitely the occurrence of functional ENaCs only in the apical membrane of taste cells [62].

Much of the initial patch-clamp work on taste ENaC was conducted on frog taste cells [44] [48] [70]. Unlike
rodents (rat, mouse, hamster), which now represent the animal models widely used in taste research, the role of
ENaCs in salt reception in frog is not yet fully understood, since these channels seem to be located in the baso-
lateral membrane and not in the apical, chemo-sensitive tips of taste cells [71]. Nevertheless, the information
gathered with frog taste cells, in terms of both experimental methodology and membrane biophysics, has been
fundamental for the following research on rodents, and therefore it will be reviewed in this paper.

4.2. Whole-Cell Recording

ENaC is a constitutively active channel and contributes to the “leakage” ion flow across cell membrane in
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whole-cell voltage-clamp configuration (Figure 2; lea). This background current can be so large to obscure
other membrane currents, such as the voltage-gated ones [44]. When holding the membrane potential at negative
values, usually around —80 mV, ion current through functional ENaCs appears as a stationary inward current
(Figure 3; 1). This stationary current is due to a continuous influx of Na" through open ENaCs since cells are
submerged into an extracellular solution enriched of sodium ions (e.g., [27] [44] [45]). In these conditions,
bath-application of amiloride induces a reduction in the stationary current that is called the response to amilo-
ride (Figure 3; lam). Typically, the drop in membrane current is accompanied by a decrease in the noise level of
the current trace (Figure 3), consistent with the closure of ENaCs [17] [48] [72], and by an increase in cell input
resistance (e.g., [27] [45]), an indirect estimation of the membrane resistance. The detailed study of the response
to amiloride has provided information on the biophysical and pharmacological properties of taste ENaCs. Note
that the use of amiloride allows one to separate the contribution of ENaCs from other resting channels (e.g., leak
K* channels [73] [74]) in making the leakage current.

lon selectivity—Permeability ratio for Na* and K* (Pna/Px) can be evaluated by measuring the response to
amiloride at different membrane potentials and then by fitting the experimental data to the Goldman-Hodgkin-
Katz equation for membrane current [41]. In frog taste cells, Avenet and Lindemann [44] found that permeabili-
ty ratio varied considerably among cells, reflecting a scarce selectivity of the amiloride-sensitive channel, which
conducts well also K*. In rodent fungiform taste cells, on the contrary, ENaC is more permeable to Na* than to
K* (mouse: Pna/Px = 3.7 [46]; rat: Pna/Pk = 4 [56]). Thus, available data indicate that taste ENaC works essen-
tially as sodium receptor inasmuch it produces large current carried by Na* in physiological conditions (that is,
taste cells at negative resting potentials and in the presence of mucosal concentration of Na* of tens of mM). In
transporting epithelia, ENaC typically shows larger permeability to Na* compared to K*, with Py./Px > 10 [40]
[75] [76]. However, amiloride-sensitive channels with Py,/Py of 3 - 6 have been described too [40].

Control Amiloride

1000
I (pA) -

500

10 ms

-2500 -

Figure 2. Whole-cell, voltage-clamp recordings from a taste cell of rat fungiform papilla. Cell was held at -80 mV and
stepped in 10-mV increments from —90 mV to 40 mV. In standard extracellular solution (Control), taste cell exhibited a sus-
tained, leakage current (I s) in addition to voltage-gated sodium currents (Iy,) and potassium currents (lx). Leakage current
was strongly reduced in the presence of 1 uM amiloride (Amiloride). Note the magnitude increase of Iy, during application
of amiloride, likely reflecting an increase in the driving force for Na* due to a reduction of intracellular [Na‘] as a conse-
quence of ENaC block. I, whole-cell membrane current. Extracellular solution contained (in mM) 140 NaCl, 5 KClI, 2
CaCl,, 1 MgCl,, 10 glucose, 10 sodium pyruvate, and 10 HEPES; pH 7.4. Pipette (intracellular) solution contained (in mM)
120 KCl, 1 CaCl,, 2 MgCl,, 10 HEPES, 11 EGTA, and 2 ATPNa,, pH 7.2.
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Figure 3. Response to amiloride elicited in a taste cell from rat
fungiform papilla. Cell was held at =80 mV and amiloride (at a su-
pramaximal dose of 50 uM) was bath applied. Application of amiloride
(box over trace record) induced a decrease in the stationary inward
current (I, holding current). Note the reduction of the noise level in the
current trace during amiloride application, consistent with the
shut-down of ion channels. The effect of amiloride is due to blockage
of ENaCs in the membrane of this cell. 15, amplitude of the response
to amiloride; I, whole-cell membrane current. Whole-cell, voltage-
clamp configuration. Extracellular and pipette solutions as in Figure 2.

Taste ENaC is also permeable to other monovalent cations, such as Li* and Cs* [48] [58]. Cs", often used as
main cation in the patch pipette solution, is less permeable than Na" through ENaCs (e.g., [44] [58]). Figure 4(a)
shows the response to amiloride in rat taste cells obtained by using a KCI (left) or CsClI (right) pipette solution.
Note that the response amplitude is scarcely affected by the substitution of K* by Cs™ (Figure 4(b)). In hamster
fungiform taste cells, ENaC is also permeable to H" [45] suggesting its possible involvement in acid detection,
at least in this rodent [77].

Amiloride sensitivity—It is well known that amiloride blocks not only ENaC but also other membrane trans-
port/channel proteins depending on its concentration [8] [48] [76] [78]. As suggested by Lindemann [8], “if
concentrations above 10 uM are needed for half-maximal inhibition, effects of amiloride other than blockage of
Na* channels need to be considered”. The amiloride sensitivity of taste ENaC is obtained with the standard pro-
cedure of the dose-response curve. The amplitude of the response to amiloride (Figure 3, l5y) is measured by
adding increasing concentrations of the drug into the bath solution. Data are then fitted to a single-binding iso-
therm [79], that is, Hill coefficient is set to 1 based on a 1:1 stoichiometry for the interaction amiloride/ENaC
[76]: this equation yields the inhibition constant (K;) for amiloride. Native and cloned ENaCs display K; in the
range of 0.1 - 1 uM [40] [75] [76], indicating the high sensitivity of the channel to amiloride. Also in taste cells,
amiloride acts as a potent channel blocker, with K; ranging from ~0.01 to ~3 pM in different species and prepa-
rations (see Table 1). These data confirm that taste ENaC strongly resembles the channel expressed abundantly
by transporting epithelia. In taste cells, however, ENaC holds a receptor role rather than mediating Na" reab-
sorption: that is, these sensory cells exploit an epithelial channel to “capture” Na* dissolved in the saliva to pro-
duce with it electrical signaling. It is worth noting that determining K; is useful to distinguish ENaC from other
sodium transporters, which display much larger K; [78] [80], in mediating the amiloride effect.

Sodium self-inhibition—In transporting epithelia, Na* transfer across cell lining shows saturation with in-
creasing extracellular Na® concentrations [40]. Several mechanisms have been proposed to explain this

)
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Figure 4. Response to amiloride in rat taste cells obtained by using different (KCI- or CsCl-based) pipette solutions.
(a), Sample response recorded from a taste cell with a standard KCI filling solution (left) and from another cell with CsCl
substituting KCI (right). Cells were held at —80 mV and amiloride (1 pM) was bath-applied (boxes over records). Horizontal
scale bar: 100 sec. I, holding current (stationary inward current). 1, whole-cell membrane current. (b), Comparison of the
amplitude of the response to amiloride measured in 34 cells with KCI pipette solution and in 18 cells with CsCl pipette solu-
tion. Data are represented in the form of box and whiskers plots. Boxes show the middle half of the data (the 25th and 75th
percentiles) and the horizontal line marks the median, whereas the “whiskers” extending from the top and the bottom of the
boxes show the body of the data. Statistical analysis indicated that the two distributions were not significantly different
(Mann Whitney test: P = 0.5386). Whole-cell, voltage-clamp configuration. Extracellular and pipette solutions as in Figure 2.

Table 1. Blocking effect of amiloride on taste ENaC expressed by the inhibition constant (K;).

Species Preparation Ki (UM) Reference
Frog (rod cells: receptor cells) Isolated taste cells 0.3 [44]
Frog (wing cells: glial-like cells) “ 33 [49]
Hamster (fungiform papilla) Isolated taste buds 0.2 [45]
Rat (fungiform papilla) “ 0.01 [27]
“ “ 0.2 [52]
“ “ 0.11 [56]
Rat (foliate papilla) “ 0.1 [27]

Mouse (fungiform papilla) Single taste bud in semi-intact preparation 0.2 [58]

regulation of sodium permeability, such as a decrease in the elettrochemical gradient driving the influx of Na" as
its intracellular concentration increases, an allosteric interaction of extracellular Na* with ENaC (sodium self-
inhibition), or an indirect effect on channel activity induced by intracellular sodium or calcium [40]. Whatever
the mechanism is, the biological significance of this regulation is to limit the sodium transport to avoid exces-
sive intracellular build-up of an osmotically active particle: Na* content and volume of epithelial cells are there-
fore controlled. In a nice series of patch-clamp experiments, Gilbertson and Zhang [53] demonstrated that also
in rat fungiform taste cells Na* influx through ENaCs is regulated by extracellular Na*. According to their find-
ings, taste ENaCs are subjected to slowly (10 - 15 s) developing self-inhibition. They proposed that this process
could play a role in the sensory adaptation to salt stimuli. Indeed, the phasic/tonic spike responses to step in-
crease in apical Na* concentration observed in single taste buds in the intact rat tongue [81] might be a conse-
quence of self-inhibition.

It is worth noting that self-inhibition can be observed also in the response to amiloride. In frog taste cells,
amiloride washing out produces a transient undershooting in the stationary current before relaxing to baseline
level [44] [49]. This phenomenon has been observed also in rat taste cells [52]. Na* and amiloride binding sites

)
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are closely associated in the channel protein and, as a pore blocker, amiloride may interact with Na* [42] [76]:
therefore, amiloride application removes Na* self-inhibition producing an increase in stationary inward current
upon drug washing out.

If sodium self-inhibition depends on the extracellular concentration of Na*, one obvious question is then why
in the presence of physiological saline with a sodium content of about 150 mM we still can record conspicuous
amiloride-sensitive sodium currents (Figure 4). A possible explanation provided by Gilbertson and Zhang [53]
is that at high Na* concentrations the driving force for Na* entering the cell surmounts the self-inhibition effect.
According to their data, self-inhibition seems to be more pronounced (and physiologically relevant for channels
in the apical membrane bathed by saliva) with lower Na* concentrations.

Response variability—Even under well-controlled recording conditions (that is, with seal and series resis-
tances comparable among patched cells [47]), the amplitude of the response to a given dose of amiloride is quite
variable from cell to cell (Figure 4(b); see also [44]). A possible explanation for this variability is that, for some
reasons, the enzymatic treatment used to isolate taste cells or taste buds affects ENaCs. However, amiloride is
always added to the enzyme mixture and to all solutions during the dissociation procedure to protect the amilo-
ride-sensitive Na* channels from enzymatic degradation [44] [45] [82]. Alternatively, amplitude variability of
the response to amiloride could be related to taste cell growth. Maturation processes during turnover affect the
expression of voltage-gated channels [83] and therefore taste cells appear as an electrophysiologically heteroge-
neous population of sensory cells (e.g. [84] [85]). Thus, it is reasonable to conceive that also functional expres-
sion of ENaCs may undergo changes during cell development, which would result in response to amiloride of
varying amplitude. Also, the relative proportion of taste cells endowed with functional ENaCs and the amplitude
of the response may depend on hormonal status of the animal [86]. Finally, the lack of response to amiloride
observed in specific cell subsets [50] [55] may be interpreted on the basis of the functional specialization of taste
cells (“receptor cells” vs. “pre-synaptic cells” [87] [88]).

4.3. Excised Membrane Patches

The analysis of single-channel activity of ENaC in taste cells has proved to be a difficult task, as demonstrated
by the almost complete lack of relevant information in the literature. In frog taste cells, unit conductance (yenac)
is so tiny that it has been impossible to resolve single channel events in membrane patches, which are typically
very noisy [48]. Fluctuation analysis [72] allowed to estimate a value <2 pS for ygnac [70]. Single-channel events
have been recorded only once by Patrick Avenet [17] in preliminary experiments with rat taste cells, but his re-
port was not followed by a full paper. In outside-out patches, he was able to resolve some channel events yield-
ing a yenac OF about 5 pS, which is close to the value for the typical channel of transporting epithelia (4 - 7 pS
[40] [75] [76]). No information is available on the single-channel open probability (Po). In outside-out patches
from frog taste cells, ENaC maintains the same sensitivity to amiloride (K;: 0.2 - 0.3 uM) and ion selectivity
(Pna/Pk < 1) evaluated in whole-cell configuration [44] [48].

One interesting aspect of the electrophysiology of taste ENaC is that patch excision produces an increase in
amiloride-sensitive current amplitude, as though quiescent channels become active after membrane excision.
This phenomenon has been clearly observed in frog taste cells, in which the amplitude of the response to amilo-
ride was normalized to the membrane capacitance [8] [48] [49]. The biological basis of this channel activation
upon membrane excision is not known. However, it has been speculated that some cytoplasmic factors might in-
hibit ENaCs when the channels are resident in the intact basolateral cell membrane; these factors would be lost
when switching to outside-out patches, thereby producing channel activation. Recent findings suggest that fila-
min, a cytoplasmic protein that binds actin in the cytoskeleton, inhibits ENaC activity [89]. It is tempting to
speculate that during patch excision, the cytoskeleton layer under the cell membrane gets disrupted and this may
remove a stationary inhibitory effect exerted by intracellular protein filaments on ENaCs.

4.4. ENaC Subunit Composition and Properties of the Response to Amiloride

ENaC consists typically of three non-identical, but homologous subunits, a-, -, and y-ENaC [90]. Expression
cloning in Xenopus oocytes has revealed that the a-subunit is sufficient to induce channel activity, whereas the
- and y-subunits allow maximal expression of sodium current [91]. It is assumed that functional channel con-
tains all three subunit proteins [91]-[93]. The occurrence of ENaC subunits in taste cells has been studied with
molecular biological techniques and immunocytochemistry, which have confirmed the occurrence of the «, 5,
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and y subunits in taste tissue [86] [94]-[98]. Interestingly, their expression pattern among rat taste papillae
matches quite well the observation that functional channels mostly occur in the anterior part of the tongue (fun-
giform papillae) in this rodent [27]. The low abundance of y and/or £ subunits in the rat vallate taste cells seem
to be responsible for the lack of functional channels when the animal is in sodium balance [86] [97]. In mouse
fungiform papillae, a-, 8-, and y-ENaC subunits are expressed only by amiloride-sensitive cells but not by ami-
loride-insensitive ones [62].

One interesting outcome of the studies on the biophysical and pharmacological properties of cloned and na-
tive ENaCs of transporting epithelia is that subunit composition as well as covalent modifications of the channel
protein (such as, phosphorylation by protein kinase A) may affect strongly both the ion selectivity (Py./Px) and
the sensitivity to amiloride (K;) [75] [76] [99]-[101]. Since the analysis of the response to amiloride provides in-
formation on Py./Pk and K;, then these parameters can be used to get indirect clues on the biochemical and mo-
lecular status of taste ENaC in different experimental conditions [27] [52] [56].

The occurrence of a-, 5-, and y-ENaC subunits in human fungiform papillae has been confirmed by molecular
analysis [102] [103]. In man, however, also a & subunit has been detected [23]. It has been proposed that the ¢
subunit replaces the o one in ENaC protein, making the channel less sensitive to amiloride [23].

4.5. Response to Amiloride: Theoretical Considerations

As described above (see Section 4.3.), single-channel analysis of taste ENaC has proven to be very tough. Thus,
the response to amiloride recorded in whole-cell configuration is the only electrophysiological tool available at
the moment to understand the functioning of ENaCs in taste cell physiology. Accordingly, it might be useful to
determine the factors affecting this response from a biophysical point of view.

The amplitude of the response to a given dose of amiloride (Ixm; Figure 3) depends both on the magnitude of
the current crossing all open ENaCs and on their sensitivity to amiloride. According to the equation for a sin-
gle-binding isotherm (Hill coefficient = 1) [79] for the blocking effect of amiloride, 1, can be expressed as fol-
lows:

Lam =[ AM/(AM+K) |- T gyoc (1)

where Am is the amiloride dose, K; is the inhibition constant for the amiloride effect, and Igy,c is the membrane
current due to all open ENaCs. In turn, Ignac Can be expressed by the following expression:

IENaC = GENaC (Vm - Erev) (2)

where Ggnac 1S the membrane conductance due to all ENaCs; V, is the membrane potential set during
patch-clamp experiments (for example, —80 mV); E,, is the reversal potential of the response to amiloride,
which depends on the ion selectivity. The membrane conductance due to all open ENaCs can be written as fol-
lows:

Genac = Nenac *Fo * Venae 3)

where Ngnac S the number of functional ENaCs; Pq is the single-channel open probability (a single ENaC
switches continuously between a closed state and an open state; Pg is related to the time fraction spent by chan-
nels in the open state); yenac i the conductance of a single ENaC. On the basis of these considerations, we can
now re-write Equation (1) as follows:

IAm :[Am/(Am+ KI):I NENaC 'Po " VENac (Vm _Erev) (4)

Equation (4) describes the factors that can affect the amplitude of the response to a given dose of amiloride
(Am), and serves as theoretical basis to interpret data obtained in different experimental conditions (for example,
comparison of the response to amiloride in taste cells from normal fed vs. sodium-restricted animals, and so on).
If sensitivity to amiloride (K;) as well as the reversal potential of the amiloride response (E,.,) do not change,
then we can simplify Equation (4) as follows:

L OC(NENac'po)'7’ENac Q)

That is, the response to a given dose of amiloride depends on the number of functional channels (Ngnac), the

)
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single-channel behaviour (Po) and conductance (yenac) in the confronting experimental conditions. Of course, it
is necessary to use an amiloride dose that assures specificity, such as 1 uM [8]. | have put in parenthesis the
number of functional channels times the open probability, often called channel activity [104]-[106], because
several physiological regulations affecting ENaC in transporting epithelia target Ngnac and/or Pg rather than
venac [40] [75] [76] [107]-[109].

4.6. Localization of ENaC in Taste Cell Subsets

Early histological studies established that there are at least three main subsets of taste bud cells, named as type I,
type 11, and type Il cells, on the basis of the morphological features, such as the cytoplasm appearance, the
presence/absence of specific intracellular organelles, and the occurrence of synaptic-like contacts with nerve
endings [13] [14]. Structural differences suggested these cell subtypes likely possessed distinct functional prop-
erties, and indeed initial electrophysiological studies on Necturus taste cells supported this hypothesis [110].
With the advent of molecular techniques it has been possible to confirm further that taste receptors and down-
stream molecular pathways are not expressed by all taste cells but are segregated in specific cell subsets: for
example, taste cells responding to sweet, bitter and umami stimuli belong to the type Il category, whereas those
sensitive to acids are of type 1 [15] [21] [111].

It is not yet clear which cell type houses the molecular machinery for detecting sodium ions [7]. According to
recent data obtained from mice [25], ENaC is found in a subset of taste cells separated from those expressing the
transduction pathway for sweet, bitter, and umami compounds. Another study suggests that functional ENaCs
occur in type | cells from mouse fungiform taste buds [50]. This finding is surprising because type I cells are
thought to be non-excitable, supporting-like cells [21] [111], whereas salt-detecting cells generate action poten-
tials during stimulation with NaCl in fungiform taste buds, and their firing activity is suppressed by amiloride
applied to the apical membrane [60] [62] [77] [81]. Electrophysiological studies on rat fungiform taste cells in-
dicate that ENaC-expressing cells are endowed with large voltage-gated ion currents underlying action potential
[55] [56], similar to those found in type Il cells [50] [112]. Interestingly, in frog taste papillae the so-called
“wing cells”, which are believed to play a glial-like role, are endowed with functional amiloride-sensitive so-
dium currents [49] (Table 1). Also, Lin et al. [86] found that “rENaC subunit immunoreactivity is present in
virtually all the taste cells” in rat fungiform papillae, and deduced that “rENaC immunoreactivity must occur in
at least some type | taste cells”.

One aspect of taste cell biology that may explain the conflicting results described above, is that taste cells un-
dergo continuous turnover [13]. Maturation processes affect inevitably the functional expression of membrane
proteins, including ion channels [83], which might appear with different time courses due to different longevity
of taste cells subsets [113]. Thus, it is conceivable that responses to amiloride could be detected also in imma-
ture taste cells, which may then be erroneously assigned to a wrong cell subset. Consistent with this hypothesis,
Dooling and Gilbertson [27] found amiloride-sensitive sodium currents both in taste cells endowed with vol-
tage-gated Na* and K currents (an electrophysiological feature of both mature type 11 and 111 cells [50] [112])
and in taste cells expressing only voltage-gated K* currents, that is, in cells resembling type I cells [50] [85] but
also immature cells [50] [83] [85]. Kossel et al. [52] obtained similar results. As pointed out by Doolin and Gil-
bertson [27], one way to exclude developing cells from the analysis of taste cells expressing amiloride-sensitive
sodium currents is to include in the database only those cells endowed with both large voltage-gated Na* and K*
currents (see also [85]). Indeed, in rat fungiform taste buds, some cells endowed with voltage-gated K* currents
only do exhibit responses to amiloride [56]; however, their amplitude is significant smaller than those recorded
in cells possessing large voltage-gated Na* and K* currents.

Alternatively, the salt signal to be relayed to nerve fibers may result from integration processes inside taste
buds [6], which may involve different, mature cell subtypes [7]. Interestingly, this seems to be the case for the
transduction mechanism for the Al component of the salt taste [114] [115].

5. Amiloride-Insensitive Sodium Receptors

It is well-established that salt taste response includes an amiloride-insensitive (Al) component in addition to the
amiloride-sensitive, ENaC-mediated one [10]. Several studies have attempted to identify the mechanism under-
lying the Al response [11] [23]. Early taste nerve recording investigations suggested the possible role of the
transient receptor potential V1 (TRPV1) channel as sodium receptor [116]; however, behavioral tests using
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TRPV1 knockout animals questioned this possibility [117] [118]. Other studies further suggest a non-gustatory
role of TRPV1 receptors in salt perception [119] [120]. In short, the molecular identity of the Al sodium recep-
tor has not been established yet [23]. Recent calcium imaging experiments combined with molecular, nerve re-
cording and behavioral assays in mice indicate that the Al salt pathway occurs in specific subpopulations of type
11 and type 111 cells that respond also to other taste stimuli [114] [115]. These findings raise the possibility that
encoding of Al salt taste may require peripheral processing [6].

In patch-clamp recordings, Al currents can be identified by substituting extracellular Na* with a large, im-
permeant cation such as N-methyl-D-glucamine (NMDG): in these conditions, the stationary inward current
recorded by holding the membrane at negative potentials is reduced [27] [45] [52]. Interestingly, only NMDG-
blockable Na* currents can be found in rat circumvallate taste cells [27] suggesting a possible specialization of
taste papillae as to the salt detection mechanism, at least in this rodent. Unlike ENaC-mediated transduction, Al
current is not affected by amiloride and does not exhibit sodium self-inhibition [53]. In mouse fungiform papil-
lae, amiloride-insensitive taste cells do not express ENaC subunits [62]. It is worth noting that recent calcium
imaging data suggest that a sodium-conducting ion channel sensitive to osmotic stress might be involved in the
Al transduction pathway [115].

In conclusion, besides the early patch-clamp observations, no data are available on the electrophysiology of
the Al sodium receptors in single taste cells. Clearly, new studies are highly wanted, especially considering the
importance of the Al component for the salt taste in humans [10] [29]-[31].

6. Taste Sodium Receptors: What’s Next?

Several years of electrophysiological investigations have produced a lot of information about the mechanisms
underlying sodium detection in taste cells. In particular, the role of the epithelial sodium channel (ENaC) as so-
dium receptor is quite well established. Yet, our understanding of salt taste reception is far from being complete.
Several pieces of the puzzle are still missing. For example, it is not yet clear which taste cell type (I, Il, or 111?)
specifically expresses ENaC (see Section 4.6.). Also, the mechanism underlying the communication of salt-sen-
sitive cell with nerve endings and/or adjacent taste cells is not known (see Figure 1). Taste cells responding to
sweet, bitter or umami substances use the calcium homeostasis modulator 1 (CALHMZ1) channel to release the
neurotransmitter, ATP [121]. There are indications that ATP [122]-[124] and CALHML1 [125] are likely in-
volved also in signaling saltiness to nerve fibers, but direct confirmation on single taste cells is lacking. Finally,
our comprehension of the molecular events underlying the amiloride-insensitive pathways is just at its beginning
(see Section 5.).
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