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Abstract

To investigate if chorda tympani (CT) taste nerve responses to strong (HCI) and weak (CO, and acetic acid) acidic stimuli are
dependent upon NADPH oxidase-linked and cAMP-sensitive proton conductances in taste cell membranes, CT responses were
monitored in rats, wild-type (WT) mice, and gp91phox knockout (KO) mice in the absence and presence of blockers (Zn** and
diethyl pyrocarbonate [DEPC]) or activators (8-(4-chlorophenylthio)-cAMP; 8-CPT-cCAMP) of proton channels and activators of
the NADPH oxidase enzyme (phorbol 12-myristate 13-acetate [PMA], H,O,, and nitrazepam). Zn** and DEPC inhibited and
8-CPT-CAMP, PMA, H,0,, and nitrazepam enhanced the tonic CT responses to HCl without altering responses to CO, and
acetic acid. In KO mice, the tonic HCI CT response was reduced by 64% relative to WT mice. The residual CT response was
insensitive to H,0, but was blocked by Zn%*. Its magnitude was further enhanced by 8-CPT-CAMP treatment, and the
enhancement was blocked by 8-CPT-adenosine-3’-5’-cyclic monophospho-rothioate, a protein kinase A (PKA) inhibitor. Under
voltage-clamp conditions, before CAMP treatment, rat tonic HCl CT responses demonstrated voltage-dependence only at £90
mV, suggesting the presence of H* channels with voltage-dependent conductances. After CAMP treatment, the tonic HCI CT
response had a quasi-linear dependence on voltage, suggesting that the cAMP-dependent part of the HCI CT response has
a quasi-linear voltage dependence between +60 and —60 mV, only becoming sigmoidal when approaching +90 and —90 mV.
The results suggest that CT responses to HCl involve 2 proton entry pathways, an NADPH oxidase—dependent proton channel,

and a CAMP-PKA sensitive proton channel.
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Introduction

Sour taste is uniquely elicited by acidic stimuli. In the taste
bud, the type III cells (or the presynaptic cells) that express
the polycystic kidney disease-like proteins, PKDI1L3 and
PKD2L1, function as sour-sensing cells (Huang et al.
2006, 2008; Ishimaru et al. 2006; LopezJimenez et al.
2006; Roper 2007; Kataoka et al. 2008; Chandrashekar
et al. 2009; Ishimaru and Matsunami 2009; Huque et al.
2009). PKD2L1 (Horio et al. 2010) but not the PKD1L3 pro-
tein is essential for normal sour taste transduction in the an-
terior tongue innervated by the chorda tympani (CT) taste
nerve (Huang et al. 2006; Yoshida et al. 2009; Horio et al.
2010; Nelson et al. 2010). Both strong and weak organic
acids taste sour to humans; however, their transduction
mechanisms are quite different. For strong acids that are
completely ionized, sour taste transduction depends upon

the influx of dissociated H* ions through putative apical
proton conductive pathways. Most weak organic acids per-
meate the lipid bilayer of the apical membrane of type 111
taste cells as undissociated neutral molecules. Once inside
the cells they dissociate to generate intracellular H* ions.
Thus, for both strong acids and weak organic acids, a de-
crease in the intracellular pH (pHj) of type III taste cells
is the proximate stimulus for sour taste transduction
(DeSimone and Lyall 2006; Roper 2007). Following a de-
crease in taste cell pH;, the downstream intracellular signal-
ing effectors for sour taste transduction involve cell
shrinkage (Lyall et al. 2006), an increase in intracellular
Ca®* ([Ca*'];) (Lyall, Alam, Phan, Phan, et al. 2002; Richter
et al. 2003; Huang et al. 2008), and the activation of the baso-
lateral Na*-H"* exchanger-1 (NHE-1) which determines the
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level of adaptation to the sour stimulus (Lyall, Alam, Phan,
Phan, et al. 2002; Lyall, Alam, et al. 2004). However, at pres-
ent, the putative proton conductive pathways that facilitate
the entry of H across the apical membrane of taste cells and
their functional role in sour taste transduction have not been
elucidated.

NADPH oxidase-linked voltage-gated proton channels
are present in phagocytes and nonphagocytic cells and are
involved in maintaining pH; in neutrophils during phagocy-
tosis (Ramsey et al. 2009; Morgan et al. 2009; Musset et al.
2009, 2010; DeCoursey 2010). Proton channels demonstrate
perfect selectivity for H* with very low single channel cur-
rents and are inhibited by Zn>* and diethyl pyrocarbonate
(DEPC). The voltage-dependence of the expressed proton
channels is strongly modulated by the external pH (pH,)
and pH;. In this paper, we tested the possibility that an
NADPH-linked proton channel is involved in transducing
CT responses to strong acids. The CT responses were mon-
itored in Sprague-Dawley rats, wild-type (WT) mice, and
NADPH oxidase-knockout (KO) mice containing the null
allele of the gene encoding the 91 kD subunit (gp91°"°¥)
of the oxidase cytochrome 5. The CT responses were re-
corded either under open-circuit conditions or under lingual
voltage-clamp conditions (Lyall et al. 2006) while the ante-
rior tongue was stimulated with strong acids (HCl or H;PO,)
or weak organic acids (acetic acid or CO,). Our results show
that approximately 64% of the tonic CT response to HCl de-
pends upon apical H" flux through a NADPH oxidase—de-
pendent proton conductance. About 36% of the HCI CT
response depends upon an NADPH oxidase-independent
proton conductance that is further upregulated by cAMP-
protein kinase A (PKA) sensitive mechanism described
earlier (Lyall, Alam, Phan, Phan, et al. 2002; Lyall, Alam,
et al. 2004; DeSimone et al. 2007). Some of the data in this
paper have been published earlier as an abstract (DeSimone
et al. 2007).

Materials and methods

CT taste nerve recordings

The animals were housed in the Virginia Commonwealth
University animal facility in accordance with institutional
guidelines. All in vivo animal protocols were approved by
the Institutional Animal Care and Use Committee of Vir-
ginia Commonwealth University. Female Sprague-Dawley
rats (150-200 g) were anesthetized by intraperitoneal injec-
tion of pentobarbital (60 mg/Kg) and supplemental pento-
barbital (20 mg/Kg) was administered as necessary to
maintain surgical anesthesia. The animal’s corneal reflex
and toe-pinch reflex were used to monitor the depth of sur-
gical anesthesia. Body temperatures were maintained at 36—
37 °C with an isothermal pad (Braintree Scientific). The left
CT nerve was exposed laterally as it exited the tympanic
bulla and placed onto a 32G platinum/iridium wire elec-

trode. Stimulus solutions maintained at room temperature
were injected into a Lucite chamber (3 mL; 1 mL/s) affixed
by vacuum to a 28 mm? patch of anterior dorsal lingual sur-
face. The CT responses were recorded under zero lingual
current-clamp or voltage-clamp conditions and analyzed
as described previously (Ye et al. 1991; Lyall, Alam, et al.
2004; Lyall, Heck, et al. 2004; Lyall et al. 2006, 2009). Typ-
ically, stimulus solutions remained on the tongue for 1-2
min. Control stimuli consisting of 300 mM NH4Cl and
300 mM NaCl (Table 1) applied at the beginning and at
the end of experiment were used to assess preparation sta-
bility (Figures 1C and 4A, Supplementary Figures 2 and
3A). The preparation was considered stable only if the dif-
ference between the magnitude of the control stimuli at the
beginning and at the end of the experiment was less than
10% (Lyall et al. 2009).

WT female mice (C57BL/6J) and NADPH oxidase KO
mice (B6.129S6-Cybb™!P/J; N13F24) containing the null
allele of the gene encoding the 91 kD subunit (gp91P"°*)
of the oxidase cytochrome b (The Jackson Laboratory) were
anesthetized by intraperitoneal injection of pentobarbital
(30 mg/Kg) and supplemental pentobarbital (10 mg/Kg)
was administered as necessary to maintain surgical anesthe-
sia. The rest of the procedure was the same as in rats except
that a flow chamber was not used and stimuli were permitted
to flow (3 mL; 1 mL/s) directly across the tongue. At the end
of each experiment, animals were killed by an intraperitoneal
overdose of pentobarbital (ca. 195 mg/Kg body weight for
rats and 150 mg/Kg weight for mice). The composition of
the various stimulating solutions used in the CT experiments
is given in Table 1. The various drugs and their concentra-
tions used in this study and their specific targets are listed
in Table 2.

The sulfhydryl groups on cysteine and the imidazole ni-
trogen on histidine (His), as well as the carboxylate oxygens
of glutamate and aspartate participate in the putative H*
channel conductance or the H"-binding site on the channel
proteins (Mankelow and Henderson 2001; Seebungkert and
Lynch 2001; Lyall, Alam, Phan, Russell, et al. 2002). Volt-
age-gated proton channels are strongly inhibited by Zn**,
which binds to His residues in the channel protein (Musset
etal. 2010). Accordingly, we used the lingual voltage-clamp
technique in combination with the pharmacological block-
ers of proton channels (Zn>* and DEPC) to test if H influx
through apical voltage-gated proton channels in taste cells
plays a role in eliciting CT responses to strong acids. In
some studies, we topically applied 15 mM §-CPT-cAMP
(dissolved in dimethyl sulfoxide [DMSO]) to the lingual sur-
face for 20 min to enhance proton conductance in the apical
membrane of taste cells (Lyall, Alam, Phan, Phan, et al.
2002; Lyall, Alam, et al. 2004). To test if cAMP modulates
proton conductances directly or produces its effect indi-
rectly by activating PKA, Rp-cAMPS, a specific membrane
permeable inhibitor of PKA I and II activation by cAMP
(Botelho et al. 1988) was applied topically (4.5 mM;
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Table 1 Composition of stimulating solutions for CT experiments dissolved in DMSO) to the tongue for 10 min. As a control,
Solution Composition (mM) oH we used 15 mM 8-CPT-cGMP (Table 2). NADPH oxidase—
linked proton channels in phagocytes and other tissues
Rinse (R1) 10 Kl are modulated by free radicals, nitrazepam, and phorbol
Acid stimuli 20 HCl, 20 H3PO,, 20 CH3COOH 1.7,23,32 12-myristate 13-acetate (PMA; DeCoursey 2003). To test
Rinse (R2) 2 KCl + 10 HEPES 24 if gcid responses depend upon H* ipﬂux through NADPH
oxidase-linked proton channels, nitrazepam (a synthetic
10% CO, 72 KHCOs3 +10% CO,/90% O, 74 substrate for intracellular NADPH oxidase (Rosen et al.
Rinse (R3) 525 CH3COOK + 30 mannitol + 10 HEPES 6.1 1984) and PMA (dissolved in DMSO) were applied topically to
the tongue for 15 min. H,O, was added directly to the rinse
CH;COO0H °2> CHCOOK + 30 CHSCOOH o1 solutiorio’ and the sour stimuli (Table 2). NA]%PH oxidase
Control-1 300 NH4Cl KO mice were used to test if acid responses depend upon H*
Control-2 300 NaCl influx through NADPH oxidase-linked proton channels.
Ringer’s solution 140 NaCl + 5 KCI + 1 CaCl, 7.4
+ 1 MgCl; + 10 Na-pyruvate Data analysis

+ 10 glucose + 10 HEPES

In CT experiments, the tonic (steady state) part of acid-
HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid. Mannitol was evoked neural responses was quantiﬁed by taklng the area
added to maintain R3 and CH3COOH stimulus solutions at the same osmotic under the response Curve over the final 30 s of a stimulation
pressure. Mannitol by itself does not elicit a CT response (Lyall et al. 2006). . . . .. )

To normalize this result, this area was divided by the area
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Figure 1 Effects of Zn** and DEPC on rat CT responses to acidic stimuli. (A) Shows a representative CT recording in which the rat tongue was first
superfused with a rinse solution R1 (10 mM KCl) and then with 20 mM HCl solutions containing 0, 2.5, 5.0, and 10.0 mM ZnCl,. The arrows indicate the time
period when the tongue was stimulated with different solutions. (B) The mean normalized tonic CT response in 3 rats to 20 mM HCI were plotted as
a function of either Zn** (@) or DEPC (O) concentration. The tonic HCI CTresponses at 10, 15, and 20 mM Zn** and 10 mM DEPC were not different from the
baseline rinse values (P > 0.05). The P values were calculated with respect to the normalized HCI tonic CT response in the absence of Zn?* or DEPC.
The Pvalues (*) at different Zn?* concentration were 5 mM (0.0075), 10 mM (0.0023), 15 mM (0.0001), and 20 mM (0.0001) relative to control (0 Zn?*). The
P values (*) at different DEPC concentration were 2.5 mM (0.0007), 5 mM (0.0001), and 10 mM (0.0001). (C) Shows a representative CT recording in which
the rat tongue was first superfused with a rinse solution R1 (10 mM KCl) and then with acidic stimuli (20 mM HCI, 20 mM H3POy, and 20 mM CH3COOH) in
the absence and presence of 10 mM ZnCl, (Zn®*). The control responses to 300 mM NH,C| are shown at the beginning and end of the experiment and were
nearly identical. The arrows indicate the time period when the tongue was stimulated with different solutions. (D) The mean normalized tonic CT response in
3 rats to 20 mM HCl, 20 mM H5PO,, and 20 mM CH3COOH are shown in the absence and presence of 10 mM ZnCl, (Zn?*). The tonic CT response to HCI +
Zn* was inhibited to the baseline rinse values (**P = 0.0004). There was no difference between the tonic CT response between CH;COOH and CH;COOH +
Zn?* (P > 0.05). Zn** inhibited the tonic CT response to HsPO, by 65.8% (*P = 0.0016).
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Table 2 Summary of the effect of various drugs used in this study that
modulate gp91P"°*- and cAMP PKA-dependent proton channels

Drug mM Intracellular targets

Zn** 0-20 | Proton channels

DEPC 0-10 | Proton channels

8-CPT-cCAMP 15 1 Proton channel activity

8-CPT-cGMP 15

H>0, 0-15% 1 Proton channel activity

Nitrazepam 0.5 Synthetic substrate for intracellular
NADPH oxidase

PMA 0.25 1 Proton channels in phagocytes

Rp-8-CPT-CAMPS 45 LPKA Iand I

PMA (activates protein kinase C); 8-CPT-cCAMP, 8-(4-chlorophenylthio)
adenosine-3’-5’-cyclic monophosphate (membrane permeable CAMP
analog); Rp-8-CPT-cAMPS, 8-(4-chlorophenylthio)-adenosine-3’-5"-cyclic
monophospho-rothioate (competitive inhibitor of PKA I and Il); 8-CPT-cGMP,
8-(4-chlorophenylthio) guanosine-3’-5’-cyclic monophosphate (membrane
permeable cGMP analog); and DEPC (modification reagent for His and Tyr
residues in proteins). All reagents were obtained from Sigma.

under the 300 mM NH,4CI response curve over the final 30 s
of the response period. The normalized data were reported as
the mean * standard error of the mean of the number of an-
imals. To facilitate comparison of the CT responses in WT
and NADPH oxidase KO mice, the data traces in each ex-
periment were digitally normalized by dividing the digitized
responses to each test stimulus in a given mouse by the mean
tonic response of the mouse to 300 mM NH,4CI. Because we
are comparing the normalized CT responses before and after
the topical lingual application of pharmacological modulators
in the same CT preparation, a paired z-test was used to eval-
uate statistical significance. When the data were compared be-
tween different genotypes, an unpaired z-test was used.

Detection of gp91P"°* in WT mouse fungiform taste bud
cells and control kidney cells

The reverse transcription (RT)-polymerase chain reaction
(PCR) technique was utilized to detect the presence of
gp91P°% in fungiform (FF) taste bud cells. WT mice were
anesthetized by exposing them to an inhalation anesthetic,
isoflurane (1.5 mL) in a desiccator. When the mice were fully
unconscious, a midline incision was made in the chest wall
and the aorta severed. The tongue and kidneys were then
rapidly removed and stored in ice-cold Ringer’s solution (Ta-
ble 1). The lingual epithelium was isolated by collagenase
treatment as described earlier (Lyall, Heck, et al. 2004). Taste
buds were harvested from FF papillae, aspirated with a mi-
cropipette. The taste buds were first individually transferred
onto coverslips, avoiding contaminating cells and debris and
then transferred into tubes for RNA preparation. RNA was
prepared using the RNeasy Protect Kit (Qiagen) and the
cDNA was generated using the M-MLV Reverse Transcrip-

tase Kit (Invitrogen) according to the manufacturer’s proto-
cols. PCR screening of the FF and kidney cDNAs for the
presence of mouse gp91P"°* was performed with Tag DNA
Poymerase (Roche) using the primer pairs (Invitrogen) shown
below. The reaction was performed at the annealing temper-
atures of 53, 54and 55 C. Asa negative control, the reactions
were run with water replacing the cDNA template. Primer se-
quences for mouse gp91P"* (NM_007807) were as described
elsewhere (Wu et al. 2006). The forward primer site spans the
exon that ends at 1226 bp and the reverse spans the exon that
ends at 1536. The primers were designed to cover exon splice
sites so that genomic contamination is not an issue.

Primer pair

Sense: 5'-CAGGAGTTCCAAGATGCCTG-3’
Antisense: 5'-GATTGGCCTGAGATTCATCC-3’
Product size: 349 bp

Results

Effect of Zn?* and DEPC on CT responses to acidic stimuli

Adding increasing concentrations of ZnCl, (2.5-10 mM) to
20 mM HCI solution inhibited the HCI CT response in a
dose-dependent manner (Figure 1A). The concentration—
response curve for Zn>* inhibition of the HCI CT response
is shown in Figure 1B. The solid curve is the least squares fit
of the data according to a reversible competitive inhibition
model (Appendix eq. 5, with R, =0.351, k=53 mM, and n=
2.6). At concentrations >10 mM, Zn** inhibited the mean
normalized tonic CT response to HCI to rinse baseline
level (Figure 1B; ®). When added to the rinse solution
(R1; Table 1), Zn>* (2.5-20 mM) did not give a CT response
above the rinse baseline level (data not shown).

Although Zn** (10 mM) inhibited the tonic CT response to
20 mM HCI to rinse baseline level, it had no effect on the
tonic CT response to 20 mM acetic acid and only partially
inhibited the CT response to 20 mM H3;POy (Figure 1C). The
effect of Zn>*on these 3 acids is quantified in Figure 1D. Zn>*
at 10 mM completely inhibited the mean normalized tonic
HCI CT response. It inhibited the mean normalized tonic
CT response to H3PO4 by 65.6% relative to control, and
it had no effect on the CT response to acetic acid (Figure
1D) or 10% CO, (pH 7.4) (data not shown). Thus, unlike
HCI, CT responses to H;PO, depend both upon H" entry
through the Zn>*-sensitive proton channels and on the pas-
sive diffusion of H3PO, as the undissociated acid. The pro-
portion of the H3PO4 CT response inhibited by Zn>* is very
close to the calculated percentage of the dissociated form of
the acid present in the solution. For 20 mM H;PO, at the
measured pH of 2.3, the percent of the acid in the dissociated
form (H,PO,4") is about 60%.

DEPC inhibited the HCI CT response in a dose-dependent
manner (Supplementary Figure 1A). Figure 1B shows that
inhibition by DEPC can also be modeled as reversible
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competitive inhibition (Appendix eq. 5 with R, = 0.361, k =
2.6 mM, and n = 2.3). A comparison of the dissociation con-
stants for Zn** and DEPC inhibition shows that DEPC is a
somewhat more effective antagonist inhibiting 50% of the re-
sponse to HCI at half the concentration required when using
Zn**. DEPC (10 mM) inhibited the tonic HCI CT response to
baseline. Although not shown in the figure, DEPC inhibition
was completely reversible. By itself, DEPC (1-10 mM) added
to the rinse solution elicited no CT response above the rinse
baseline level (Lyall, Alam, Phan, Russell, et al. 2002).
DEPC had no effect on the CT response to 10% CO, (pH
7.4; Table 1) (Supplementary Figure 1B). The mean normal-
ized tonic CT response to CO, was the same in the absence
and the presence of DEPC in the stimulus solution (Supple-
mentary Figure 1C). Thus, blocking the apical membrane
proton conductance in taste cells with Zn** or DEPC produ-
ces similar effects on the HCl CT responses.

Effect of voltage clamping the chemically stimulated
receptive field on the HCl CT response

Consistent with earlier studies (DeSimone et al. 1995), voltage
clamping the chemically stimulated receptive field between
+60 and —60 mV did not produce a significant change in
the tonic HCl CT response relative to its value under
open-circuit conditions (Figure 2A; o). However, the HCI
tonic CT response was significantly enhanced at -90 mV
and significantly suppressed at +90 mV relative to its value
under open-circuit conditions (Figure 2A; 0). This nonlinear
CT response versus voltage curve can be represented using
a standard ion channel kinetic model but not without assum-
ing a voltage-dependent rate constant for the dissociation of
the proton-channel complex (cf. Appendix). Accordingly,
the Appendix equations (2) and (3) were used to compute
the least squares curve fitted to the open circles in Figure
2A (B=0.39,a=100,8=0.91, t=-3.9, n=3). In the presence
of 20 mM Zn?*, the mean normalized CT response to HCI
was inhibited to baseline under open-circuit conditions (Fig-
ure 2B; Control; 0 mV), and in the continuous presence of
Zn**, no voltage-induced effects could be observed on the
tonic CT response at +90 or —90 mV applied lingual potential
(Figure 2B; Control). These results are consistent with the
presence of a Zn>*-sensitive apical proton conductance in
taste cells. In contrast to Zn>*, an equivalent concentration
of CaCl, or MgCl, produced no effect on the mean normal-
ized tonic HCI CT response (Figure 2C). This suggests that
inhibition of the HCI CT response by Zn" is not explained
solely by its divalent properties.

Effect of cAMP on the HCI CT response

Topical lingual application of 8-CPT-cAMP enhanced the
CT response to 20 mM HCI (0 mV; Figure 2A; Post-cAMP;
@) relative to control (0 mV; Figure 2A; Control; o). The
post-cAMP HCI CT response demonstrated a quasi-linear
voltage dependence over voltages from +90 to -90 mV

Involvement of 2 Types of H* Channels in Sour Taste Transduction 393

(Figure 2A; Post-cAMP; @). The difference in the CT re-
sponse in the presence and absence of cCAMP at each voltage
represents the cAMP-dependent part of the response and is
plotted in Figure 2A as closed triangles. The cAMP-dependent
part of the response was fitted according to the standard
ion channel kinetic model without further assumptions, that
is, the respective rate constants for the formation of the chan-
nel-H* complex and its dissociation are voltage independent
(Appendix eq. 2, R,, = 0.52, a = 2.6, 6 = 0.69). The cAMP-
dependent part of the response is seen to be quasi-linear be-
tween £60 mV becoming slightly sigmoidal between 60 and
90 mV and -60 and —90 mV. For this reason, the curve fitting
the post-cAMP CT response (which is the sum of the cAMP-
dependent and -independent curves) is seen to be essentially
quasi-linear. Both the cAMP-induced increase in the HCI CT
response and the observed enhanced voltage sensitivity were
inhibited to the rinse baseline level in the presence of 20 mM
Zn** (Figure 2B; Post-cAMP, hatched bars). In contrast to
cAMP, topical lingual application of an equivalent concen-
tration of 8-CPT-cGMP failed to produce any effects on the
CT responses to 100 mM NaCl, 100 mM NH,CI, 100 mM
KCl, or 20 mM HCI (Supplementary Figure 2A,B). These
results indicate that a Zn**-sensitive apical H* conductive
pathway in taste cells is specifically modulated by cAMP.

Effect of the modulators of proton channels in phagocytes
on the HCI CT response

Stimulating the tongue with 20 mM HCI containing H,O,
(5-15%) increased the magnitude of the CT response to
HClI in a concentration-dependent manner (Supplementary
Figure 3). When added to the rinse solution, H,O, by itself
gave a small but significant CT response. The mean normal-
ized HCI1 CT responses in the presence of H,O, were calcu-
lated with respect to the baseline obtained after superfusing
the tongue with rinse solution (R 1) containing the same con-
centration of H,O,. H,O, enhanced the mean normalized
HCI CT response in a concentration-dependent manner, sat-
urating at H>O, concentrations above 8% (Figure 3A). The
saturating sigmoidal curve through the points in Figure 3A is
the least squares fit of the data to the Hill equation (Appen-
dix eq. 6, Ry=0.147, R; =0.135, ko5 =4.6, and n = 5.6). The
mean normalized tonic CT responses to 30 mM acetic acid
buffered to pH 6.1 with CH;COOK or 10% CO, buffered to
pH 7.4 with KHCO; (Table 1) were unaffected by H,O, (Fig-
ure 3B). These results indicate that H>O, specifically enhan-
ces the CT response to HCI.

Topical lingual application of 0.5 mM nitrazepam en-
hanced the CT response to HCI but not the CT response
to CO, or acetic acid (Figure 4A). The mean normalized
tonic CT response to CO, or acetic acid was unaffected
by nitrazepam (Figure 4B; Post-nitrazepam). In another
set of rats, topical lingual application of 0.25 mM PMA sig-
nificantly enhanced the magnitude of the CT response to 20
mM HCl relative to control (Figure 4C). Consistent with pre-
vious studies with PMA in taste cells (Lyall et al. 2009), the
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Figure 2 Effects of lingual voltage clamp, CAMP, and Zn?* on the rat HCI CT response. (A) Rat CT responses 20 mM HCl were monitored at applied +90,
+60, +30, 0, —30, —60, and —90 mV across the receptive field under control conditions and after topical lingual application of 15 mM 8-CPT-cAMP for 20
min. The mean normalized tonic HCI CT responses in 3 rats are plotted as a function of the applied voltage before (o; Control) and after cCAMP treatment (@;
Post-cAMP). The cAMP-dependent mean tonic responses (A ; CAMP dependent) at each applied voltage were calculated as the difference between the HCI
CT response before and after CAMP treatment. The data points were fitted to the channel model described in the Appendix. (B) The mean normalized tonic
CT responses in rats to 20 mM HCl and 20 mM HCl + 20 mM ZnCl, are shown at +90, 0, and —90 mV applied voltage across the receptive field. CAMP
significantly enhanced the HCI CT response at +90, 0, and —90 mV relative to control. Under control conditions, the P values were calculated with reference
to the mean normalized tonic HCI CT response at 0 mV. The P values (*) at —90 and +90 mV were 0.0102 and 0.0158, respectively. Cyclic-AMP enhanced the
HCI CT response at 0 mV relative to control (***P = 0.0001). Post-cAMP, the P values (**) at —90 and +90 mV were 0.001 and 0.0034, respectively with
respect of 0 mV. Zn?* inhibited the HCI CT responses at +90, 0, and —90 mV to the rinse baseline under control conditions and after cCAMP treatment, (P >
0.05 with respect to zero). (C) Effect of Ca**, Mg?*, and Zn?* on the rat HC| CT response. The rat tongues were first superfused with a rinse solution R1
(10 mM KCl) and then with 20 mM HCl solutions containing 20 mM CaCl,, 20 mM MgCl,, or 20 mM ZnCl,. Addition of 20 mM CaCl,, 20 mM MgCl,, or 20
mM ZnCl, to R1 did not increase the CT response above baseline relative to R1 alone (data not shown). The mean normalized tonic HCI CT responses in 3 rats
are shown in the presence of Ca®*, Mg?*, and Zn?*. Whereas Zn?* inhibited the mean normalized HC| tonic CT response to baseline (*P = 0.0001), Ca®* and
Mg?* did not have any effect on the tonic HCI CT response (P > 0.05).

effects of PMA were not observed in the presence of the pro-  cells is linked to the NADPH oxidase activity, we performed
tein kinase C blocker, R031-8220 (data not shown). These additional studies in NADPH oxidase KO mice.

data suggest that agents that activate an H* channel linked
to NADPH oxidase activity in phagocytes also modulate
a similar conductance in taste cells.

Responses of WT and NADPH oxidase KO mice to
HCl and CO,

phox . . .
Detection of gp91P"°* in FF taste bud cells and kidney cells 1n t'he gpol KO mice (Figure SB-)’ the , ormahzgd H-Cl

onic CT response was smaller relative to its magnitude in
by RT-PCR the WT mice (Figure 5A). Zn?* (10 mM) inhibited the
In cDNA made from FF taste bud cells and kidney cells, us- HCI CT response in WT mice (Figure SA) and the residual
ing specific primer pairs, we detected the message for response (the gp91P"°*-independent HCI CT response) in
gp91PP°* membrane associated component of NAHPH ox- KO mice (Figure 5B). Although in WT mice (Figure 5A),
idase in kidney cells, and FF taste bud cells (Supplementary  the CT response was further enhanced when HCI was pre-
Figure 4). The PCR product (349 bp) was sequenced and was  sented with 15% H>O,, the residual HClI CT response in
found to match 100% the sequence of gp91P"°* in the gene  gp91P"°* KO mice (Figure 5B) was not affected by stimulat-
bank (NM_007807) (data not shown). These results suggest  ing the tongue with 20 mM HCI + 15% H,0O,. The mean nor-
that gp91P"°* is most likely expressed in taste cells. To further ~ malized CT responses from several WT and KO mice are
investigate if the observed apical proton conductance in taste ~ summarized in Figure 8.
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Figure 3 Effect of H,0, on the rat HCI CT response. (A) The rat tongues were initially superfused with rinse solutions (R1; Table 1) containing H,O, (R1 + 0,
2.5, 5.0, 10.0, and 15.0% H,0,) and then with 20 mM HCI solutions containing H,O, (HCI + 0, 2.5, 5.0, 10.0, and 15.0% H,0,), respectively (see also
Supplementary Figure 3). The H,0,-induced enhancement in the tonic HCI response at a particular H,O, concentration was calculated relative to the baseline
with the same H,0, in R1. The mean normalized tonic HCI CT responses in 3 rats are plotted as a function of increasing H,O, concentration. The P values
were calculated with respect to the mean normalized HCl tonic CT response in the absence of H,O,. The P values (*) at different H,O, concentrations were as
follows: 5% (0.0019), 10% (0.0003), and 15% (0.0003). (B) CT responses were monitored while the rat tongues were superfusing with R1 and then with
20 mM HCl, R1 + 15% H,0,, and 20 mM HCl + 15% H,0,, R2 (pH 7.4) and 10% CO, (pH 7.4; Table 1) and R3 (pH 6.1) and 525 mM CH3COOK + 30 mM
CHsCOOH (pH 6.1; Table 1). The mean normalized tonic CT responses in 3 rats to HCl, CO,, and CH3COOH are shown in the absence and presence of 15%
H,0,. H,0, only enhanced CT responses to HCI (*P = 0.0003). No significant difference was observed in the normalized tonic CT response to CO, or
CHsCOOH (P > 0.05).
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Figure 4 Effect of nitrazepam and PMA on the rat CT responses to acidic stimuli. (A) Shows a representative raw neural recording in which CT responses
were monitored while the rat tongue was superfusing with R1 and then with 20 mM HCI, R2 and 10% CO; (pH 7.4; Table 1), and R3 and 20 mM CH3COOH
(pH 6.1; Table 1) before (Control) and after topical lingual application of 0.5 mM nitrazepam (Post-nitrazepam). The control responses to 300 mM NH4Cl are
shown at the beginning and end of the experiment and were nearly identical. The arrows indicate the time period when the tongue was stimulated with
different solutions. (B) The mean normalized tonic CT responses in 3 rats to HCl, CO,, and CH3COOH are shown before (Control) and after nitrazepam
treatment (Post-nitrazepam). Nitrazepam only enhanced HCI CT responses (*P = 0.013). No effect of nitrazepam was observed on the CT responses to CO, or
CH3COOH relative to control (P >0.05). (C) Shows a representative CT recording in which the rat tongue was first superfused with a rinse solution R1 (10 mM
KCl) and then with 20 mM HCl solution under control conditions and after topical lingual application of 0.25 mM PMA. The arrows indicate the time period
when the tongue was stimulated with different solutions.
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Figure 5 Effect of H,0, and Zn?* on HCI CT responses in WT and gp91P"°* KO mice. Shows representative normalized CT responses (A) in a WT mouse and
(B) a KO mouse in which the tongues were initially superfused with rinse solutions R1, R1 + 15% H,05, or R1 + 10 mM Zn?* and then with 20 mM HCI, HC| +
15% H,0,, or HCl + 10 mM Zn?*. The arrows indicate the time period when the tongues were stimulated with different solutions.

In WT mice (Figures 6A and 8), the tonic CT response to
20 mM HCI was typically greater than the response to 10%
CO; (pH 7.4). In gp91P"* KO mice (Figures 6B and 8), the
mean normalized HCI tonic CT response was diminished by
about 64% relative to the WT mice and was significantly
smaller relative to the response to CO, (Figures 6B and
8). Although in the presence of 15% H,0,, the CT response
to HCl in WT mice was enhanced relative to control, no ef-
fect of H,O, was observed on the CT response to 10% CO,
(Figure 8). As shown before (Figure 5B), the residual HCI
CT response in KO mice was insensitive to H,O,. Thus,
in mice as well as in rats, H,O, only enhanced the CT re-
sponse to HCl and the response to a weak organic acid
(CO,) is H,0, insensitive.

In contrast to rats (data not shown), some WT and
gp91P"°* KO mice elicited a tonic CT response to 10 mM
Zn** (Figures 5A, 6B, and 7A) to which level the response
to HCI was inhibited by Zn**.

Effect of cAMP on the residual HCI CT response in gp91Ph°x

KO mice

H,0; did not affect the residual response to HCI in the
gp91P1°* KO mouse (Figure 7A). Treating the mouse tongue
with 8-CPT-cAMP enhanced the residual tonic HCI CT re-
sponse (Figure 7A). This indicates that cAMP-modulation
resides in the H* conductance that is distinct from the
gp91P"°* component of NADPH oxidase. We have previ-

ously shown that cAMP does not affect CT responses to
CO; or acetic acid (Lyall, Alam, et al. 2004). Thus data ob-
tained from both rat and KO mouse models demonstrate the
presence of 2 distinct H* entry pathways in the apical mem-
branes of taste cells that have a direct functional role in the
CT response to strong acids.

Effect of Rp-cAMPS on the cAMP-sensitive HCI CT response
in rats

The effect of cAMP on the HCI CT response was monitored
before and after topical lingual application of Rp-cAMPS.
As shown earlier (Figure 2A,B), 8-CPT-cAMP enhanced
the rat HC1 CT response (Figure 7B). Exposure of the tongue
to 8-CPT-cAMP in the Rp-cAMPS pretreated tongues did
not produce the expected increase in CT response to HCI
(Figure 7C). In 3 rats, the magnitude of the mean normalized
tonic CT responses post-Rp-cAMPS and post-Rp-cAMPS-
post-CPT-cAMP were not different from their values under
control condition (P > 0.05; data not shown). These results
suggest that cAMP exerts its effect on an apical proton chan-
nel through PKA.

Discussion

In rodents, stimulating the tongue with HCI (1-30 mM) elic-
its concentration-dependent CT responses (Stewart et al.
1998; Lyall, Alam, Phan, Phan, et al. 2002) and induces
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Figure 6 Effect of H,0, on the CT responses to HCl and CO, in WT and gp91P"® KO mice. Shows representative normalized CT responses (A) in a WT
mouse and (B) a KO mouse in which the tongues were initially superfused with rinse solutions R1, R1 + 15% H,0,, R2 (pH 7.4), or R2 + 15% H,0, (pH 7.4;
Table 1) and then with 20 mM HCI, HCl + 15% H,0,, 10% CO, (pH 7.4; Table 1), or 10% CO, + 15% H,0, (pH 7.4; Table 1). In (B) is also shown the
response to R1, R1 + 10 mM Zn?*, 20 mM HCI, and 20 mM HCl + 10 mM Zn?*. The arrows indicate the time period when the tongues were stimulated with

different solutions.

a dose-dependent decrease in pH; in polarized FF taste bud
cells in vitro (Lyall, Alam, Phan, Phan, et al. 2002). Our re-
sults suggest that at least 2 distinct proton conductive path-
ways in the apical membrane of taste cells contribute to the
HCI CT response. One proton conductive pathway is de-
pendent upon NADPH oxidase activity and is sensitive
to Zn**, DEPC, H,0,, PMA, and nitrazepam. H* influx in-
to taste cells through this pathway accounts for 64% of the
HCI CT response. The second proton conductive pathway is
independent of NADPH oxidase activity. It is sensitive to
Zn>*, cAMP, and PKA but is insensitive to H,O,. Under
control conditions, H* influx through this pathway ac-
counts for 36% of the HCI CT response. Cyclic AMP enhan-
ces H" influx through this pathway and increases the HCI
CT response. We hypothesize that both NADPH oxi-
dase—dependent and cAMP-sensitive proton channels are
present in the PKD2L1 containing sour sensing taste cells
in the anterior tongue (Huang et al. 2006; Yoshida et al.
2009; Horio et al. 2010; Nelson et al. 2010; Chang et al.
2010).

NADPH-dependent proton conductance in taste cells

Because stimulating the tongue with HCI elicits a CT re-
sponse, it suggests that the putative proton channels in
the apical membrane of taste cells are constitutively active.
Under control conditions (Figure 2A), voltage dependence
of the HCI CT response was only observed at +90 and

-90 mV (Lyall, Alam, Phan, Phan, et al. 2002; Lyall, Alam,
et al. 2004). These results are consistent with the observa-
tions that the voltage dependence of voltage-gated proton
channels is not absolute (Musset et al. 2009). In our studies,
Zn** blocked both the NADPH oxidase—dependent and
NADPH oxidase-independent cAMP-sensitive proton con-
ductances in taste cells (Figures 1, 2, 5, and 6). Proton chan-
nels are inhibited by divalent cations. In fact, sensitivity to
Zn*>" and Cd** has classically been considered a prerequisite
in identifying these channels (Decoursey 2003).

HCI CT responses in rats and WT mice were enhanced in
the presence of H,O, (Figures 3 and 5-7), nitrazepam (Fig-
ures 4A,B), and PMA (Figure 4C), known activators of the
NADPH oxidase in phagocytes and nonphagocyte cells.
Most importantly, the HCI CT response was decreased by
64% in gp91P"°* KO mice (Figure 8). In KO mice, the resid-
ual HCI CT response was not affected by H,O, (Figures 5B,
6B, 7A, and 8). These results suggest that in taste cells of KO
mice, the NADPH oxidase is completely inhibited. The
gp91P"°* KO mice have been shown to lack NADPH oxidase
activity in neutrophils (Malech 1999), astrocytes (Abramov
et al. 2005), intrapulmonary arteries (Liu et al. 2006), and the
striatum (Clement et al. 2010). Taken together, the above re-
sults suggest that a significant part of the apical proton con-
ductance in taste cells is dependent upon the NADPH
oxidase activity. A similar cooperative relationship between
the voltage-gated proton channels and NADPH oxidase
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Figure 7 Effect of Zn**, H,0,, and CAMP on the CT responses to HCl and CO5 in gp91P"* KO mice and Sprague-Dawley rats. (A) Shows a representative
CT recording in a gp91P"* KO mouse in which the mouse tongue was initially superfused with R1, R1 + 10 mM Zn?*, R1 + 15% H,0,, R2 (pH 7.4), or R2 +
15% H,0, (pH 7.4; Table 1) and then with 20 mM HCI, 20 mM HCl + 10 mM Zn?*, 20 mM HCl+15% H,0,, 10% CO, (pH 7.4; Table 1) or 10% CO, + 15%
H,0, (pH 7.4; Table 1). Also shown is the CT response to 20 mM HCI after the topical lingual application of 8-CPT-CAMP. The arrows indicate the time period
when the tongue was stimulated with different solutions. (B) Shows a representative rat CT recording in which the tongue was first superfused with R1 and
then with 20 mM HCI under control conditions and after topical lingual application of 15 mM 8-CPT-cAMP for 20 min. The arrows indicate the time period
when the tongues were stimulated with different solutions. (C) Shows a representative rat CT recording in which the tongue was first superfused with R1 and
then with 20 mM HCI under control conditions, after topical lingual application of 4.5 mM Rp-8-CPT-cAMPS for 10 min and after topical lingual application of
15 mM 8-CPT-cCAMP (Table 2). The arrows indicate the time period when the tongues were stimulated with different solutions.

activity has been demonstrated in phagocytes during a respi-
ratory burst when reactive oxygen species are produced to
kill microbial invaders (Musset et al. 2009). However, at
present it is not clear how NADPH activity is linked to
the activation of voltage-gated proton channels. Several
speculative explanations for the paradoxical interactions be-

tween proton channels and NADPH oxidase have been pre-
sented (Musset et al. 2009).

Active NADPH oxidase transfers electrons from the sub-
strate to O, forming O, . A defect in any of the genes encod-
ing the components of the NADPH oxidase (viz. gp91P",
p22Phox h67PROX o p47PhO%) results in a decrease in NADPH
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Figure 8 Effects of Zn**, H,0,, and CAMP on the CT responses to acidic stimuli in WT and gp91P"* KO mice. In 3 WT mice, the P values under different
conditions were calculated with respect to the mean normalized tonic HCI CT response and were as follows: HCI + Zn?* (****: 0.0001), HCI + H50,
(**; 0.004), 10% CO, (*; 0.0168), and 10% CO, + H,0, (***; 0.0014). In 6 KO mice, the P values under different conditions were calculated with respect to
the mean normalized tonic HCI CT response and were as follows: HCl + Zn?* (*; 0.0276), HC| + H,0, (>0.05), 10% CO, (*; 0.0295), 10% CO, + H,0,
(*; 0.0295) and post-cAMP HCI (****; 0.0001). The mean tonic HCI CT response in KO mice was smaller relative to its value in WT mice (****P = 0.0001).

oxidase activity and a decrease in reactive oxygen species.
Homologues of gp91P"°*, called Nox and Duox, are present
in a large variety of nonphagocytic cells. The gp91P"°* sub-
unit is the electron transport chain of the active NADPH ox-
idase (Vignais 2002; Guichard et al. 2006; Sedeek et al. 2009;
DeCoursey 2010). It is likely that the low level of O, pro-
duced by NADPH oxidase activity in taste cells maintains
the voltage-gated proton channel in the open state account-
ing for the CT response to HCI. Subsequent modulation of
NADPH oxidase activity by targeted genetic and pharmaco-
logical manipulations alters, then, CT responses to HCI.
Recently, genes encoding for proton channels have been
identified in human, mouse, and in the vase tunicate (Ciona
intestinalis) (Ramsey et al. 2009; DeCoursey 2010). In the ex-
pressed voltage-gated proton channels, the pH-sensitive gat-
ing mechanism results in the channel opening when there is
an outward electrochemical driving force for protons. So
that opening proton channels results in acid extrusion from
cells. The above identified voltage-gated proton channels are
most likely not involved in CT responses to HCI. In our stud-
ies (Lyall et al. 2001), increasing the gradient across the api-
cal membrane of taste cells (i.e., decreasing pH, by
stimulating the tongue with HCI) results in H* influx and
a subsequent sustained decrease in taste cell pH; (Lyall et al.
2001). Accordingly, we hypothesize that in taste cells, the
proton channels linked to NADPH oxidase must be different
from those described in phagocytes and permit the influx of
H*. Alternately, it is possible that the NADPH oxidase—
linked proton channels in taste cells may permit H* influx
when the external pH is decreased below pH 3.0 during stim-
ulation of the apical membrane with HCI. A major difference
between taste cells and phagocytes is that in the latter case
H* for transport is produced intracellularly while during
HCI taste stimulation H™ ions permeate from the apical
compartment into taste cells. It is likely that both the intra-
cellular acidification induced by proton flux and the resulting
cellular depolarization contribute to the eventual taste re-
ceptor cell response to strong acids (Lyall, Alam, Phan,

Phan, et al. 2002; Richter et al. 2003; Huang et al. 2008;
Chang et al. 2010).

Voltage-gated proton channels demonstrate single channel
currents that are about 1000 times smaller than those in most
ion channels (Musset et al. 2009). This may explain why
stimulating the tongue with HCI, a large decrease in pH,, will
produce only a few tenths of a pH unit change in the pH;
of polarized taste cells (Lyall, Alam, Phan, Phan, et al.
2002). That is, the proton conductance of the apical mem-
brane of taste cells is inherently low. In human neutrophils,
a decrease in pH; during phagocytosis inhibits NADPH
oxidase activity (Morgan et al. 2009). Inhibition of the
NADPH oxidase activity by an acid-induced decrease in
the intracellular pH of taste cells beyond a threshold value
may be essential in limiting the entry of H* through proton
channels coupled to NAHPH oxidase activity. The NADPH
oxidase—associated proton conductance seems to play a role
in eliciting CT responses to strong acids only. Nitrazepam
(Figure 4A,B), H,O, (Figure 3C and Supplementary Figure
1B), Zn** (Figure 1C,D), and DEPC (Supplementary Figure
1B) did not affect CT responses to the weak organic acids
(acetic acid and CO,). These results are consistent with
the observations that weak acids, for the most part, enter
taste cells across the apical membrane passively as neutral
molecules, and once inside the cell, dissociate to generate
H* intracellularly (Lyall et al. 2001). However, alternate sour
taste sensing mechanisms for weak acids have been pro-
posed. A recent study speculated that carbonic anhydrase
4, a glycosylphosphatidylinositol-anchored enzyme, func-
tions as an extracellular H* ion generator in the detection
of CO, in PKD2L1-expressing sour-sensing cells (Chandra-
shekar et al. 2009).

cAMP PKA-dependent proton conductance in taste cells

Cyclic AMP enhanced the CT response to HCI in rats (Fig-
ure 7B,C) and in gp91°"°* KO mice (Figure 7A). The cAMP-
dependent CT response to HCI (Figure 2A; A) demonstrated
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a sizable voltage dependence over the entire voltage range
from +90 and -90 mV. The relationship between applied
voltage across the receptive field and the magnitude of the
tonic CT response was quasi-linear. Underlying this is the
fact that the cAMP-dependent part of the HCI CT response
varied nearly linearly with voltage between 60 mV while
flattening somewhat outside this range on both the positive
and negative ends to produce the sigmoid predicted by an
ion channel kinetic model (see Appendix and Figure 2A).
For the cAMP-dependent part of the response, the respective
rate constants for the formation of the channel-H" complex
and its dissociation are voltage independent suggesting that
the cAMP-sensitive proton conductance is also voltage inde-
pendent. On the other hand, the very nonlinear dependence
of the NADPH oxidase-linked part of the HCI CT response
on voltage suggests the presence of a voltage-dependent pro-
ton conductance. For modeling purposes, just one of several
possibilities is a voltage-dependent rate constant for the dis-
sociation of the proton-channel complex as discussed in the
Appendix. The CT recordings under voltage clamp, there-
fore, support a 2-channel hypothesis. One channel (subse-
quently shown to be linked to NADPH activity) results in
a CT response with a nonlinear voltage dependence, whereas
a second channel, once activated by cAMP, produces a
quasi-linear dependence of response on voltage.

The cAMP-sensitive membrane conductance in taste cells
is not gated directly by cCAMP but is enhanced by a PKA-
dependent mechanism (Figure 7B,C). The cAMP-PKA
sensitive channel is distinct from the NADPH oxidase—
dependent proton conductance. This conclusion is supported
by the observations that in KO mice, the residual NADPH
oxidase-independent HCl CT response was enhanced by
cAMP and was H,O, insensitive (Figure 7A). Cyclic AMP
levels in cells can be regulated by either membrane associated
adenylyl cyclases (Abaffy et al. 2003; Clapp et al. 2008) or by
phosphodiesterases (Price 1973; McLaughlin et al. 1994;
Spickofsky et al. 1994; Moriyama et al. 2002). An increase
in intracellular cAMP has been shown to increase influx
of Ca®" through L-type voltage-gated Ca”* channels in pre-
synaptic cells (type III cells) (Roberts et al. 2009). An in-
crease in intracellular Ca®" can activate the basolateral
Na*-H" exchanger-1 (NHE-1) and, thus, modify the level
of adaptation to the sour stimuli (Lyall, Alam, Phan, Phan,
etal. 2002; Lyall, Alam, et al. 2004). However, at present, the
factors that regulate cAMP levels in taste cells expressing
PKD2L1 marker proteins are not known.

In summary, our results show that CT responses to HCI
are voltage dependent, are inhibited by proton channel
blockers, Zn** and DEPC, and are enhanced by NADPH
oxidase activators H,O,, PMA, and nitrazepam. In gp91ph°X
KO mice, the HCI CT response was diminished by about
64% relative to WT mice. The residual response was in-
hibited by Zn>*, was insensitive to H,O, and, was enhanced
by pretreating the tongue with cAMP-dependent PKA acti-
vation. We conclude that CT responses to strong acids, such

as HCI, are dependent upon 2 proton entry pathways, an
NADPH oxidase-dependent proton channel and a cAMP-
PKA sensitive proton channel. Consistent with the data pre-
sented in this paper and elsewhere (Lyall, Alam, Phan, Phan,
etal. 2002; Lyall, Alam, et al. 2004; DeSimone et al. 2007), in
arecent study, Chang et al. (2010) identified an apical proton
conductance unique to the PKD2L1-expressing acid-sensing
taste cells. It is suggested that during sour transduction, pro-
tons enter through an apical proton conductance to directly
depolarize the taste cell membrane. The results presented
in this paper reinforce the idea that the proximate signal
for sour taste transduction for strong and weak acids is a de-
crease in intracellular pH of taste cells (DeSimone and Lyall
2006; Roper 2007). Because rats and WT mice demonstrate
strong preference for both blockers of proton channels,
Zn**, and DEPC (Lyall VL, DeSimone JA, unpublished
observations and Riera et al. 2009), a direct relation between
the apical proton conductances in taste cells and behavioral
responses to strong acids could not be determined. Although
our PCR data clearly demonstrate that gp91P"®* can
be found in FF taste cells (Supplemental Figure 4), further
studies are needed to demonstrate that NADPH oxidase—
dependent and —independent proton conductances are local-
ized specifically in sour-sensing taste cells that express the
PKD2L1 marker protein and if the factors that modulate
proton conductances have any effect in neural responses
in PKD2L1 KO mice.
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Supplementary material can be found at http://www
.chemse.oxfordjournals.org/.
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Appendix

lon channel kinetic model

The significantly altered voltage dependence of the rat CT
response to HCI following the application of cAMP to the
tongue in addition to an increase in response magnitude is
consistent with a role for 2 distinct taste cell H* channels par-
ticipating in the detection of H* ions. One H" channel is ac-
tivated by NADPH oxidase, whereas the other channel is
independent of NADPH oxidase but shows increased con-
ductance in the presence of cAMP. To fit the CT response
data as a function of clamped lingual voltage, we have made
use of a standard ion channel kinetic model (Mintz et al.
1986). Accordingly, Jy, the flow of H across the taste cell
apical membrane, is modeled as
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(1)

Here, k is the dissociation rate constant of the channel-H*
complex, N is the total number of channels, ¢y is the stimulus
H™ ion concentration (which at 20 mM is much higher than
the intracellular H* concentration), 0 is the normalized po-
tential difference across the taste cell apical membrane (FV,/
RT, where V, is the potential across the apical membrane
and F, R, and T have their usual thermodynamic meaning),
and K, = kolfy, where fq is the association rate constant for
the formation of the channel-H* complex.

Weassume the CT response, R, is proportional to Jy and that

0 = 3¢, where ¢ is the normalized translingual epithelial
potential difference and 9 is the fraction of ¢ dropped across
the apical membrane. The curve in Figure 2C showing the fit
to the cAMP-sensitive part of the CT response as a function
of applied transepithelial potential was, accordingly, obtained
from

_ Ryae=50/2
T ae=59/2 4 (1 +e50/2)

(2)

where R, is the maximum CT response and a = cy/Kp,.

To fit the data in Figure 2C showing the voltage depen-
dence of the CT response in the absence of added cAMP,
required the additional assumption that beyond a threshold
potential, 1, ko can increase, that is, H ions can dissociate
more easily from the channel as the potential becomes in-
creasingly negative. This was modeled using

k0=k00<1+e‘"("’“)) (3)

where koo and n are positive constants. Accordingly, the data
in Figure 2C were fitted to

Bae‘5¢/2(l + e‘”(“"r))
" ae=50/2 4 (1 +e-n(0-1)(1 +¢9/2)

(4)

where [ is a positive constant.

The H* channel blockers, Zn>* and DEPC, were reversible
inhibitors of the CT response to HCI but did not inhibit re-
sponses to acetic acid and CO,. Their effects on the CT re-
sponse to HCl were modeled assuming that each is
a competitive inhibitor of the H* ion flux through the H*
channels. The model was generalized to include the possibil-
ity of more than one Zn**- or DEPC-binding site per chan-
nel. The resulting fit equation for Zn** was

R Bm
1+¢5, /K"

(5)

where R is the CT response to 20 mM HCI containing con-
centration, ¢z, of Zn>*, R, is the maximum response, k is
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the Zn”* concentration at which R is inhibited by 50%,
and 7 is a positive constant equal to or greater than one.
The data obtained with DEPC were fit to a similar equation
(cf. Figure 1B).

H,0, enhanced the response of HCI in a concentration-
dependent manner. Specifically, the response was a saturat-
ing sigmoidal function of H,O, concentration (Hill equation).
Accordingly, the data points in Figure 3B were fitted to

R] o
= kgs pr + RQ (6)
where R is the CT response to 20 mM HCI containing con-
centration, ¢ of H,O,, Ry is the response to HCI in the ab-
sence of H,O,, R is the maximum additional response due to
H>0,, k(5 is the H>O, concentration at which R relative to
R, reaches 50% of Ry, and n is a positive constant equal to or
greater than one.
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