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The Role of the Anion in Salt (NaCl) Detection by Mouse
Taste Buds

Jennifer K. Roebber,' ©“Stephen D. Roper,>> and “Nirupa Chaudhari'?3
"Program in Neurosciences, 2Department of Physiology and Biophysics, and *Department of Otolaryngology, University of Miami Miller School of
Medicine, Miami, Florida 33136

How taste buds detect NaCl remains poorly understood. Among other problems, applying taste-relevant concentrations of NaCl (50 -500
mM) onto isolated taste buds or cells exposes them to unphysiological (hypo/hypertonic) conditions. To overcome these limitations, we
used the anterior tongue of male and female mice to implement a slice preparation in which fungiform taste buds are in a relatively intact
tissue environment and stimuli are limited to the taste pore. Taste-evoked responses were monitored using confocal Ca*" imaging via
GCaMP3 expressed in Type 2 and Type 3 taste bud cells. NaCl evoked intracellular mobilization of Ca>" in the apical tips of a subset of
taste cells. The concentration dependence and rapid adaptation of NaCl-evoked cellular responses closely resembled behavioral and
afferent nerve responses to NaCl. Importantly, taste cell responses were not inhibited by the diuretic, amiloride. Post hocimmunostaining
revealed that >80% of NaCl-responsive taste bud cells were of Type 2. Many NaCl-responsive cells were also sensitive to stimuli that
activate Type 2 cells but never to stimuli for Type 3 cells. Ion substitutions revealed that amiloride-insensitive NaCl responses depended
on Cl ™~ rather than Na*. Moreover, choline chloride, an established salt taste enhancer, was equally effective a stimulus as sodium
chloride. Although the apical transducer for Cl ~ remains unknown, blocking known chloride channels and cotransporters had little
effect on NaCl responses. Together, our data suggest that chloride, an essential nutrient, is a key determinant of taste transduction for
amiloride-insensitive salt taste.
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(s )

Sodium and chloride are essential nutrients and must be regularly consumed to replace excreted NaCl. Thus, understanding salt
taste, which informs salt appetite, is important from a fundamental sensory perspective and forms the basis for interventions to
replace/reduce excess Na™ consumption. This study examines responses to NaCl in a semi-intact preparation of mouse taste buds.
Weidentify taste cells that respond to NaCl in the presence of amiloride, which is significant because much of human salt taste also
is amiloride-insensitive. Further, we demonstrate that Cl, not Na ", generates these amiloride-insensitive salt taste responses.
Intriguingly, choline chloride, a commercial salt taste enhancer, is also a highly effective stimulus for these cells. j

ignificance Statement

in afferent nerves (Pfaffmann, 1941; Beidler, 1953). The di-
uretic, amiloride, selectively reduces salt responses in cellular,
afferent nerve, and behavioral assays in rodents (Heck et al.,
1984; Ninomiya and Funakoshi, 1988; Béhé et al., 1990;

Introduction

The mechanisms for detecting sweet, bitter, umami, and sour
are now well understood (Liman et al., 2014; Roper and
Chaudhari, 2017; Tu et al., 2018). However, understanding of

salt taste lags. NaCl stimulates taste bud cells (Avenet and
Lindemann, 1991; Yoshida et al., 2009a) and evokes responses
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Avenet and Lindemann, 1991; McCaughey and Scott, 1998;
Yoshida et al., 2009a). Amiloride-blocked epithelial sodium chan-
nels (ENaC) are thought to underlie amiloride-sensitive salt taste
detection (Kretz et al., 1999; Chandrashekar et al., 2010). A sec-
ond, amiloride-insensitive, component to salt taste transduction
is also present across the concentration-response range of NaCl
(Heck et al., 1984; Elliott and Simon, 1990; Ye et al., 1993; Ni-
nomiya, 1998) and may encode aversive taste at high salt concen-
trations (Oka et al., 2013). Interestingly, amiloride has a more
limited effect on salt taste in humans (Desor and Finn, 1989;
Ossebaard and Smith, 1995; Halpern, 1998), emphasizing the
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importance of understanding the cells and mechanisms for
amiloride-insensitive NaCl taste transduction.

Taste buds contain three cell types with distinct morphologi-
cal and functional properties: Type 1 cells are “glial-like”; Type 2
cells express GPCRs for sweet, bitter, and umami stimuli; and
Type 3 cells are responsible for detecting acid (sour) taste
(Chaudhari and Roper, 2010; Liman et al., 2014; Roper and
Chaudhari, 2017). The taste cell type(s) responsible for detecting
NaCl remains uncertain. Amiloride-sensitive cation currents or
Ca*" responses have been recorded in rodent taste bud cells that
resembled Type 2 cells (Bigiani and Cuoghi, 2007), or cells that
were neither Type 2 nor Type 3 (Vandenbeuch et al., 2008; Chan-
drashekar et al., 2010). As for amiloride-insensitive NaCl taste,
Types 2 and 3 have both been implicated (Oka et al., 2013; Le-
wandowski et al., 2016), and a consensus has yet to emerge.

The contribution of anions to salt taste (the “anion effect”)
was first described by Beidler (1953). In gustatory nerve record-
ings, responses to sodium salts were decreased when large anions
were substituted for chloride. The effect has been attributed ei-
ther to retarded paracellular Na * permeation into the taste bud
(Elliott and Simon, 1990; Ye et al., 1991, 1993, 1994) or, con-
versely, to a direct inhibition of salt transduction (Beidler, 1967;
Lewandowski et al., 2016). The mechanism of such inhibition has
not been explored.

To address these open questions, we performed Ca*" imaging
on fungiform taste buds from mice. I vivo, only the apical tips of
taste bud cells encounter wide fluctuations in salt concentration
and tonicity, whereas the majority of the cell body is protected
inside the taste bud, surrounded by interstitial fluid. Thus, we
adapted alingual slice preparation (Caicedo et al., 2002) to record
from fungiform taste buds. This allowed us to stimulate focally at
the apical taste pore, mimicking in vivo stimulation, while main-
taining a constant ionic and osmotic milieu surrounding taste
bud cells. We imaged responses to NaCl using mice expressing
GCaMP3 selectively in Type 2 and 3 taste bud cells. Our findings
indicate that NaCl elicits amiloride-insensitive responses in Type
2 cells. Furthermore, Cl~ appears to play a critical role in
amiloride-insensitive salt taste.

Materials and Methods

Mice. All procedures were approved by the Institutional Animal Care and
Use Committee of the University of Miami and conducted according to
the National Institutes of Health’s Guide for the care and use of labora-
tory animals. For functional assays, mice were killed by CO, asphyxiation
followed by cervical dislocation. Pirt-GCaMP3 heterozygous mice have
previously been reported to express GCaMP in all sensory neurons of the
dorsal root, trigeminal, and geniculate ganglia (Kim etal., 2014; Wuetal.,
2015; Dvoryanchikov et al., 2017). Both sexes, 2—6 months of age, were
used. We observed no significant differences between male and female
mice.

Reagents. All chemicals for buffers and taste stimuli were purchased
from Sigma-Aldrich, except for citric acid (Thermo Fisher Scientific,
#BP339). For recording, lingual slices were maintained in Tyrode’s buffer
with elevated Ca** (130 mm NaCl, 5 mm KCl, 8 mm CaCl,(H,0),, 1 mm
MgCl,(H,0)5, 10 mm HEPES, 10 mum glucose, 10 mm Na pyruvate, 5 mm
NaHCO;, pH 7.32). All tastants were dissolved in Tyrode’s buffer or
artificial saliva (AS: 14.8 mm NaCl, 22.1 mm KCl, 3.1 mm CaCl,, 0.6 mm
MgClL,). For Ca?"-free buffer, 8 mm NaCl was substituted for 8 mm
CaCl,. ForK *_free buffer, 5 mm K " was removed without substitution.
Amiloride hydrochloride, 4,4'-diisothiocyano-2,2’-stilbenedisulfonic
acid (DIDS), and U73122 were from Tocris Bioscience (catalog #0890,
#4523, and #1268, respectively). Solutions of amiloride and DIDS were
prepared immediately before use; U73122 was made as a 2.6 mum stock
solution in 5 mm DMSO, and stored at —20°C or dissolved in dichloro-
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methane, evaporated under nitrogen gas, and reconstituted to 10 mm in
DMSO.

Lingual slice preparation. We used fungiform papillae from the ante-
rior tongue, known to be optimally sensitive for detecting both
amiloride-sensitive and -insensitive forms of NaCl taste (Ninomiya and
Funakoshi, 1988; Spector and Grill, 1992). Tongues were rapidly dis-
sected after death and placed in NMDG Tyrode’s buffer at 37°C (130 mm
NMDG-CI replaces 130 mm NaCl) to prevent Na ™ -evoked responses
during preparation (Gilbertson et al., 1992); ~1 cm of the anterior tip of
the tongue was excised and embedded in 4% low-melting temperature
agarose (Sigma-Aldrich, #A9918) and cut into sagittal slices, 100 um
thick, using a vibratome (Leica, VT100s). Slices were placed onto cover-
slips precoated with Cell-Tak tissue adhesive (Corning, #354240), trans-
ferred to a recording chamber and continuously perfused with room
temperature, high Ca* Tyrode’s buffer at 2 ml/min under gravity. Im-
aging was on a Fluoview FV1000 laser scanning confocal microscope as
previously detailed (Caicedo and Roper, 2001; Tomchik et al., 2007).

Focal application of tastants. Slices were positioned such that a fungi-
form taste bud was centered under a 40X water-immersion objective.
Tastants were pressure-ejected onto the apical pore via puffer pipettes
(Caicedo and Roper, 2001) created from filamented borosilicate or theta
borosilicate capillaries (WPI, #TST150-6, 1B120F-6) drawn to a tip di-
ameter of ~8 um. Pipettes were back-filled with taste stimuli containing
atracer dye, Alexa-568 (1 um), Alexa-647 (1 um), or fluorescein (0.3 um),
to track the bulk flow and concentration of stimuli, and ensure that
stimuli were focused at the taste pore. Separate dyes were used to track
each stimulus. Each pipette was connected via a 34G Microfil (WPI,
#MF34G-5) onto a Picospritzer (Medical Systems, PLI-100) set to deliver
pressure pulses (3 s, ~0.1-2 psi). Typically, stimuli reached the taste pore
in =1 s following ejection. Lingual slices were continuously perfused
with buffer with =30 s rinse intervals between stimuli.

In some experiments, we mimicked in vivo taste stimulation, where
saliva (typically containing 15 mm NaCl) bathes the apical tips of taste
cells and basolateral membranes are surrounded by interstitial fluid (130
mMm NaCl). To this end, we positioned a secondary pipette that delivered
a continuous local flow of AS across the edge of the slice along the
mucosal surface. By monitoring a dye tracer, we verified that bulk
flow of AS over the surface was continuous and limited to the mucosal
edge of the slice. An extracellular barrier at the mucosal surface,
around the bud, and between taste cells limits permeation of many
ions into the taste bud (Michlig et al., 2007; Dando et al., 2015). Taste
pores were adapted to AS for at least 5 min before applying taste
stimuli (dissolved in AS). AS flow was controlled by a second pico-
spritzer independent of stimulus delivery.

Imaging. Confocal scanning images were captured at 1 frame/s, except
where otherwise noted. Correction for photobleaching over time was
applied when necessary (Caicedo et al., 2000). Taste bud cells responded
repeatedly (>10 times) throughout a recording. Confocal scans were
digitized and stabilized using ImageJ2 (Rueden etal., 2017). Fluorescence
changes over baseline (AF/F) were visualized, and responsive cells were
identified (Ackman et al., 2012) using a custom plugin (dFoF, down-
loaded from https://github.com/ackmanlab). Fluorescence intensity
data were exported to Excel, and responses were quantified as the maxi-
mum change in fluorescence, AF, in the 10 frames following stimulation,
divided by baseline fluorescence, F,, (average of 10 frames before stimu-
lus), that is, peak AF/E,,. Cells were considered healthy and were included
in the analysis only if responses were >3 times the SD of F,, and repeat-
able at least twice.

Because of subtle variations in stimulus ejection, flow, and dilution, it
was difficult to deliver exactly the same concentration of taste stimuli
repeatedly. Thus, when examining the effects of drugs, we recorded rep-
licate NaCl responses before and after the drug treatment. We then re-
jected replicate responses for which the stimulus concentration deviated
by >20% from the mean stimulus concentration before drug exposure.

Experimental design and statistical analysis. In all instances, responses
were measured independently, multiple times. Biological replicates are
reported throughout as number of cells from number of mice (each
mouse representing an independent experiment). Control and experi-
mental conditions (e.g., ion substitutions or drug effects) were tested
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sequentially on the same cell, and AF/F, for each cell was normalized to
its maximum response in the control condition. These data were then
compared using two-way paired Student’s t tests. For concentration-
response curves, response amplitude for each point was normalized to
that cell’s response at ~ 160 mm NaCl, as this concentration was common
to all cells. Curves were fit using nonlinear regression with variable slope
and unconstrained for four parameters: top and bottom of curve, ECy,
and Hill slope. Statistical analyses were performed using Prism 6
(GraphPad).

Immunostaining. Mice were killed with a combination of ketamine
(240 mg/kg) and xylazine (20 mg/kg) and perfused with PBS followed by
4% PFA in PBS through intracardiac cannulation. Segments of anterior
tongue were postfixed with 4% PFA, cryoprotected, and cryosectioned at
25 wm, as previously reported (Dvoryanchikov et al., 2017). Sections
were incubated with rabbit anti-PLCB2 (1:1000, Santa Cruz Biotechnol-
ogy, SC206), goat anti-Car4 (1:500, R&D Systems, AF2414), and chicken
anti-GFP (1:1000, Aves, 1020) overnight, followed by fluorescent sec-
ondary antibodies (Thermo Fisher Scientific, A21207, A21447; Jackson
ImmunoResearch Laboratories, 703-485-155), all diluted 1:1000.

For post hoc immunostaining, 100 wm lingual slices that had been
imaged for taste responses were immersion-fixed in 4% PFA for 1 h at
4°C. Slices were permeabilized in 0.3% Triton overnight at room tem-
perature, blocked for 3 h in 5% normal donkey serum, and incubated
with primary antibodies (above) for 3 d at room temperature. After
washing, sections were incubated with secondary antibodies for 24 h.

Results

Type 2 and 3 taste bud cells express GCaMP3

Pirt-GCaMP3 mice express the Ca®* indicator, GCaMP3, in
many sensory neurons (Kim et al., 2014). Immunostaining on
tongue sections revealed that GCaMP3 could also be detected in
fungiform taste buds. Triple immunostaining for PLCS2, a
marker for Type 2 cells, Car4, a marker for Type 3 cells (Liman et
al., 2014; Roper and Chaudhari, 2017), and GFP, demonstrated
that GCaMP3 is present in all Type 2 and Type 3 taste bud cells
and is limited to these two cell types (Fig. 1A-D). Specifically, in
15 taste buds from 2 mice, we scored 103 Type 2 cells and 18 Type
3 cells. All 121 cells also expressed GCaMP, whereas only 1 cell
expressed GCaMP without either marker. Although GCaMP is
also in sensory fibers in and around taste buds, such fibers were
readily distinguished by size from taste bud cells.

Taste-evoked Ca’* responses to NaCl in fungiform taste buds
To examine taste-evoked responses in fungiform taste bud cells,
we adapted a slice preparation previously used for circumvallate
taste buds (Caicedo and Roper, 2001). We validated the prepara-
tion using taste stimuli known to elicit responses in Type 2 cells
(saccharin, 50 mm) and Type 3 cells (citric acid, 20 mm). Stimuli,
applied briefly and focally at the taste pore, evoked responses in
individual cells (typically up to 3 cells/bud) (Fig. 1E-G). Taste-
evoked responses were repeatable and robust (AF/F, = 15%-—
150%). Responses to saccharin, which represent intracellular
Ca** mobilization, were mostly limited to the apical tips of fun-
giform taste cells (Fig. 1H-J, arrows), whereas responses to citric
acid, generated by global depolarization and Ca*" influx, were
observed throughout the cell body (Fig. IK—M, arrows).

NaCl-evoked Ca’" responses mimic known properties of

salt taste

Focal stimulation with NaCl (~80-1000 mM) also elicited re-
sponses in taste bud cells (Fig. 2A-C). NaCl-evoked responses
occurred in the apical processes of the cells, similar to those ob-
served for saccharin. In total, we recorded 118 NaCl-responsive
cells in 69 taste buds from 33 mice across this study. Individual
taste buds had 0—3 NaCl-responsive cells.

Roebber et al. @ NaCl Detection by Taste Buds

mcit acid

20 sec

AFIF

M
-

&
Figure 1.  Type 2 and Type 3 fungiform taste bud cells in lingual slices respond to focal taste
stimulation. A-D, GCaMP3 is selectively expressed in Type 2 and Type 3 taste bud cells. Cryo-
section of a fungiform papilla from a Pirt-GCaMP3 mouse, immunostained with anti-GFP to
mark GCaMP3 * taste bud cells (4, green). Anti-PLC32 (B, magenta) to display Type 2 taste
cells and anti-Car4 (C, orange) to visualize Type 3 taste cells. D, The merged image shows
co-expression of GCaMP with PLCB2 ™ (arrowhead) and Car4 ™ (arrow) cells. £, Diagram of a
fungiform taste bud (green cells) in a lingual slice with focal taste stimulation tracked with a
fluorescent dye (red). F, Micrograph showing living lingual slice, imaged for GCaMP (green),
where the taste pore (*) is focally stimulated with a tastant (including a tracking dye, red).
Dashed lines outline the taste bud. G, Focally applied taste stimuli at the taste pore (top) display
rapid onset and washout (calibration bars, 2-fold change in concentration, top; 0.25 AF/F,
bottom; 10 s for both). Responses are similarly rapid and closely track the change in stimulus
concentration at the pore. H-J, Another fungiform taste bud showing baseline GCaMP fluores-
cence (H) and GCaMP fluorescence at peak of response to focally applied saccharin (50 mm) (/).
Two cells that responded to saccharin (arrows) and one unresponsive cell (arrowhead) are
indicated. I, Image is baseline-subtracted fluorescence, using a grayscale to show intensity. J,
Black traces (top) represent responses to saccharin of two cells indicated by arrows in /. Gray
trace (bottom) represents AF/F, for the unresponsive cell (arrowhead). Black bars represent
stimulus application. KM, A different taste bud, showing responses of taste cells to 10 mu citric

acid, displayed as in H—J. Scale bars: D, F, I, L, 10 yum. Brightness of image in A was enhanced
for cell visibility.

Next, we determined concentration-response relations for NaCl-
evoked responses. To mimic the in vivo physiological milieu, the
taste pore was superfused with AS for 5 min, after which test concen-
trations of NaCl (in AS) were focally applied. Increasing concentra-
tions of NaCl (80—460 m, total) yielded responses of increasing
amplitude (Fig. 2D,E). The concentration-response relation for
NaCl (curve fit estimates EC5, =~ 236 mM, saturation ~ 490 mMm) was
in the expected range for salt taste (Beidler, 1953; Breslin et al., 1993;
Halpern, 1998). The finding that taste bud cells consistently and
progressively responded over the range of hypotonic, isotonic, and
hypertonic concentrations of NaCl suggests that the responses were
not caused by cell swelling or shrinking.
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Figure 2.  NaCl-evoked responses in the lingual slice preparation show properties of salt taste. A—C, Response to focal stimulation with 500 mm NaCl (as in Fig. 1H—/). A, Resting GCaMP3
fluorescence (Fy, green). B, Baseline-subtracted peak fluorescence (AF/F,, grayscale) during focal stimulation with 500 mum NaCl. One NaCl-responsive (arrow) and one unresponsive cell (arrowhead)
are indicated. Scale bar, 10 um. €, AF/F for the cells indicated in A, B (arrow, black trace; arrowhead, gray trace), showing two successive applications of NaCl. D, Responses from a taste cell in
another experiment, focally stimulated with increasing concentrations of NaCl. D-F, The apical tips of taste buds and surrounding mucosal surface were bathed in a continuous flow of AS for =5
min before focal stimulation with NaCl. £, Concentration-response relations for NaCl in fungiform taste cells. Each cell is represented by a different symbol. Responses of each cell were normalized
to the same cell’s response at ~ 160 mw (n = 7 cells from 3 mice, 71 data points). Data are fit by a sigmoidal curve (R* = 0.84). Estimated EC is 236 mm NaCl. Dotted lines indicate 95% CI. F, With
prolonged stimulation, NaCl responses rapidly adapted. Responses were recorded using a relatively fast capture rate (0.4 — 0.5 s/frame) during a 20 s focal application of NaCl (black bar above trace).
NaCl was maintained at 160 or 240 mu for each of 3 cells (2 separate taste buds, 1 mouse). Responses were aligned at stimulus onsets, normalized to the maximum amplitude for each cell, and then
the responses were averaged. Black line indicates mean. Gray bars represent SD. A prominent phasic response is followed by a plateau that lasts for the duration of the stimulus. G, NaCl responses
are not blocked by amiloride. Responses of a taste cell to 6 sequential applications of NaCl (500 mm) in the absence (left) and presence (right, shaded) of 100 wum amiloride. Before responses shown
in shaded area, the preparation was additionally incubated in 100 M amiloride for 5 min. H, Summary of amiloride data. Filled symbols represent responses before amiloride. Open symbols
represent responses during amiloride. Each symbol represents the average of 3 successive NaCl responses from one cell. Responses were normalized to the mean control response (filled symbol) for
each cell. Mean and 95% Clin blue. There was no significant effect of amiloride on NaCl responses (paired t test, 5, = 0.76, p = 0.48,n = 6 cells from 2 mice). n.s. = not significant. Calibration:

]
%’9 epé\

AF/F normalized

(,D,6,205,0.5 AF/F; F,10s,0.5 AF/F.

A notable feature of salt responses recorded from taste nerves
is their brief latency to peak followed by rapid adaptation. Hence,
we stimulated with prolonged (20 s) applications of NaCl (160—
240 mm) while confirming with dye tracers that the NaCl concen-
tration remained constant throughout the stimulation. NaCl-
evoked responses rapidly reached a peak and adapted in <5 s,
maintaining a plateau slightly above baseline (Fig. 2F). This
closely resembles electrophysiological recordings of chorda tym-
pani nerve responses to lingual stimulation with NaCl (Pfaff-
mann, 1941; Beidler, 1953; Brand et al., 1985).

NaCl-evoked responses are insensitive to amiloride
Loose-patch and afferent nerve recordings have identified both
amiloride-sensitive and -insensitive NaCl responses originating
in fungiform taste buds (Heck et al., 1984; Ninomiya and Funa-
koshi, 1988; Yoshida et al., 2009a). Thus, we measured responses
to focally applied NaCl before and while bathing lingual slices in
100 uM amiloride (a supramaximal concentration). Amiloride
was included in the stimulus and bathing buffer. NaCl-evoked
responses were undiminished in the presence of amiloride (Fig.
2G,H). Separately, we also tested the high-potency amiloride an-
alog, benzamil (1 uM; data not shown). Benzamil did not signif-
icantly alter the amplitude of responses to NaCl (p = 0.81, 1
mouse, 5 cells). In summary, NaCl-evoked Ca*" responses in
GCaMP-expressing fungiform taste bud cells were insensitive to
amiloride or benzamil.

Are NaCl-responsive cells tuned to a single taste quality?

Salts and acid tastants are ionic stimuli and are proposed to be
transduced in overlapping cell populations (Lindemann, 2001;
Lewandowski et al., 2016). Hence, we tested whether NaCl re-

sponses were in Type 3 cells by sequentially stimulating with
NaCl and citric acid (a Type 3 cell stimulus), applied to the same
taste pore. None of the cells that responded to NaCl also re-
sponded to citric acid (Fig. 3A). In a separate series, we focally
stimulated taste buds sequentially with NaCl followed by saccha-
rin. We selected saccharin because it is known to stimulate both
sweet and bitter taste receptors (Kuhn et al., 2004), and thus
would activate a large subset of Type 2 cells. We did not attempt
to distinguish among Type 2 cells selective for sweet versus bitter
taste stimuli. The majority of cells (8 of 12 cells; 5 mice) that
responded to NaCl also displayed responses to saccharin (Fig.
3B). Parenthetically, although saccharin was presented as the so-
dium salt, the concentration of Na ™ was <50 mM (i.e., below the
threshold for NaCl responses; Fig. 2E). We further tested a mix of
cycloheximide and denatonium, stimuli that also are selective for
Type 2 cells. Of 8 NaCl-responsive cells, 3 (from 1 mouse) also
responded to this mix (Fig. 3C). In summary, we detected NaCl
responses in cells that responded to prototypic stimuli for Type 2,
but not Type 3, cells. Taste bud cells sensitive to both NaCl and
saccharin often displayed small saccharin responses (Fig. 3B). We
did not explore this point further.

In some instances, the expression level (Fig. 1A—C) and resting
fluorescence (i.e., F,) (Fig. 1 H,K) of GCaMP appeared lower in
Type 3 relative to Type 2 cells. Nevertheless, cells with low F,
produced robust responses (Fig. 1K—M). Further, we found no
correlation between baseline F, and the amplitude of taste-
evoked responses (measured as the peak response averaged across
2 or 3 trials of the same cell) across 26 Type 2 cells and 15 Type 3
cells (Fig. 3D). That is, the ability of GCaMP to measure intracel-
lular Ca®" changes evoked by taste stimulation was not limited
by its expression level.
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Figure 3.  Many NaCl-responsive cells respond to prototypic stimuli for Type 2, but not Type
3, cells. A, Taste buds were focally stimulated sequentially with two stimuli: NaCl (130 -850
mw, black bars) and citric acid (8 —19 mw, gray bars). All 25 cells that responded to at least one
of the stimuli are arranged sequentially from left to right along the x axis, according to peak
response to NaCl (black) or citric acid (gray). Of 25 individual taste cells (from 4 mice), none
responded to both test stimuli. B, A different set of taste buds was sequentially stimulated with
NaCl (220 —500 mm, black bars) and saccharin (31— 49 mw, gray bars). Of 24 taste cells recorded
(8 mice), 4 responded only to NaCl, 12 only to saccharin, and 8 to both. Parenthetically, some of
the NaCl-saccharin dual-responsive cells may have been T2R-expressing bitter-sensing taste
cells. The fraction of NaCl-responsive cells that also responded to citric acid (0 of 25) is signifi-
cantly different from the fraction (8 of 24) that also responded to saccharin (p = 0.0070,
Fisher's exact test). C, Yet another set of taste buds was sequentially stimulated with NaCl
(260 —480 mw, black bars) and a “bitter mix” of cycloheximide (10— 83 rum) plus denatonium
(0.1-8.3 mw, gray bars). Of 10 taste cells recorded (5 mice), 5 responded only to Nal, 2 re-
sponded only to the mix, and 3 responded to both. D, Responses of the taste cells from A to citric
acid (filled circles) or B, Cto saccharin or bitter mix (open circles) did not correlate to their resting
(baseline) fluorescence (r> = 0.025, p = 0.57,n = 15; Type 3 cells from 4 mice; r> = 0.050,
p = 0.27,n = 26; Type 2 cells from 10 mice). Calibration: A-C, 0.5 AF/F.

Type 2 cells respond to NaCl stimulation
For an independent verification of the cell type in which NaCl
responses were observed, we used a histological criterion. First,
we recorded NaCl-evoked responses as above. The lingual slice
was then fixed and whole-mount immunostained post hoc with
anti-PLCB2 and anti-Car4 to identify Type 2 and 3 cells. We were
able to align and reidentify responding cells in 9 of 10 mice; 24 of
the 29 NaCl-responsive cells were immunopositive for PLCS2
(Fig. 4D, H); 2 were immunopositive for Car4; 3 cells could not
be definitely typed. That is, NaCl-evoked Ca*" responses in fun-
giform taste buds occur predominantly in Type 2 taste bud cells.
Another criterion that distinguishes among Type 2 and 3 cells
is the source of Ca®™ for taste-evoked responses. In Type 2 taste
cells, the main source of Ca** is intracellular stores; Type 3 taste
cells rely on Ca*" entry through voltage-gated Ca** channels
(Medler et al., 2003; DeFazio et al., 2006). We bathed lingual
slices in Ca®"-free Tyrode’s buffer and focally stimulated taste
buds with NaCl (also in Ca** free buffer). NaCl-evoked re-
sponses were not significantly altered by removing extracellular
Ca** (Fig. 4I). In contrast and as expected (Huang et al., 2008),
citric acid-evoked responses were eliminated in Ca**-free buffer
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(Fig. 4]). That is, NaCl-evoked responses do not rely on Ca entry
but are likely produced by mobilizing intracellular Ca stores.

To investigate whether NaCl responses mobilized intracellu-
lar Ca** via PLCP2, the canonical taste transduction pathway in
Type 2 taste cells, we tested the effects of the nonselective PLC
inhibitor, U73122 (Bleasdale et al., 1990). First, we stimulated
taste buds with saccharin or a “bitter mix” of denatonium and
cycloheximide, as a positive control for PLC32-dependent trans-
duction, and subsequently with NaCl. We then incubated the
lingual slice in 10 um U73122 for 15-30 min and retested the
same cells to NaCl and saccharin. As expected, responses to sac-
charin or bitter mix (8 cells, 4 mice) were inhibited by the PLC
blocker (Fig. 4L). However, U73122 had a highly variable effect
on NaCl responses (9 cells, 6 mice; Fig. 4K). The efficacy of the
drug was verified on saccharin-evoked responses. Importantly, in
a taste cell that was dually sensitive (i.e., responded to both NaCl
and saccharin), U73122 completely inhibited saccharin-evoked
responses while leaving NaCl responses unchanged (Fig. 4K, L).

NaCl-evoked Ca** responses are evoked by Cl ~, not Na ™
Next, we considered the relative roles of Na ™ versus Cl ~ in gen-
erating NaCl responses in taste cells. Although salt taste is gener-
ally believed to occur through the action of Na ™, it has long been
recognized that the anion alters the efficacy of Na ™ salts in taste
nerve recordings (Elliott and Simon, 1990; Ye et al., 1991). We
substituted Na™ and Cl~ in turn with other cations or anions,
respectively. All taste cells that responded to NaCl (70-350 mm)
also responded to KCI (70-310 mm) (2 mice, 9 cells), although on
average, responses to KCl were 46% smaller than those for
matched concentrations of NaCl (Fig. 5A).

We next tested whether substituting choline * for Na ™ altered
salt-evoked responses. When lingual epithelium is mounted in
Ussing chambers, choline chloride, like NaCl, is transported
across the tissue but much less efficiently, suggesting that it may
not be as effective a salt taste stimulus as NaCl (Mierson et al.,
1985). Surprisingly, taste cells produced similar Ca*" signals to
matched concentrations of NaCl (110-360 mMm) and choline
chloride (170-340 mm) (Fig. 5B) (2 mice, 11 taste cells). The
result suggests that Na © may not be the principal driver of NaCl-
evoked responses in fungiform taste bud cells.

Further, we tested the importance of the anion by substituting
Cl~ with Br , a halide anion that shares physiochemical proper-
ties with Cl . Taste cells that responded to NaCl also responded
to NaBr (Fig. 5C) (2 mice, 8 taste cells). NaBr-evoked responses
were, on average, 54% smaller than those to matched concentra-
tions of NaCl. In contrast, when Cl~ was substituted with the
organic anion, gluconate, NaCl-responsive cells produced no re-
sponses to matched concentrations of Na gluconate (Fig. 5D; 2
mice, 6 taste cells), emphasizing the importance of Cl .

Finally, to test whether Na™ in the surrounding medium is
necessary for taste cells to generate salt-evoked responses, we
bathed lingual tissue in Na *-free NMDG-Tyrode’s buffer, con-
tinuously from preparing slices to recording responses. Even in
the complete absence of extracellular Na ™, taste cells continued
to respond to focal stimulation with choline chloride (Fig. 5E) (2
mice, 8 cells). That is, Na™ appears to play no role, and Cl~ is
essential for these amiloride-insensitive NaCl-evoked Ca*™ re-
sponses in taste bud cells.

The role of C1 ~ in NaCl-evoked Ca** responses

We considered whether Cl ™ influx through channels or trans-
porters plays a role for these NaCl-evoked Ca®" signals in taste
bud cells. To test this, we focally stimulated taste cells with NaCl
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Figure 4.  NaCl-responsive cells are a subset of Type 2 taste bud cells. A~H, Post hoc immu-
nostaining to classify NaCl-responsive cells. 4, Baseline GCaMP fluorescence (F,, green) of a
taste bud before stimulation. B, AF/F, for the same taste bud during peak response to NaCl
(white). €, The lingual slice was then fixed and post hoc immunostained for PLC32 (cyan) and
Car4 (orange). D, AF/Fimage (B) was overlaid onto theimmunostained image (C) to reidentify
the responsive cell asa PLCB2 ™ (i.e., Type 2 cell). E-H, Another taste bud as in A-D. In both
examples, NaCl-responsive cells overlap with PLC32 immunoreactivity. Scale bars, 10 um. H,
Contrast in the gray channel (AF/F,) was increased to improve the visibility of the overlay. /,
NaCl responses are unaffected by removal of extracellular Ca® ™. Traces represent responses of
one cell to focal applications of matched concentrations of NaCl (210 —320 mm NaCl) in Tyrode’s
buffer (left) and Ca* -free Tyrode’s (middle, gray shaded). Graph (right) represents the sum-
mary of data. Ca* removal had no significant effect on NaCl-responsive cells (tyy=254,p=
0.13,n = 3 cells, 3 mice). Blue error bars indicate mean and 95% Cl. n.s. = not significant.J, In
contrast, removing extracellular Ca®* fully eliminated responses to 10—20 mw citric acid (ts)
=10.5,p = 0.0001, n = 6 cells, 3 mice). The drop in baseline after citric acid application is
attributed to the pH sensitivity of GCaMP to cytoplasmic acidification. K, NaCl responses before
(left) and after incubation for 15—-30 min in 10 m U73122, a nonselective PLC inhibitor (mid-
dle, shaded). On average, no significant effect of the blocker was seen on responses
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in the presence of DIDS, a fast-acting, broad-spectrum inhibitor
of many Cl~ channels. Saturating concentrations of DIDS (500
uM) did not affect the amplitude of responses to either NaCl (Fig.
6A) or saccharin (data not shown).

We also considered the possible involvement of Cl ™ trans-
porters. To test for the involvement of a K-Cl ~ cotransporter, we
bathed lingual slices in K *-free Tyrode’s buffer. Responses to
NaCl were unaffected by K* removal (Fig. 6B). As expected, K*
removal did not affect responses to saccharin either (data not
shown). Because bathing slices in Na “-free buffer did not affect
responses to Cl ~ salts (Fig. 5E), Na-Cl ~ cotransporters also must
be eliminated as candidates.

Discussion

We used a semi-intact lingual slice preparation and confocal
Ca’”" imaging to study salt-evoked responses in mouse fungi-
form taste bud cells. NaCl applied focally and briefly onto the
chemosensitive apical tips of taste cells produced transient and
local increases in intracellular Ca>™ in a subpopulation of cells.
NaCl-evoked Ca*" responses exhibited known and expected
characteristics of salt taste they were concentration-dependent
over a range similar to that reported for salt taste in rodents, and
they rapidly adapted in the presence of a maintained NaCl stim-
ulus (Pfaffmann, 1941; Beidler, 1953; Brand et al., 1985). Our
data indicate that, in fungiform taste buds, amiloride-insensitive
NaCl-evoked Ca** responses are limited to Type 2 cells, based on
post hoc immunostaining, the Ca*" mobilization underlying the
responses, and the taste specificity of responsive cells.

Salt taste in the anterior tongue (fungiform taste buds) in-
cludes amiloride-sensitive and amiloride-insensitive compo-
nents (Ninomiya and Funakoshi, 1988; Béhé et al., 1990), which
may arise in separate populations of taste bud cells (Yoshida et al.,
2009a; Chandrashekar et al., 2010). Although both types of taste
cell responses have been shown to evoke Ca*™ transients (Chan-
drashekar et al., 2010; Oka et al., 2013), we observed only
amiloride-insensitive responses in the present study. A possible
explanation for the difference is that Chandrashekar et al. (2010)
and Oka et al. (2013) loaded Ca** indicator iontophoretically
into taste cells without targeting specific cell types, whereas in our
study, GCaMP was genetically expressed only in Type 2 and 3
taste bud cells (Fig. 1). If amiloride-sensitive NaCl responses oc-
cur in taste cells other than Type 2 or Type 3 (Vandenbeuch etal.,
2008; Chandrashekar et al., 2010), they would not be visible in the
transgenic strain we used.

Our findings offer a resolution to a discrepancy in the litera-
ture regarding the NaCl concentration range of amiloride-
insensitive responses. Previous Ca®" imaging studies by Zuker
and colleagues of amiloride-insensitive salt responses suggested
that they were limited to the “high-salt” (=300 mm) range
(Chandrashekar et al., 2010; Oka et al., 2013), a finding at odds
with recordings from several laboratories (Heck et al., 1984; El-
liott and Simon, 1990; Ye et al., 1993; Ninomiya, 1998; Yoshida et
al., 2009a; Wu et al., 2015). We show that amiloride-insensitive
Ca** responses in taste bud cells are localized to the apical tips of
cells. Because Zuker and colleagues imaged taste buds en face (i.e.,

<«

to NaCl (210-500 mw; tg = 0.1.1, p = 0.31, 9 cells, 6 mice). n.s. = not significant. L,
Responses to saccharin (25—-50 mm) or a mix of denatonium (4 -8 mm) and cycloheximide
(4080 pum) were significantly diminished after U73122 application (f,;) = 1.0, p << 0.0001,
n = 8cells,4mice). Significantly, the traces in Kand L are from asingle taste cell that responded
to both NaCl and saccharin in the control condition, but only to NaCl after U73122 treatment.
Calibration: /-L, 205, 0.5 AF/F. ****p << 0.0001.
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Figure 6.  Responses to NaCl are not inhibited by blockers of CI ~ channels or (I ~ cotrans-

porters. A, Taste buds were focally stimulated with NaCl (350 —480 mm) in the absence (left)
and presence (middle, shaded) of the broad-spectrum Cl ~ channel blocker, DIDS (500 rum).
Right, The plot summarizes these data. Responses of each cell in the presence of DIDS were
normalized to the mean control response amplitude of the same cell. There was no significant
effect of DIDS treatment on NaCl response amplitudes (t,) = 1.47,p = 0.21,n = 5 cells, 2
mice). Blue error bars indicate mean and 95% Cl. n.s. = not significant. B, Taste buds were
stimulated with NaCl (480 — 490 mm) in Tyrode’s buffer before (left) and after (middle, shaded)
the bath was exchanged for K *-free Tyrode’s buffer. K * removal had no effect on response
amplitudes to NaCl (¢, = 0.64, p = 0.56, n = 5 cells, T mouse). n.s. = not significant. All
points on plots are means of two replicate stimulations. Calibration: 4, B, 20's, 0.5 AF/F.

parallel to and below the lingual surface), they likely would not
have detected Ca®™" transients limited to the apical tips, or may
have required higher concentrations of NaCl to visualize them.

Our assignment of amiloride-insensitive responses to Type 2
cells is consistent with other reports on fungiform taste buds,
which showed these responses in either bitter only (Oka et al.,
2013) or bitter and sweet cells (Yoshida et al., 2006, 2009b). Be-
cause anterior (fungiform) and posterior (circumvallate) taste
fields differ functionally (Ninomiya, 1998; Danilova and Helle-
kant, 2003; Yasumatsu et al., 2015), this may account for the
detection of amiloride-insensitive responses in only Type 3 cir-
cumvallate taste cells (Lewandowski et al., 2016).

Taste responses to Na ™ salts are smaller with anions, such as
benzoate, gluconate, or acetate relative to chloride. This “anion
effect” was interpreted as direct inhibition of Na ™ transduction

<«

substitution. Plots represent response amplitudes to NaCl stimulation (filled circles) and to the
other salt (open circles). Error bars indicate means and 95% Cl. 4, KCI (70-310 mw) elicited
responses in all cells that responded to NaCl (70 —350 mm). Amplitudes were significantly dif-
ferent between NaCl and KCl (g, = 3.6, p = 0.007, n = 9 cells, 2 mice) with a mean decrease
0f 46%. B, Choline chloride (ChCl, 170 —340 mm) elicited responses in all cells that responded to
NaCl (110 -360 mw). Response amplitudes were not significantly different between matched
concentrations of NaCl and ChCl (£,5) = 2.0, p = 0.069, n = 11 cells, 2 mice). C, Taste buds
were stimulated with NaCl (90 —340 mwm) and NaBr (100 —370 mw). All cells responded to both
salts; responses to NaBr were smaller, a significant difference (¢, = 6.1, p = 0.0005,n = 8
cells, 2 mice). D, Sodium gluconate (NaGluc, 150 370 mm) did not elicit responses in any of the
NaCl (120 370 mw)-responsive cells (t,5) > 7,p < 0.0001, n = 6 cells, 2 mice). In all plots, the
data for NaCl represent the mean of 2 or 3 replicate responses from each cell. In this series of
experiments, the salt concentrations are noted as the concentration above that already present
in Tyrode’s buffer. E, Lingual slices were maintained in Na -free NMDG-Tyrode’s buffer
(shaded) and stimulated with NaCl (90 —290 mw; left), followed by matched concentrations of
choline CI (Chl, middle). Responses are refractory to the complete elimination of permeable
* and response amplitudes to NaCl or choline chloride showed nosignificant difference (t;,
=0.17,p = 0.87,n = 8 cells, 2 mice). n.s. = notsignificant. Calibration: A~E, 20, 0.5 AF/F.
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by the large anions (Beidler, 1967). However, later studies of
transepithelial transport in Ussing chambers reached a different
conclusion. Because large anions cannot readily cross apical tight
junctions between taste cells, the paracellular penetration of Na ™
into the taste bud is retarded, resulting in decreased stimulation
of basolateral receptors for Na™ (Elliott and Simon, 1990; Ye et
al., 1991, 1993, 1994). However, a recent study on dissociated
taste bud cells, which lack tight junctions and transepithelial po-
tentials, still observed an anion effect on salt responses (Le-
wandowski etal., 2016). This observation renewed the hypothesis
that anions directly inhibit Na™ transduction, albeit via an un-
known mechanism.

In our study, NaCl-sensitive cells also responded to KCI (Fig.
5A), as seen in electrophysiological recordings of amiloride-
insensitive salt responses (Ninomiya and Funakoshi, 1988; Breza
and Contreras, 2012). Indeed, all chloride salts that we tested
produced responses of similar magnitude and subcellular loca-
tion, and only in the same cells as NaCl. The only nonchloride salt
that yielded these responses was NaBr, which includes a closely
related halide ion. Conversely, choline chloride produced similar
responses in NaCl-sensing cells, even in the complete absence of
Na™ in the bathing solution (Fig. 5B,E). In combination, the
results suggest that Cl~ is both necessary and sufficient for
amiloride-insensitive NaCl responses in fungiform taste cells.
Formaker and Hill (1988) reached a similar conclusion based on
cross-adaptation studies on afferent nerve responses, that
amiloride-insensitive salt taste includes a halide anion compo-
nent. Our findings shed light on a cellular component of the
anion effect by illustrating that large anions do not necessarily
inhibit Na ™ taste transduction (Beidler, 1967; Lewandowski et
al., 2016) but instead, that they displace the Cl ~ ion that is essen-
tial for amiloride-insensitive salt responses. In the intact ani-
mal, the anion effect on salt taste likely includes both a direct
transduction component and reduced transepithelial Na™
permeability.

We tested whether Cl ~ channels or cotransporters play a role
in producing amiloride-insensitive NaCl responses. A broad-
spectrum inhibitor of Cl~ channels, DIDS, did not affect re-
sponses (Fig. 6A). Removing extracellular Na™ or K also did
not alter responses, suggesting that the mechanism does not in-
volve Na - or K *-dependent Cl ~ transport (Figs. 5E, 6B). These
findings agree with previous studies of inhibitors of chloride
channels and transporters on NaCl responses in taste nerves (El-
liott and Simon, 1990; Rehnberg et al., 1993).

How NaCl stimulation leads to release of Ca®" from intracel-
lular stores in Type 2 cells remains an open question, given thata
PLC inhibitor did not consistently change NaCl-evoked Ca’"
responses (Fig. 4K). In agreement with this, previous studies
found there is only a slight reduction in responses to high con-
centrations of NaCl in PLCB2 KO relative to WT mice in both
behavioral assays (Dotson et al., 2005) and nerve recordings (Oka
et al.,, 2013). Together, our and others’ findings suggest that
PLCp2 is not critical for salt taste. Pathways for mobilizing intra-
cellular Ca*" other than via PLCB2 have been described. These
include release from acidic stores or from vesicles tethered to the
plasma membrane. In these cases, release is effected via second
messengers, such as NAADP or cADPR, or via stimuli, such as
localized membrane deformation (Patel and Docampo, 2010;
Lam and Galione, 2013).

Both Na* and CI ™ are essential dietary minerals. Salt taste in
humans is predominantly unaffected by amiloride (Desor and
Finn, 1989; Breslin and Beauchamp, 1995; Ossebaard and Smith,
1995), which underscores the importance of understanding the
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cellular mechanisms of amiloride-insensitive NaCl taste. One
possible interpretation of the data presented here is that there are
two parallel taste transduction pathways in salt taste: one for Na *
and a separate, amiloride-insensitive one for Cl . These two
pathways might function as a coincidence detector for identifying
NacCl. In short, the combined transduction of both ions might be
critical for salt taste.
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