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The Anion Paradox in Sodium Taste Reception:
Resolution by Voltage-Clamp Studies

QING YE, GERARD L. HECK, JOoHN A. DESIMONE*

Sodium salts are potent taste stimuli, but their effectiveness is markedly dependent on
the anion, with chloride yielding the greatest response. The cellular mechanisms that
mediate this phenomenon are not known. This “anion paradox™ has been resolved by
considering the field potential that is generated by restricted electrodiffusion of the
anion through paracellular shunts between taste-bud cells. Neural responses to sodium
chloride, sodium acetate, and sodium gluconate were studied while the field potential
was voltage-clamped. Clamping at electronegative values eliminated the anion effect,
whereas clamping at electropositive potentials cxaggeratcd it. Thus, field potentials
across the lingual epithelium modulate taste reception, indicating that the functional
unit of taste reception includes the taste cell and its paracellular microenvironment.

HE PERCEIVED SALTINESS OF SODI-
um salts varies significantly with the
anion present. For anions other than
chloride, saltiness is attenuated or gustatory
qualities other than saltiness appear (1).

Because the anion effect can be seen in

recordings from the chorda tympani (CT)
nerve of animals, its origin seems to be
peripheral (2). Neurophysiological investi-
gations (3), lingual epithelial ion transport
studies (4), and patch-clamp recordings
from taste-bud cells (5) have established that
a major Na*-transducing element is an
amiloride-blockable ion channel in the plas-
ma membrane of taste receptor cells. An
amiloride-insensitive Na* transducer may
also exist (6). The effects of the anions of salt
stimuli are less well understood. Various
blockers of ClI™ cotransport (electroneutral
anion exchange involving Cl™) and antibod-
ies against Cl~ channels have no -effect on
the CT response of the rat to. NaCl (7).
These results suggest that specific cellular
Cl~ transport processes are unlikely to be
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- the major cause of the anion effect. The large

effect of the anion on the neural response
makes this result seem paradoxical. The al-
ternative that anions might affect taste re-
ception through diffusion potentials across
shunts between receptor cells has been pro-
posed (7, 8), but the hypothesis has not
been tested.

We used the technique of Heck et al. (9) -

to test whether relative changes in paracel-
lular anion permeability could affect the
transepithelial potential across the taste buds
and, in turn, the neural response. This meth-
od permits either voltage-clamping or cur-
rent-clamping a macroscopic patch of rat
dorsal lingual epithelium while simultane-
ously monitoring the CT response from the
taste fibers innervating the patch (10). We
used three stimuli: NaCl, sodium - acetate
(NaAc), and sodium gluconate (NaGlu).
Figure 1A shows the change in transepithe-
lial potential across the patch (11) evoked by
0.5 M NaCl, NaAc, and NaGlu. NaCl
caused an electropositive change in the po-
tential and a decreased resistance relative to
the rinse solution (0.03 M NaCl in this
case). The CT response, recorded simultane-
ously, is shown below in Fig. 1A. Changing
the salt to NaAc produced a more electro-

positive potential, a smaller decrease in re-
sistance, and the typically lower neural re-
sponse. With NaGlu as the stimulus the
electropositive potential increased further,
the resistance decrease was smallest, and the
neural response was the lowest of the three
test salts.

This pattern of CT response for the test
salts occurred for concentrations from 0.05
to 0.5 M so that NaCl > NaAc > NaGlu
(Fig. 1B). The pattern for the transepithelial
potential change over the same concentra-
tion range (Fig. 1C) was exactly opposite:
NaCl < NaAc < NaGlu. Changes with
concentration in transepithelial conductance
paralleled those of the neural response with
the same rank order (not shown). The lin-
gual epithelium transports both Na* and
Cl™ ions (4, 12). Pathways for ion flow are
both active and passive, and some evidence
indicates that a major passive route is para-
cellular (4, 12, 13). The data in Fig. 1 are
consistent with the anion effect on the neu-
ral response being mediated through a para-
cellular shunt. Chloride, the most conduc-
tive of the three anions, provides a shunting
current that minimizes the electropositive
potential created by the transcellular and
paracellular transport of Na*. Once estab-
lished, the electropositive potential could act
as a hyperpolarizing field potential depress-
ing the receptor potential of the taste cell (7,
8).

. If this hypothesis is correct, then it should
be possible to voltage-clamp the field poteri-
tial so that anion diffusion potentials do not
influence the receptor potentials or, there-
fore, the neural responses. This setup can be
achieved by clamping the inside of the lin-
gual epithelium at electronegative poten-
tials. At —90 mV, the neural responses to
NaCl, NaAc, and NaGlu did not differ
significantly from one another (Fig. 2). The
evolution and the direction of the stimulus-
evoked currents at negative clamping volt-
ages were similar for all three test salts.
These data are consistent with the conver-
gence of the neural response magnitudes
and indicate that the major electrical conse-
quences of anion shunting were eliminated.

In contrast, with a clamping voltage of 90
mV the neural responses~to NaCl, NaAc,
and NaGlu were significantly reduced (Fig.
2). Responses to NaAc and NaGlu were
especially inhibited, rising just above base-
line. To sustain a clamping voltage of 90
mV with NaCl, an inward current was re-
quired because of the high shunt CI~ con-

“ductance. The smaller inward current re-

quired to sustain 90 mV in the case of the
lower-conductance acetate ion was consis-
tent with this result. Gluconate, the ion with
the lowest conductance, provided the poor-
est shunting so that a small outward clamp-
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ing current was required to keep the poten-
tial from becoming more electropositive.
Thus, a hyperpolarizing field potential im-

posed on the taste cells attenuated responses
to all test salts and was increasingly more
effective as the conductance of the shunting

anion decreased. When clamped at various
voltages from —90 to 90 mV, the CT re-
sponses to NaCl, NaAc, and NaGlu tended
to converge at clectronegative potentials and
to diverge at electropositive potentials.

A 12 The lingual epithelium actively transports

Gomv 1_""2. Transepithellal potential response 1.0 B Na™* through amiloride-sensitive transcellu-

38 ) lar pathways (4, 12), which have been

a0 H-}/'H"‘I*H—f H_FH'HII. H_‘I-H_FHH_} g 08 shown to be channels_in taste cells (5). The

§ o chemosensory c;llls are Ca(iormccted tlt)ly tight

' junctions near the apical pole of the taste

4 Ghorda ympaniresponse E o bud (13, 14). As with other cpithelia, tight

junctions serve as paracellular shunt path-

: 0.2 ways for ion transport. Ouabain eliminates

the entire short-circuit current without sig-

NaCl NaAc _ NaGlu 00 nificantly affecting the resistance (4, 12).

Fig-‘:l- A) Simultagscouslz Feiordetddtrgcpithelial p:)- 12 This fact and the linearity of the current-

tent upper recor: 1nte; € responses to H 3 3
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current clamp. The baseline and rinse solutions were 0.03 E 0.8 lial resistance %s dominated b},' the paracellu-

M NaCl. A 1-pA bipolar current pulse was passed i lar shunt resistance. Reducing the shunt

periodically through the tissue patch (period, 15 s) to 08 conductance to anions must reduce sodium

Ob?it;lnzem{{hﬂiﬂg CStiTatfﬂ:cf fhalszngcsodin mset[r’ith?ﬁai % 0.4 current through the taste cells while produc-
resis! . € curren roauces a transien : - Ter : :

neural response superim[[:oscd on tlfe chemically evoked S 0.2 g a more electropositive. transepithelial

response. (B) Concentration dependence of the CT 0.0 potential (4, 7). Our data show that the

response under zero current clamp for (top to bottom) shunt-regulated transepithelial potential acts

NaCl (W), NaAc (@), and NaGlu (O). The CT response -0-%'0 07 02 03 o4 o5 oe 3safield potential on the taste sensory cells

was obtained as the area under the integrated neural Concentration (M) ) and that modulation of this field potential

record for a stimulation interval of 1 min from the onset

of chemically evoked neural activity. Each experiment consisted of a concentration series for each of the
test salts. The order of presentation of a series was varied. The response to 0.5 M NaCl was assigned
a value of 1, and all other responses were normalized to it. Each point represents the mean + SEM (n
= 4). The baseline and rinse solutions were 0.01 M NaCl. (C) Concentration dependence of the
normalized change in transepithelial potential under zero current clamp for (bottom to top) NaCl (M),
NaAc (@), and NaGlu (O). The potential achieved by 0.5 M NaGlu (always the greatest in a test salt
series) was assigned the value unity, and all other potentials were normalized to it. Each point represents
the mean = SEM (r = 4). The baseline and rinse solutions were 0.01 M NaCl.
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Fig. 2. The neural response to NaCl, NaAc, and NaGlu under voltage-clamp.
The top two rows show the current and CT response for a clamping voltage
of —90 mV (inside electronegative). The CT responses are not significantly
different. In each case inward current is positive. The bottom two rows show
the current response and the CT response at a clamped transepithelial voltage
of 90 mV. The baseline and rinse solutions were 0.03 M NaCl. A constant
bipolar voltage pulse was passed at 15-s intervals to obtain a running
measure of the transepithelial conductance.
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causes the anion effect in salt taste.

With salts, the stimulus ions are the major
determinants of the field potential. Howev-
er, active ion transport in situ can produce a
metabolically regulated field potential (4).
Metabolic or hormonal regulation of the
sensitivity of taste receptor cells may be
exerted through the field potential across the
receptor cells. The regulation could be ex-
erted through variations in the ion perme-
ability of the paracellular shunts, in electro-
genic pump activity, or in both. The
paracellular ion pathway acts as a shunt in
parallel with transcellular active ion move-
ment in various other epithelia (15, 16). Our

Strong shunting

Weak shunting

Fig. 3. The functional unit for salt taste reception. The unit includes receptor
cells that contain apical Na* channels and basolateral sodium pumps
connected functionally in series. A shunt current across tight junctions flows
parallel to the transcellular Na* current. The strong shunting Cl™ ion largellr
compensates the electropositive field potential due to active and passive Na
transport. The weak shunting acetate and gluconate ions poorly compensate
the field potential, resulting in hyperpolarization of the receptor cells.
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results indicate that paracellular electrodiffu-
sional processes can exert a direct influence
on the sensory receptor potential of taste-
bud cells. This is further evidence that the
fundamental functional unit in taste recep-
tion is not the single taste-bud cell (17), but
at least includes the receptor cell and its
paracellular microenvironment (Fig. 3).
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Pre-Botzinger Complex: A Brainstem Region That
May Generate Respiratory Rhythm in Mammals

JEFFREY C. SMITH,* HOWARD H. ELLENBERGER, KLAUS BALLANYI,
DietHELM W. RICHTER, Jack L. FELDMAN

The location of neurons generating the rhythm of breathing in mammals is unknown.
By microsection of the neonatal rat brainstem in vitro, a limited region of the ventral
medulla (the pre-Botzinger Complex) that contains neurons éssential for rhythmogen-
esis was identified. Rhythm generation was eliminated by removal of only this region.
Medullary slices containing the pre-Botzinger Complex generated respiratory-related
oscillations similar to those generated by the whole brainstem in vitro, and neurons
with voltage-dependent pacemaker-like properties were identified in this region. Thus,
the respiratory rhythm in the mammalian neonatal nervous system may result from a
population of conditional bursting pacemaker neurons in the pre-Botzinger Complex.

HE RHYTHM OF BREATHING ANI-
mates mammalian life, and the
source of this rhythm, the noeud vital
(1), is unknown. The basic oscillator lies
within the brainstem, but technical limita-
tions of experiments in the mammalian ner-
vous system in vivo have hindered localiza-
tion of the neurons generating the rhythm
(2). An in vitro preparation of neonatal
mammadlian brainstem and spinal cord that
spontaneously generates respiratory rhythm
(3, 4) allows application of a broader range
of techniques and has provided insights into
neural mechanisms controlling breathing
(5). Analysis of synaptic mechanisms in this
preparation has led to the hypothesis that
conditional pacemaker neurons in the me-
dulla are the kernel for rhythm generation
(6). Further tests of this hypothesis and
network-based models (2, 7) of rhythmo-
genesis require identification of the sites and
specific cells producing the rhythm. In our
experiments we have systematically micro-
sectioned the in vitro neonatal rat brainstem
and precisely localized regions with neurons
critical for rhythmogenesis (8).
Serial transverse microsections (50 to 75
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pm thick) were made with a Vibratome,
either caudally along the brainstem, starting

from the pontomedullary junction, or ros-

trally from the spinomedullary junction, and
perturbations of rhythmogenesis were ana-
lyzed (9). Rostral to caudal sectioning (n =
20 experiments) did not perturb the fre-
quency of inspiratory phase motor discharge
(of phrenic and other respiratory motoneu-

.rons) until the level of caudal retrofacial

nucleus; further sectioning induced instabil-
ities in the rhythm and then eliminated
rhythmic motor output (10) (Fig. 1). Per-
turbations of rhythmogenesis occurred only
with the removal of sections at this level of
the medulla. More caudal medullary regions
were not essential for rhythm' generation,
because sectioning rostrally from the
spinomedullary junction (» = 11) did not
disrupt respiratory motor output on cranial
neives (11) until a level rostral to the obex,
within 200 p.m of the level causing cessation
of respiratory output in the rostral to caudal
sectioning experiments. Transections in hor-
izontal planes (n = 11), which removed
regions dorsal to nucleus ambiguus (Fig. 1)
but left intact motor circuits of the ventral
medulla (2), did not alter the rhythmic
discharge of medullary motoneurons (12).
Neurons essential for respiratory rhyth-
mogenesis thus appear localized in the ven-
tral medulla just caudal to the level of retro-
facial nucleus. Rhythmically active neurons
are localized within this critical area (2, 4,
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