96

Brain Researcli, 6121993 96 - 10,

¢ 1993 Elsevier Science Publishers B.V. All rights reserved 0006-8993 /92 7 $06.00:

BRES 18830

4-Aminopyridine reduces chorda tympani nerve taste responses
to potassium and alkali salts in rat
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To study the potential role of potassium channels in the taste response to potassium salts, we applied 4-aminopyridine (4-AP) to the anterior rat
tongue and recorded chorda tympani nerve taste responses to chemical stimuli. 4-aminopyridine is a pharmacological blocker that reduces
potassium conductance through potassium channels in nerve and muscle. Summated neural responses to stimuli dissolved in water and in 4-AP
were compared. Chemical stimuli included concentration ranges of KCI, KBr, KH,PO,, CsCl, RbCl, NH,Cl, NaCl and sucrose. The blocker
reduced chorda tympani responses to KCl and other potassium salts, from 0.025 to 0.25 M. Responses to ammonium, rubidium and cesium salts
also were reduced, in order of effectiveness that would be predicted from known ion selectivity properties of potassium channels. Responses to
NaCl and sucrose were not reduced. Other channel blockers, including tetracthylammonium chloride (TEA), BaCl, and quinidine, did not
reduce the response to KCL These are the first detailed reports of effects of potassium channel blockers on the peripheral, neural taste response.
The results are consistent with a role for potassium channels in apical taste bud cell membranes in transduction for potassium salts.

INTRODUCTION

The lipid soluble quartenary ammonium compound,
4-aminopyridine (4-AP), selectively blocks or reduces
potassium conductance through voltage-dependent
potassium channels in squid and cockroach axons, and
frog skeletal muscle’?!. Various roles for voltage-gated
K™ channels include termination of the action poten-
tial, repolarization, establishment of resting potential,
and regulation of neurotransmitter release. Potas-
sium channels are ubiquitous, of diverse types, and
have now been reported in all cells that display action
potentials?’. We hypothesized that potassium current
passing through voltage-dependent channels could play
a role in taste responses to potassium salts in taste bud
cells. We therefore applied 4-AP to the rat tongue to
learn if the pharmacological blocker altered salt re-
sponses recorded from the chorda tympani nerve.

Recent experiments indicate that potassium conduc-
tance does have a role in potassium taste reception in
mammals. Based on ion transport measures across

isolated rat tongue epithelium and central nervous
system responses to salt stimulation of the tongue,
investigators concluded that one or more potassium
conductances could have a role in KCl taste reception®.
Patch clamp recordings from isolated rat taste bud
cells from fungiform papillae demonstrated that essen-
tially all rat taste cells have outward potassium cur-
rents, blocked by tetraethylammonium chloride (TEA),
barium and 4-AP*. Potassium currents have also been
reported in taste bud cells from rat circumvallate
papilla on the posterior tongue'. In nonmammalian
species, a role for voltage-dependent potassium chan-
nels in taste transduction has been suggested from
experiments in mudpuppy'7?, larval tiger salaman-
der?, and frog®.

Reports on potassium currents and their proposed
role in taste transduction conclude that there are mul-
tiple potassium conductances*; it is further suggested
that the potassium taste response across a concentra-
tion range from 10 to 1,000 mM cannot be solely
explained on the basis of existing results about trans-
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port through ion channels®. The precise role of potas-
sium channels in taste transduction is not yet under-
stood and it is argued by some investigators that alter-
native mechanisms to transport of K through potas-
sium channels contribute to the taste response to
KC119’22.

The present state of the literature is somewhat
diffuse, however, because various species are used and
various taste bud populations or epithelium from dif-
fering regions of the tongue. There are not yet detailed
converging data about one taste bud population from
one species, derived from complementary in vivo and
in vitro approaches. Thus, knowledge about salt taste
reception obviously is not complete, and understanding
the role of ion channels in salt taste transduction
remains an important area of investigation.

We report data on rat chorda tympani nerve re-
sponses to various salts and demonstrate that 4-AP
reduces responses to KCI and other potassium salts,
but not to NaCl or sucrose. Responses to other alkali
cations are also affected, in order of effectiveness that
would be predicted from known ion selectivity proper-
ties of potassium channels. Lingual application of TEA,
BaCl,, or quinidine does not reduce responses to KCI.
The results are consistent with a role for potassium
channels in taste reception in rat and can be compared
with published experiments on transport through rat
anterior tongue epithelium? and patch recordings from
rat fungiform taste bud cells®. Preliminary reports have
appeared in abstracts'®!>,

MATERIALS AND METHODS

Data were collected from adult, male and female
Sprague-Dawley rats (130-410 g, b.wt.). Rats were
anesthetized with an intraperitoneal injection of sodium
pentobarbital (50 mg/kg, b.wt.) and given additional
doses as necessary. The trachea was cannulated and
the animal was secured in a head holder and placed on
a water-circulating heating pad. The left chorda tym-
pani branch of the facial nerve was exposed, cut,
desheathed and positioned on a platinum iridium elec-
trode connected to an AC preamplifier, for conven-
tional peripheral nerve recording. An indifferent elec-
trode was positioned in nearby tissue. A mixture of
Vaseline and mineral oil (1:1) was flowed around the
nerve to prevent dehydration'®. Neural activity was
passed through an AC to DC converter® with 0.5 s
time constant, and displayed on a rectilinear pen
recorder.

All taste stimuli were solubilized in distilled water
which was also used to rinse the tongue. KCl, KH,PO,,
NaCl, NH,Cl and BaCl, were reagent grade, obtained
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from Baker Chemicals. KBr, RbCl, and CsCl, and the
pharmacological blockers, 4-aminopyridine, tetraethyl-
ammonium chloride, quinidine hydrochloride, and Li-
docaine (2-diethylamino-N-(2,6-dimethylphenyl) ac-
etamide) were from Sigma Chemicals.

In preliminary experiments we studied effects of 0.1
to 10 mM 4-AP and found that 5 mM was somewhat
less than half maximal in effectively reducing KCI
responses. Therefore, this concentration of blocker was
used as the standard in experiments and it is well
within the range of 107° M to 10 mM used in numer-
ous other preparations®?’. In 30 rats we compared
taste responses in the presence of water and in blocker.
Taste stimuli included concentration series of KCl,
NaCl, NH,Cl, KBr, KH,PO,, CsCl, and RbCl (0.025,
0.05, 0.1, 0.25, 0.50, and 0.75 M), and 0.5 M sucrose. At
the beginning and end of each experiment, we recorded
responses to a concentration series of the respective
stimulus dissolved in water. We also recorded the
response to a 20 s application of blocker alone. Then
the experimental procedure began.

Ten ml of stimulus dissolved in distilled water was
applied to the tongue over a 30 s period and was
followed, without rinsing, by a second application of 10
ml of stimulus dissolved in 5 mM 4-AP solution (Fig.
1). Thus, once the response to a given stimulus had
adapted, the tongue was exposed immediately to the
same stimulus with blocker. The tongue was rinsed
with a continuous flow of water for 15 min after every
application of a stimulus in 4-AP. To quantify data, a
ratio was calculated of the response at 10 s after
application of stimulus in 4-AP, divided by the re-
sponse at 10 s after application of stimulus in H,O.
Measures were made at 10 s to evaluate blocker effects
during the adapted or steady state portion of the
neural response.

To control for the gradual adaptation to the stimu-
lus that would occur even in the absence of blocker, we
also made two consecutive applications of stimulus in
distilled water. A ratio was calculated of the response
at 10 s after the second stimulus application, divided by
the response at 10 s after the first application. This
‘control’ or ‘water’ ratio was then compared to the
‘4-AP’ or ‘blocker’ ratio to discern the effect of the
blocker. The control stimulus applications were made
before each of the experimental applications, and were
always followed by a 60 s rinse. The entire procedure
with examples of calculated ratios is illustrated in Fig.
1.

In all experiments the blocker and water control
measures were made in the same animal, and repeated
measures across concentrations of one stimulus were
made in the same animal. For statistical analysis we
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Fig. 1. Summated responses from the chorda tympani nerve, illustrat-
ing procedures to study 4-AP effects on salt taste responses. Data in
the top row demonstrate the neural response to a 20 s application of
5 mM 4-AP (indicated by a bar under the data), followed with a
continuous water rinse. In the second row, responses are shown first
to the control procedure of stimulation with 0.05 M KCI in water
followed by a second stimulation of 0.05 KCl in water without
intervening rinse (W/W). Next, there is a subsequent stimulation
with 0.05 M KCl dissolved in water followed by stimulation with 0.05
M KCl dissolved in 4-AP solution, without intervening rinse (W /AP).
The solid bar above summated responses indicates the duration of
the second application of KCl, either in water (W/W) or 4-AP
(W/AP). In between the control (W/W) and blocker (W/AP)
procedures the tongue was rinsed with water for 60 s. After every
blocker procedure, the tongue was rinsed continuously with water for
15 min. In the third row of data, the control and blocker procedures
are illustrated for 0.1 M KCl, and in the last row for 0.1 M NaCl.
Ratios for control and blocker procedures are presented in the
margins. Ratios were calculated by dividing the response to the
second stimulus application (in water for W/W, or in 4AP for
W /AP) by the response to the first stimulus application (in water).
For example, the control ratio of 0.78 was obtained by dividing the
summated response at point ‘a’ by the summated response at point
‘b’. Similarly, the blocker ratio of 0.22 was obtained by dividing the
response measure at a’ by the response at b’. Whereas 4-AP reduced
responses to KCI, it seemingly enhanced the response to NaCl.

used paired t-tests between responses in water and
responses in blocker, for each stimulus concentration.
Because we had a small number of rats in the series of
studies for each chemical stimulus (n =5 rats per
chemical), we used the Bonferroni correction to deter-
mine an acceptable P value of < 0.01. However, we
also note P values < 0.05 in the figures.

In 22 rats we examined effects of tetraethylammo-
nium (1, 5, 10, 50, 500 mM), BaCl, (1, 5, 50 mM),
quinidine (0.01, 0.10, 0.50, 1.0, 5.0 mM), Lidocaine
(0.10, 0.10, 0.50, 1.0, 5.0 mM), and a concentration
range of 4-AP (0.1, 1.0, 3.0, 5.0, 10.0 mM) on responses
to KCl.

RESULTS

To study taste responses in the presence of the
potassium blocker, salt stimuli were applied in solution
with 4-AP. With this method effects of the blocker
were reversed rapidly with water rinses, as illustrated
in the neural response records for a KCI concentration
series (Fig. 2). After block of the response to (0.025 and
0.05 M KCI with 4-AP, neural activity was transiently
increased by the water rinse.

In general, 4-AP significantly reduced responses to
potassium salts, CsCl and RbCI over a range of con-
centrations from 0.025 to 0.1 M, but responses to
concentrations at 0.25 M and higher were not signifi-
cantly reduced (Fig. 3). However, it is important to
note that if a P value < 0.05 were used to indicate
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Fig. 2. Summated records from the chorda tympani nerve illustrating
4-AP effects on responses to a concentration series of KCl. Data in
the first row present responses to KCl in water over a concentration
range from 0.025 to 0.75 M. The response to a discrete application of
4-AP in water is illustrated next, followed by records of blocker
effects at ascending KCl concentrations. The tongue was rinsed with
water for 15 min after any application of 4-AP. Blocker effects on
KC) from 0.025 to 0.25 M are apparent.
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significance, instead of the more conservative P < 0.01, therefore, that 4-AP has an effect on potassium, ce-
blocker effects for the K, Rb and Cs salts would be sium and rubidium taste responses from 0.025 to 0.25
significant at 0.25 M, also (but not at 0.50 or 0.75 M). M, with the greatest effect at lower concentrations.
Inspection of the neural response records in Fig. 2 The blocker effect is substantial, as indicated by the
illustrates the effect of 4-AP on 0.25 M KCl, which was magnitude of the reduction in response ratio compared
small, but consistently measurable. We conclude, to control values. Although it appears from the ratio
101 1.0r
. .-/I%
o8} L !\ osf 'I'/I/
2 )'—"/j— - 2 I / -
5 ¥ , 5 }— -,
2 oef , t 06} }/
Vi [} /.
s A £ /
Q
2 oaf L7 a o4 i
n - v /
v x
@ // /
ozt ¥ 0.2} /
) —»— Water 4 —n— Water
--o~- 4_AP } --0o== 4.AP
0.0 L i 1 '
0.01 0.10 1.00 001 o.10 1.00
KCI concentration (M) RbCl concentration (M)
1.0 10p
0.8} . . ./ \ 0.8t }\i___‘i/ /
o k—f—'! }___ 2 §/
g /. A o /-
c QO6r / \ c O6f //
] ’ g {/
c §/ c e
a oaf % S oaf .
< é/ @ /é
@ , & {/
ozr }// —s— Water ozr —s— Water
—-0--4-AP --0-= 4-AP
0.0 L 4 0Q 1 )
0.01 010 100 0.0 0.10 1.00
KBr concentration (M) CsCl concentration (M)
1.0[’
ast
el
5 06r
[58
[ Y]
"
& 04f
a.
"
[ ]
@
oz2f
—m— Water
—~o~=4_AP
OO 1 J
0.01 010 100

KH,PO, concentration (M)

Fig. 3. Ratios of responses to concentration ranges of salts dissolved in water (solid squares), or in 4-AP (open circles). Response ratios were

calculated as shown in Fig. 1. Water response ratios reflect the usual neural adaptation to salt stimulation; 4-AP response ratios reflect effects of

the blocker. Data points are means, with standard error bars. At concentrations where there is a significant difference (P < 0.01) between water

and blocker ratios, a single dot is placed above the respective pair of points. At concentrations where the difference is significant at P < 0.05, two

dots are placed. It is apparent that responses to potassium salts, RbCl and CsCl, at concentrations from 0.025 to 0.25 M, are reduced in the
presence of 4-AP.



100

0.8+

/{, ’%

0.4}

Response ratio

o2r —a— Water

-=o-= 4_AP
Q.0 ) s

0.01 0.10 1.00

NH, Cl concentration (M)

Response ratio

%_ _ i/ /i<§Q2,§
o8f l/ -
/
Q6 I
Q.4F
02r —8— Water
—=0== 4-AP
(o]0} 1 s
0.01 010 1.00

NaCl concentration (M)

Fig. 4. Ratios of responses to concentration ranges of NH,Cl and NaCl, dissolved in water or in 4-AP. Data points are means, with standard

error bars. At concentrations where there is a significant difference between water and blocker ratios, one dot (P < 0.01) or two dots (P < 0.05)

are placed. Responses to NH,Cl at 0.025-0.25 M were reduced in the presence of 4-AP. Responses to NaCl were not reduced; in fact responses
to certain concentrations were slightly increased in the presence of blocker.

measure that 4-AP does not totally block the potas-
sium response at any stimulus concentration, inspec-
tion of the raw data in Fig. 2 illustrates that the
response to 0.025 M KCl is virtually eliminated.

Responses to NH,Cl were also reduced by 4-AP
(Fig. 4). The effect was significant at P < 0.01 for 0.025
and 0.25 M; at P <0.05, there were significant effects
at 0.05 and 0.10 M, also. The 4-AP effect on NH,Cl
responses is of lower magnitude than the effect on
potassium salts, or RbCl and CsCl. In addition the
4-AP effect on NH,Cl does not appear to alter in
magnitude as a function of stimulus concentration from
0.025 to 0.25 M (Fig. 4).

Responses to NaCl were also altered in the pres-
ence of 4-AP but the effect was to somewhat enhance
responsiveness to sodium in blocker (Fig. 4). However,
the neural response records in Fig. 5 demonstrate that
the enhancing effect was small when present, and
perhaps the blocker prevented the gradual adaptation
that occurs to NaCl in water.

In three rats we examined 4-AP effects on responses
to 0.5 M sucrose. No reduction or enhancement of the
sucrose response was observed in the presence of
blocker.

Other blockers. Concentrations of 4-AP from 1.0 to
10.0 mM had increasing effects in blocking the re-
sponse to 0.05 M KCI (Fig. 6). There was no measur-
able blocking effect at 0.1 mM 4-AP. Over a broad
concentration range, however, three other potassium
blockers, TEA, BaCl, and quinidine, did not reduce
responses to 0.05 M KCi (Fig. 6). Nor did BaCl,
reduce responses to 0.025, 0.1, 0.25, 0.5, or 0.75 M KCl.
Indeed, at high concentrations of TEA and BaCl,,
responses to KCl were augmented (Fig. 6).
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Fig. 5. Summated records from the chorda tympani nerve illustrating
4-AP effects on responses to a concentration series of NaCl. Data in
the first row are responses to NaCl in water, from 0.025-0.75 M. The
response to a discrete application of 4-AP is illustrated next, fol-
lowed by procedures to study 4-AP effects on ascending NaCl
concentrations. The tongue was rinsed with water for 15 min after
every application of 4-AP. The blocker does not reduce responses to
NaCl at any concentration. At some concentrations the NaCl re-

sponse is slightly increased in the presence of 4-AP.
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The effects of Lidocaine application on chorda tym- Lidocaine reduced responses to NaCl from 0.025 to
pani nerve responses were also measured (Fig. 6). 0.75 M (data not illustrated). In axons, local anesthetics
Lidocaine had no effect at lower concentrations, but 10 block sodium channels and are extremely lipid
mM Lidocaine reduced responses to all KCI concentra- soluble!®, and some of these drugs also block potas-
tions from 0.025 to 0.75 M. Furthermore, at 10 mM, sium channels at high concentrations®. We assume that
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Fig. 6. Ratios of responses to 0.05 M KCI, dissolved in water (solid squares) or a range of concentrations of a pharmacological blocker (open

circles), as indicated for each graph. Response ratios were calculated as shown in Fig. 1. Data points are means for 2 or 3 animals. Only 4-AP

reduced responses to KCl, and the magnitude of the effect was concentration dependent from 1.0 to 10.0 mM. High concentrations of some

blockers (TEA, BaCl,) led to increased responses. The apparent reduction in response at the highest concentration of Lidocaine might relate to
the extreme lipid solubility of this anesthetic.
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the taste response effects observed with a very high
Lidocaine concentration relate to these properties.

DISCUSSION

These results demonstrate that the potassium chan-
nel blocker, 4-AP, substantially reduces chorda tym-
pani nerve responses to potassium salts, and to CsCl
and RbCl. A moderate effect on NH,Cl is observed.
There is no reduction of taste responses to NaCl or
sucrose.

The order of effects on various salts at 0.05 M
concentration is presented in Fig. 7. Essentially, 4-AP
reduces KCl = KBr > CsCl > KH,PO, = RbCl > NH,
Cl. This order is similar to the general selectivity
sequence for permeation of most potassium channels:
K*>Rb*> NH}?®. The comparatively small blocker
effect on NH ,Cl is consistent both with results of 4-AP
in other preparations?’ and with the fact that ammo-
nium ion can pass through most potassium channels®.
The permeability to Na* and Li* ions in potassium
channels is usually too low to be measured, and in our
neural recordings 4-AP did not reduce responses to
NaCl, but rather slightly enhanced them. Overall, the
data are consonant with the proposition that potassium
channels have a role in mediating the neural taste
response to potassium salts. The presumed permeabil-
ity to several alkali metals suggested by our data agrees
with knowledge about sensory receptor channels'.

Although neurophysiological measures in vivo can
only support, but not demonstrate, the hypothesis that
potassium channels play a role in potassium taste
transduction, such measures provide important con-
verging data to aid in interpreting patch recordings

from taste cells, or lingual epithelium transport experi-
ments. In studies with dissociated cells and epithelia,
results must be interpreted carefully due to effects of
dissociation on structure and function™, and possible
enzyme effects'”. It clearly remains essential to study
taste transduction at several experimental levels.

Interestingly, whole cell patch experiments on taste
bud cells from rat fungiform papillac indicated that
essentially all cells had outward K currents and that
these were blocked by 10 mM TEA, 10 mM Ba and 5
mM 4-AP*. Whereas TEA reduced pecak and steady
currents equally, 4-AP blocked the peak current more
efficiently. In our experiments, TEA, Ba and quinidine
were not effective in reducing potassium responses.
With the method we applied, however, the blockers
had direct access to taste bud cell apices only. In the
whole cell patch recordings, various membrane regions
were studied. Also, from transport experiments across
rat tongue epithelium containing fungiform papilla, it
was concluded that BaCl, inhibited KCI transport
through a K* selective pathway in serosal membranes,
but that 4-AP blocked transport through the mucosal
or apical side?’.

Others have reported that whereas intracellularly
applied TEA generally blocks various voltage-activated
K™ channels, extracellular TEA has differing results in
different preparations®. Squid axon channels are not
affected even by high concentrations of TEA, but mil-
limolar TEA concentrations block K* channels at frog
node of Ranvier. Although both 4-AP and TEA report-
edly block certain potassium channels when applied
externally, the blockers presumably affect different
sites'’. 4-AP is membrane permeable, and blocks
equally well from internal or external application”.
TEA is not membrane permeable and blocking effects
differ when the agent is applied internally or exter-
nally. Internally applied TEA is reportedly less specific
in action®.

It is well recognized that potassium currents are
highly diverse, due to the presence of different types of
K channels®*?’, and various types of channel can be
found in the same cell. Therefore, it is not surprising
that with different species and different taste bud
populations, varying effects of pharmacological block-
ers have been observed in the taste system.

Although evidence has accumulated across species
for a role of K™ channels in potassium taste reception,
our experiments with the pharmacological blocker 4-AP
indicate an effect on salt concentrations at or below
0.25 M only, and the blocker does not usually eliminate
the salt response. Therefore, other membrane compo-
nents may exist that function in potassium taste recep-
tion and that are not sensitive to apical application of



4-AP. These results are consistent with responses to
hypo- and hyperosmotic salts recorded from the rat
nucleus of the solitary tract in the presence of 4-AP%.
In addition, the response to the anion portion of the
salts that we used must be considered®*® and this
presumably would not be blocked by 4-AP.

Other investigators continue to emphasize the possi-
ble role of alternative mechanisms or additional mech-
anisms in salt taste transduction'>'*?>23, Because 4-AP
and other pharmacological blockers for K* channels
are characteristically unspecific with low affinities®*
and can have other effects on the nervous system in
addition to K* channel block”®!!, alternative explana-
tions for observed effects on potassium and alkali salt
taste responses must be entertained.

In summary, converging reports from several labora-
tories suggest that ion channels have a role in gustatory
responses to salt stimuli in mammals'®?%32, Our experi-
ments on effects of several pharmacological, K* chan-
nel blockers on chorda tympani nerve responses to a
range of concentrations of various potassium salts and
other alkali salts, support the hypothesis that potas-
sium channels on apical taste membranes are involved
in potassium taste responses. These data from periph-
eral neurophysiological experiments in rat converge
with results from the central taste system, from epithe-
lial transport studies, and from whole cell patch
recordings of fungiform taste cells*? in clarifying salt
taste transduction mechanisms in rodent taste buds on
the anterior tongue.
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