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SIMON, S. A., R. ROBB AND S. S. SCHIFFMAN. Tran,wort pathways in rat lingual epithelium. PHARMACOL 
BIOCHEM BEHAV 29(2) 257-267, 1988.--Measurements of ion transport across isolated lingual epithelium of rat were 
correlated with electrophysiological recordings from taste nerves. At hyperosmotic concentrations of NaCI, sodium ions 
enter the mucosal membrane of the isolated epithelium partially through an amiloride-inhibitable pathway and exit the 
serosal membrane through a Na+--K +-ATPase. At hyposmotic concentrations of KCI, potassium ions enter the mucosal 
membrane through a K + pathway that is inhibited by 4-aminopyridine and exit at the serosal membrane through a K + 
pathway that is inhibited by BaCI._,. The inhibition of sodium transport by amiloride and potassium transport by 
4-aminopyridine is consistent with previously published electrophysiological recordings from the chorda tympani nerve 
bundle (CT) and recordings from nucleus of the solitary tract (NST) obtained here. The responses to NaCI are greater than 
the responses to KCI at equimolar concentrations over the entire concentration range both in epithelial and neural 
measurements. At hyposmotic concentrations of NaCI the epithelial responses include inward sodium and outward 
chloride components. Isolated rat tongue is only slightly stimulated by D-glucose or sucrose as are the CT and NTS 
responses. These data suggest that events in taste transduction can be understood, in part, by measuring the epithelial 
responses of isolated rat tongue. 

Transduction Amiloride Taste Barium 4-Aminopyridine 

M E A S U R E M E N T S  of  ion transport  across  isolated lingual 
epi thel ium of  dog, rabbit,  and rat show that ions are both 
act ively and passively t ranspor ted  across the tongue [7, 8, 
11, 13, 21, 27-29]. Moreove r ,  such epithelial responses  cor- 
relate with even ts  that  underl ie  taste t ransduct ion  [6, 13, 
28]. H y p e r o s m o t i c  concen t ra t ions  of  NaCI appl ied to the 
mucosal  surface o f  mammal ian  tongue have been shown to 
stimulate both epithelial  responses  and responses  in taste 
nerves .  In rats, the response  to NaC1 has been partially 
inhibited by the diuretic,  amiloride [4, 13, 26]. Inhibition by 
amiloride has been observed  in: epithelial measurements  
from isolated rat tongue [13], recordings f rom the chorda 
tympani  nerve bundle [5, 6, 13, 21, 33] and the nucleus of  the 
solitary tract  (NST) [25,26] of  rats. In addit ion,  amiloride has 
been shown to inhibit the NaC1 response  in isolated dog [6--8, 
11, 27] and rabbit tongues [28] as well as in human 
psychophys ica l  measurements ,  where the perce ived  taste in- 
tensity o f  NaCI is lowered by amiloride [26]. 

Since many of  the neurophysiological  studies and models  
o f  taste t ransduct ion were  deve loped  using the rat model  [2, 
6, 9, 10, 13, 17, 22, 24, 30, 32], the epi thel ial  r e sponses  of  
rat tongue to various tastants,  in addit ion to NaC1, were  
studied here and correla ted with e lect rophysiological  record- 
ings from both the chorda  tympani  nerve  (CT) and from the 

nucleus of  the solitary tract  (NST). The correlat ion of  epi- 
thelial t ransport  and neurophysiological  data in rats was first 
reported by H e c k  et al. [13]. They showed that at hyperos-  
motic concentrat ions ,  Na  ÷ transport  was partially inhibited 
by amiloride in a manner  similar to ami lor ide ' s  inhibition of  
the CT responses.  We have extended the studies of  Heck  et 
al. [13] to character ize  the entrance and exit  pa thways  for 
K ~, Na ÷ and, to a lesser  extent ,  CI-  at both hyperosmot ic  
and hyposmot ic  concentrat ions .  It was also found that the 
response of  isolated rat tongue to saccharides was small 
compared  to that of  NaCI.  This result  is in agreement  with 
previously published CT responses  [3, 22, 24, 33] and with 
our  measurements  from the NTS.  Potass ium pathways  in the 
mucosal  and serosal membranes  were  character ized by 
utilizing the well known K ÷ transport  inhibitors, 4- 
aminopyridine and BaCI2 [15,31]. Sodium pathways  were 
studied using ouabain,  a drug that is known to inhibit the 
Na+-K+-ATPase  as well as amiloride. Our observat ions  
indicate a good correlat ion be tween  epithelial responses  
elicited from the isolated rat tongue and the responses  meas- 
ured from gustatory nerves.  

METHOD 

Adult  Sprague-Dawley rats were  obtained from Charles 
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River Inc. For epithelial studies, the rats were sacrificed 
using sodium pentobarbital (150 mg/kg), and their tongues 
were excised. For neurophysiological studies, rats were 
anesthesized with sodium pentobarbital (48 mg/kg) and addi- 
tional anesthesia was delivered as necessary. Salts and buf- 
fers were reagent grade. Amiloride, ouabain and bumetanide 
were obtained from Sigma Chemical Company and 4- 
aminopyridine (4-AP) from Aldrich Chemical Company. 

Epithelial Studies 

An excised section of rat tongue, with the muscle layer 
removed and that contained only filiform and fungiform 
papillae, was placed in an Ussing chamber (0.63 cm") be- 
tween symmetrical solutions of a modified Krebs-Henseleit 
(K-H) buffer at 36°C. The composition of the K-H solution 
was: 129 mM NaC1, 5 mM KC1, 5 mM D-glucose, 1,5 mM 
MgSO ~, 2 mM CaCI2, 5.3 mM TrisCl pH 7.4. All other solutions 
used in these experiments were buffered to pH 7.4 using 
either 5 mM HEPES or 2 mM TrisC1. The epithelial response 
to salts was generated by initially changing the K-H solution 
on the mucosal side with a solution that contained the lowest 
salt concentration. Then responses to higher concentrations 
were obtained by successive additions of more concentrated 
solutions. The experiments with D-glucose were always in a 
salt solution containing 50 mM NaCI, 2 mM TrisCl pH 7.4 
(called "solution A"). This NaCI concentration is close to 
what is found in rat saliva (41.4 mM NaC1; [14]). Inhibition 
by amiloride of the NaCI responses was obtained by measur- 
ing the short circuit current, (I~.) and open circuit potential 
(V,,,.) with successively higher NaCI solutions containing 0.1 
mM amiloride. Inhibitors of transport pathways including 5 
mM BaCI~, 5 mM 4-AP, 1 mM ouabain or 0.1 mM 
bumetanide were added from concentrated solutions to the 
solutions bathing the tongue. Transport was also measured 
when K-H in the serosal solution was replaced with a solu- 
tion not containing CI . The composition of this solution 
was: 129 mM Na Isethanate (NaIS), 2.5 mM KeSO4, 1.5 mM 
MgSO4, 2.0 mM CaSO4, 5 mM HEPES, 6 mM D-glucose pH 
7.4. 

The measurement of the short circuit current, I~,., and the 
open circuit potential, Vow. has been described previously 
[27]. V,,,, is defined with respect to the mucosal solution 
(which is designated to be 0 mV) and l~,. is defined to have a 
negative sign when cations flow from the mucosal to the 
serosal solution or anions flow from the serosal to the 
mucosal solution. Calomel electrodes in saturated KCI solu- 
tions, interfaced to agar bridges containing 0.15 mM NaC1 or 
0.15 M KC1, were used to measure Vow.. Platinum wires were 
used as current passing electrodes. These electrodes were 
connected to a voltage clamp circuit that compensated for 
the series resistance arising from the electrodes and the so- 
lutions under symmetric ionic conditions. The transepithelial 
resistance, Rn,, was determined either by dividing V,,,. by I~,, 
since the current versus voltage relationship was linear, or 
by injecting a known current through the tongue and measur- 
ing the deflection in Vow. (see Fig. 1). This latter method was 
exclusively used to calculate Rm when the I~ was small. 

The magnitude of V,,~ and 1~,. presented here are the di- 
rectly measured values. This presentation of the data was 
done to facilitate comparisons with previous studies on ling- 
ual epithelia [7, 8, 27, 28]. However, since many of the 
measurements were performed using asymmetric solutions, 
where liquid junction or dilution potentials develop, correc- 
tions to the measured values are necessary to correctly 

interpret the data. The dilution potentials, V,~, were meas- 
ured by placing the calomel electrodes (in saturated KCI 
solutions) and agar bridges in each half of an Ussing 
chamber. The two half chambers were separated by a sheet 
of parafilm (American Can Company) to prevent direct mix- 
ing of the solutions. The two half chambers were joined 
through two salt-agar bridges and a Keithley 602 electrome- 
ter. The electrometer was zeroed when the two agar bridges 
and the solutions in the two half chambers contained identi- 
cal solutions. To measure V,~, one agar bridge contained the 
same solution that was present in the "mucosal"  chamber 
and the other agar bridge contained the same solution that 
was present in the "serosal" chamber. In this manner the 
open circuit potential of a tongue bathed in asymmetric salt 
solutions is V,,,.-Vd~l. Since the current-voltage relation is 
linear, values for I~. and Rm can be calculated from the given 
data. Steady state for V,~j ranged from values for V,~bt 
from 3.1 mV for 400 mM KCI to -5 .7  mV for 300 mM TrisCI. 
All other values were smaller. 

Recordings From the NST  

Recordings from the NST were done on anesthesized rats 
whose core temperature was maintained at 36°C. Solutions 
of tastants at 36°C, were flowed over the rat tongue as previ- 
ously described [32]. Recordings were obtained from a mi- 
croelectrode (1-3 MI2) connected via a silver wire to a 
DAM-50 amplifier (WPI) and a window discriminator 
(Frederick-Haer). The output of the discriminator was con- 
nected to a computer and to a rate interval monitor (Fred- 
erick-Haer). The latter was connected to a strip chart re- 
corder to obtain the analog signals. For computer analysis of 
the data, the number of action potentials 3 sec prior to the 
addition of the tastant was averaged and defined as the back- 
ground activity. The total number of action potentials within 
2 seconds after the first maximum (in bins of 100 msec) 
minus the background was taken as the response. After 2 sec 
the elicited response was in its tonic phase. 

The procedure for generating dose-response curves to 
NaCl and KCI was as follows. The tongue was first adapted 
to unbuffered distilled water for 1 rain. Then solutions of 
either NaCI or KCI buffered with 2 mM TrisC1 to pH 7.4 
were flowed over the tongue for 30 sec, whereupon the 
tongue was rinsed with distilled water and the procedure 
repeated twice more. The mean response of these three 
measurements was considered to be a single data point for 
one experiment. For responses to 4-AP, this compound was 
added to the KC1-TrisCI solutions and flowed over the 
tongue as a single solution after the control response of the 
KCI-TrisCI solution was obtained. Data are presented as 
mean_+S.E.M. 

RESULTS 

Epithelial Studies 

Symmetric solutions. Rat tongues bathed between sym- 
metric solutions of K-H have the following epithelial pa- 
rameters: V.,.=9.8_0.7 mV; I~.=-6.4-+0.3 /zA/cm z and 
R,~= 1885_+48 t).cm 2 (n= 18). These data are in good agree- 
ment with those obtained by Heck et al. [13]. With symmet- 
ric solutions of K-H, the addition of 1 mM ouabain to the 
serosal solution almost completely inhibited Vo,. and I~c after 
one hour without significantly changing Rr, (Fig. 1). The 
current-voltage relation is linear to +-150 mV in the presence 
and absence of ouabain. 
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FIG. 1. Recording of open circuit potential, V,,,, of a rat tongue 
bathed in symmetrical solutions of Krebs-Henseleit (K-H) buffer 
before and after the addition of I mM ouabain to the serosal solution 
(arrow). The upward excursions of the voltage trace are the conse- 
quence of current injections of 2 ~A. The height of the excursions 
are proportional to the transepithelial resistance. The membrane 
area was 0.63 cm 2. Values of the short circuit current, L,., were -5.7 
p~A/cm 2 when ouabain was added (arrow) and -2.3 p~A/cm 2 at 80 
rain. 

Asymmetric solutions. The response of Voc and L,. to 
changes in NaCl (and KCI) in the mucosal solution are seen 
in Fig. 2A and B respectively. The magnitude of the re- 
sponses of both Vo~ and I~ to NaCI is greater than for KC1 
between 1 mM and 1.0 M. For either NaC1 or KCI, V,,,. 
decreases with increasing concentration until Voc ~13 mV 
for NaCl and 5 mV for KC1 near isotonic concentrations. At 
higher concentrations Voc increases significantly (for NaCI) 
to 16.9_+0.3 mV (n=5) at 1.0 M and remains relatively con- 
stant for KCI (at 1.0 M KCI, Voc=4.1_+0.4 mV; n=4). I~. 
remains constant at about - 6  ~A/cm z to 50 mM NaCI, 
whereupon it increases exponentially to - 28  p~A/cm z at 1.0 
M NaC1 (Fig. 2B). In comparison, the response of I~,. to KCI 
remains relatively constant at about - 2  gA/cm z to 200 mM 
KCI, whereupon at higher concentrations it increases to 
about - 5 / zA/cm z at 1.0 M KC1. A dramatic decrease in the 
transepithelial resistance, Rm, is found with increasing NaCI 
or KCI concentrations. For NaC1, Rn, decreased from 
6082-+687 l).cm z at 1 mM to 606-+27 O-cm z (n=5) at 1.0 M. 
For KC1, Rm decreased from 6222--_281 l) .cm 2 (n=5) at 1 mM 
to 1167_+304 l) .cm z (n=5) at 1.0 M KC1. Thus, isolated rat 
tongue can discriminate between Na + and K + over the entire 
concentration range. 

The responses of Voc and I~e to NaC1 in the presence and 
absence of 1 mM ouabain in the serosal solution is seen in 
Fig. 3A and B respectively. From hyposmotic to isotonic 
concentrations Voe remains positive and has about half the 
value as in the absence of ouabain. For hyperosmotic con- 
centrations of NaC1, Voe is inhibited about 15 mV by ouabain 
and thus attains a relatively constant potential close to 0 mV. 
The presence of 1 mM ouabain inhibits I~¢ over the entire 

concentration range with the reduction most pronounced at 
hyperosmotic concentrations of NaCl (93% at 1.0 M). At 1.0 
M NaCl, Rm is increased by ouabain to 1510_ 146 l) .cm 2. The 
addition of 1 mM ouabain also decreased the responses of 
Vo,. and I~ to KC1 (not shown). At 1.0 M KC1 in the mucosal 
solution, the addition of I mM ouabain to the serosal solution 
reduced Vo,: to 0.7__0.7 mV (n=3) and Is~ to - 2 . 8 - 1 . 1  
p~A/cm 2 (n=3). To determine if a stable potential can be 
maintained in the absence of either mucosal Na + or K +, Vo~ 
and Lc were also measured in the presence of 300 mM TrisC1 
pH 7.4. Under these conditions the steady state values of Voc 
and L,. were 12.9 mV and - l 1.6 ~A/cm 2 respectively. 
Effi'ct o f  amiloride on epithelial responses. To explore 
further the transport pathways through rat tongue, responses 
to NaCI and KCI were studied in the presence of 0.1 mM 
amiloride. The response of Vow. to NaC1 was inhibited about 5 
mV over the entire concentration range (Fig. 2A). On the 
other hand, Is,, was not significantly affected by 0.1 mM 
amiloride for NaCl concentrations between 1 and 50 mM. 
However, at 500 mM NaC1, 0.1 mM amiloride inhibited L~. to 
its maximal extent of about 30% (Fig. 2B). Amiloride did not 
significantly affect the response to KCI at hyperosmotic con- 
centrations. 
Effi, ct o f  BaCl2 on epithelial responses. When the mucosal 
solution contained 300 mM KCI and 2 mM TrisC1 pH 7.4 and 
the serosal contained K-H, addition of BaCI2 to the serosal 
solution inhibited both V,,,, and I~. in a concentration depend- 
ent manner (Fig. 4). The response of I~,. to BaCl2 shows the 
presence of two discrete inhibitory processes. The first, 
which occurs between 30 /~M and 100/zM BaCI=,, shows 
a slight but significant decrease in I~c, whereas the 
second, which commences at about 0.5 mM BaCI2, shows a 
linear decrease until complete (and irreversible) inhibition is 
attained. The response of Vo,. is unchanged until a BaC12 
concentration of 0.5 mM is reached, whereupon at higher 
BaCI2 concentrations it decreases linearly. 
E f]~,ct o f  4-aminopyridine (4-AP) on epithelial response. 
The K+-transport inhibitor 4-aminopyridine (4-AP) was 
applied to rat tongue to test for the presence of K ~ selective 
pathways [15]. In the presence of 50 mM KCI and 2 mM 
TrisC1 pH 7.4 in the mucosal solution, the addition of 5 mM 
4-AP to the mucosal solution completely inhibited both V,,~. 
and L,. after about 1 hour (Fig. 5). However, with 300 mM 
KC1 and 2 mM TrisC1 pH 7.4 in the mucosal solution, the 
addition of 5 mM 4-AP to either mucosal or serosal solutions 
did not significantly inhibit either Voc or Is~,. 

Lffect o f  sodium isethanate (NalS) on epithelial re- 
sponse. To determine the effect of Cl replacement on the I~,. 
and Vow. at different NaCI concentrations, dose-response 
curves with sodium isethanate (NaIS) on both the mucosal 
and serosal sides were obtained. Isethanate was selected 
since it is a large organic anion that is not transported 
through most chloride selective pathways [15]. The response 
of Vow. and I~,. with NalS in the mueosal solution and with 
K-H in the serosal solution was similar to that with NaCI in 
the mucosal solution when corrections for the dilution po- 
tential were subtracted from Voe. However, when the C1- in 
the serosal solution was replaced by IS , the dose-response 
curve to NaC1 changed dramatically as shown in Fig. 3A and 
B. The largest difference between the response of Voc and Isc 
with and without C1- in the serosal solution is seen with 1 
mM NaC1 where V,,~ is about 38 mV more negative and I~ 
about 6 /~A/cm z more positive. However, increasing the 
mucosal NaC1 concentration, monotonically increases both 
Voc and I~ until they reverse sign (at about 300 mM NaC1) to 
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FIG. 2. (A) Graph of V,~. versus: NaCI (O); NaCI plus 0.1 mM amiloride; and KCI 
(x). The serosal solution in all three experiments contained Krebs-Henseleit buf- 
fer. All the mucosal solutions were buffered to pH 7.4 with 2 mM TrisCl. (B) 
Graph of the short circuit current. I~,. for same conditions given in A. 

have the same sign as when the serosal solution contained 
K-H. Addition of 1 mM ouabain to the serosal solution con- 
taining NalS slightly inhibited V.,, and Is, (<1 mV and 1 
/~A/cm 2) at 1.0 M NaCI. These data suggest that the transport 
occurs via an ouabain-insensitive pathway [20]. 

Finally, with 300 mM KCI and 2 mM TrisCl pH 7.4 in the 
mucosal solution and K-H in the serosal solution, the addition 
of 0.1 mM bumetanide to the serosal solution did not signifi- 
cantly affect either Vo,. or L~.. 

Effect o f  D-glucose and sucrose on epithelial response. 
Addition of D-glucose to a solution containing 50 mM NaCI 
and 2 mM TrisC1 pH 7.4 (solution A) on the mucosal side of 
dog tongue greatly stimulates Vo,. (22 mV) and I~, (--~15 
p~A/cm2), and this stimulation is inhibited 80-90% by 0.1 mM 
amiloride [8,11]. In contrast, the addition of D-glucose (to 
1.0 M) in solution A to rat tongue stimulates I~ only about 1 
/zA/cm 2 and Vo~ only about 2 mV (Fig. 6). The response of 
Vo, and I~ to sucrose was not significantly different than the 
response to D-glucose. Also, in two experiments, 0.1 mM 

amiloride inhibited V,,,, and I~,: by 20% at 1.0 M D-glucose. 
However, addition of 1 mM ouabain to the serosal solution 
completely inhibited transport (V,,~.=0.7_ + 1.2 mV; I~ .=-1 .6_  + 
1.4 /~A/cm 2, n=3), when the mucosal solution contained 
solution A plus 1.0 M D-glucose. 

Neurophysiologieal Reeordings From the NST 

Responses to NaCI and KCI. To correlate the epithelial 
responses from isolated rat tongue with those elicited in 
more distal regions, multiunit recordings from the NST were 
obtained for various concentrations of NaC1 and KCI. The 
NST responses to 50 mM NaC1 and 2 mM TrisC1 pH 7.4 and 
to 50 mM KCI and 2 mM TrisCl pH 7.4 are shown in Fig. 7A 
and B respectively. The data are presented as a histogram 
whose ordinate represents the number of action potentials 
elicited per 100 msec and the abscissia consists of segments 
of 100 msec in width. These data represent the results of 
computer analysis of the analog signals seen in the inset of 
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FIG, 3, Plots of V,,: (panel A) and l~e (panel B) versus NaC1 in the mucosal 
solution. The plot labeled "NaCI" (@) refers to tongues having NaCI in the 
mucosal solution and K-H in the serosal solution. The curves labeled "ouabain" (A) 
show the response to NaC1 in the presence of I mM ouabain in the serosal K-H 
solution, The curves labeled "NalS'" (x) refer to experiments where the NaCI in 
the serosal solution was replaced by the Na isethanate (NalS) (see the Method 
section for additional details). In all experiments the mucosal solution contained a 
NaCI solution buffered to pH 7,4 by 2 mM TrisCl. The number of experiments for 
the "NaCI,'" "ouabain" and "NalS'" were 5, 3 and 3 respectively. 

these figures. They are used to quantitate the response to 
salts. Both formats of the NST responses consist of two 
phases: a fast rising phase and a steady state phase. The NST 
responses, R, to different NaCI and KCI concentrations are 
presented in Fig. 8. The responses are about twice as great 
for NaCI than for KC1, a result in agreement with the epithe- 
lial responses (Fig. 2). The NST responses to NaC1 and KC1 
can be described by a Langmuir isotherm that has the form: 
R/Rm,~=Salt/(KD+Salt) where Rmax represents the maximum 
NST response in impulses/100 msec and KD represents the 
apparent dissociation constant (in mM). When the above 
equation is linearized, a least squares fit to the mean values 

yields: Rm~x=130.1 impulses/I00 msec and KD=17.3 mM; 
r=0.99 for NaCI: Rm~=70.0 impulses/100 msec and 
KD=24.4 raM; r=0.94 for KCI, 
Inhibition by 4-AP. The NST response to 50 mM KC1 and 2 
mM TrisCl pH7.4 was 98.6-+8,5 impulses/100 msec (n=6) 
which decreases to 47,8___5.4 (n=6) in the presence of 5 mM 
4-AP. In the presence of 300 mM KCI and 2 mM TrisCI pH 
7.4 the NST response was 167.3_+7.9 (n=6), This value is not 
significantly different than the NST activity of 160.8_+9.5 
(n=6) in the presence of 300 mM KC1 and 2 mM TrisCl pH 
7.4 plus 5 mM 4-AP. 
Response to D-glucose and sucrose, The NST response to 
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solutions of 0.5 M D-glucose (25.6- + 18.4; n=4) or 0.5 M su- 
crose (20.4_+ 15.1; n=4) was not significantly different from 
the background (15.6_+36.2; n=4) responses. 

D I S C U S S I O N  

The results of this study permit the identification of sev- 
eral of the entry and exit pathways for Na +, K + and CI- 
through isolated rat tongue. A figure illustrating these path- 
ways is shown in Fig. 9. Epithelial transport in isolated rat 
tongue together with recordings from the NST and previ- 
ously published electrophysiological measurements from the 
CT suggest that ion transport through the rat lingual epi- 
thelium is correlated with events in taste transduction. An 
important finding of this study is that V,,,, across rat tongue at 
low concentrations (<50 mM NaCI) is much larger (more 
positive) than found in dog or rabbit tongues. This result may 
explain the comparatively poor inhibition by amiloride in rat 
tongue for NaC1 and saccharides. 

Symmetric Solutions of K-H Buffer 

In symmetric solutions of K-H, the transepithelial resist- 
ance, Rm, remains unchanged upon the addition of ouabain 
even though Vo,. and I~ are completely inhibited (Fig. 1). The 
complete inhibition by ouabain demonstrates that Vo,. has its 
origin in the ion gradients generated by the Na+-K+-ATPase 
located in the serosal membrane (Fig. 9). The fact that R~ is 
not significantly changed by ouabain suggests that the trans- 
cellular resistance is significantly greater than the ouabain- 
insensitive resistances that are frequently associated with 
paracellular pathways (at least when Na + is the ion being 
transported) [20]. The linear current-voltage relationship in 
the presence of ouabain is also consistent with the notion 
that ouabain insensitive pathway is a paracellular pathway 
[20]. The above argument can be more readily understood by 
modeling the tongue as a circuit having two resistances in 
series, representing the resistance of the mucosal, R, and 
serosal Rs membranes respectively in parallel with an 
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FIG. 5. Response of the open circuit potential, V,,~ to the addition of 
5 mM 4-aminopyridine (4-AP) (arrow) to a 50 mM KC1 and 2 mM 
TrisC1 pH 7.4 solution bathing the mucosal surface. The serosal 
solution contained K-H. At the time when 5 mM 4-AP was added 
(arrow) the Ix,. was -4.1 txA/cm z and at 80 min was 0.16/xA/cm ~. 

ouabain-insensitive resistance that is commonly associated 
with the paracellular pathway R o. For such a circuit: 

Rm=(R~, + R~)'Ro/(Ra + Rs + Ro) (I) 

If the cellular resistance, (R, + RJ,  is >>Rp  then R,, ~R,,. 
Therefore Rm would not be expected to change upon the 
addition of ouabain since ouabain would increase (Ra + R~). 

With symmetric K-H solutions the epithelial charac- 
teristics of adult rat tongue have a higher Rm than either dog 
or rabbit tongue (Table 1) and hence can be readily distin- 
guished from these two other epithelia on this basis. Active 
transport across dog tongue, like adult rat tongue, is corn- 
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FIG. 6. Response of  V,,, and I~,. to D-glucose. The mucosa] solution contained 50 
mM NaC1 and 2 mM TrisCl pH 7.4 for all D-glucose concentrations. The serosal 
solution contained K-H. These data represent the mean_+S.E.M, of 4 experi- 
ments. 

pletely inhibited by ouabain but this is not the case for the 
rabbit tongue [27,28]. As shown previously, isolated lingual 
epithelia from different mammals respond differently to the 
same stimuli which indicates differences in their transport 
pathways [28]. 

Hyperosmotic Responses 

The response of rat tongue to NaCI (Fig. 2) exhibits two 
regions that can be readily distinguished by the mucosal con- 
centration. Hyperosmotic concentrations of NaCI will be 
considered first. This response is characterized by both a 
significant decrease in R m and a large inhibition of I~,. by 
ouabain and amiloride (Figs. 2 and 3). These results also 
suggest that the hyperosmotic response arises from the in- 
ward flux of Na + via a cellular pathway. The inhibition by 
amiloride implies that there is a Na + entry pathway in the 
mucosal membrane and the inhibition by ouabain suggests 
Na* exits the tongue through the Na+-K+ATPase (Fig. 9). 
The entry of Na + into the taste cells will depolarize them and 
hence elicit a response to the CT and NST [2, 30, 32]. The 
partial inhibition by amiloride of hyperosmotic NaCI re- 
sponses was also observed by numerous investigators in 
electrophysiological recordings from CT [5, 6, 9, 13, 21, 30, 
33] or NST [26] in rats and by Jakinovich in recordings from 
the CT of gerbils [14]. These results, taken together, suggest 
that at least part of the Na + transport measured through 
isolated rat tongue is occurring through cells in taste buds. 
This assertion is consistent with the histochemical study of 
Zalewski [34] that demonstrated that the Na+-K+-ATPase is 
located primarily in the taste buds. The response to 
hyperosmotic concentrations of NaC1 and its partial inhibi- 
tion by amiloride is also seen in isolated dog [7, 8, 27] and 
rabbit tongues [28] and in psychophysical measurements in 
humans [26]. 

The comparatively small inhibition of the hyperosmotic 
KCI response by amiloride suggests that at hyperosmotic 
concentrations, K + and Na + enter (and also leave) rat tongue 
through different pathways (Fig. 9). This behavior is also 

observed in isolated dog [7, 8, 27] and rabbit tongues [28]. 
Measurements from the CT [13] and NST ([26], (Fig. 8)) in 
rats also suggest separate entry and/or exit pathways for Na + 
and K t. 

At hyperosmotic concentrations the epithelial responses 
are greater for NaCl than KC1, suggesting rat tongue is more 
permeant to Na + than K *, perhaps as a result of the greater 
electrochemical gradient for Na ÷ entry (see below). A larger 
response to NaC1 than with KCI was also seen in recordings 
from the CT [2, 10, 17] and NST (Fig. 8). These data cor- 
roborate the correlation between epithelial responses from 
isolated tongue and electrical measurements from nerves 
associated with taste. 

Hyposmotic Responses 

At hyposmotic concentrations of NaCI and KCI, trans- 
port studies across isolated adult rat tongue show that: (1) 
the response of NaCI is greater than the response to KCI in 
the presence and absence of ouabain, and (2) for all concen- 
trations of NaCl or KCI (with K-H on the serosal side), the 
algebraic signs of Vo,. and I~c do not change (Fig. 2). This 
latter behavior is not observed in dog [6, 7, 27] or rabbit [28] 
tongue where V,,,, and I~c change signs at 30-50 mM NaC1 (or 
KC1) or in neonatal rats (unpublished observation). 

Consider first that Vo,. and Ix,, are greater in the presence 
of NaC1 than KC1. At the same chloride concentration the 
difference between the epithelial responses of these two salts 
must arise from the transport characteristics of Na ÷ and K ~ 
into (and out of) rat tongue. Given that the intracellular po- 
tential of rat taste cells is - 3 6  mV in 41.4 mM NaC1 [24] and 
that the intracellular K+/Na + ratio is about 10:1 [1, 15, 30], 
then the electrochemical gradient for K + entry will be less 
than that for Na + entry, a fact which may explain some of the 
differences between the responses of NaCI and KCl. 

That ouabain inhibits about half of the hyposmotic re- 
sponse to NaCI [without changing the sign of Vo~ or Ix,. (Fig. 
3)] suggests there is a net flux of CI- from the serosal to 
mucosal solution through ouabain insensitive pathways. The 
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FIG. 7. Recordings from NST of rat. The ordinate represents the number of impulses 
(action potentials) per 100 msec. Each box is 100 msec in width. The solid line, located 
below the abscissa, represents the duration of the application of the taste stimuli. 
Upper panel: 50 mM NaC1 and 2 mM TrisC1 pH 7.4, 36°C. Lower panel: 50 mM KCI 
and 2 mM TrisCl pH 7.4, 36°C. The inserts represent the analog signals obtained on a 
strip chart recorder. The data in the inset was analyzed by the computer to yield the 
histograms. 

presence  of  such an efflux is supported by the results of  the 
exper iment  where  the chloride ion was r emoved  from the 
serosal solution and replaced with the relat ively impermeant  
isethanate ion. I f  CI were  indeed contributing to the sign 
and magnitude of  V,,,, then it would be expec ted  that its re- 
moval  and rep lacement  with IS -  in the serosal (but not 
mucosal)  solution would  decrease  V,,,. and increase Rm. This 
is indeed what  was found to occur  here. What  is not  known,  
at present ,  is if the CI-  pa thways  which appear  to predomi-  
nate at hyposmot ic  concentra t ions ,  are through the cells or  
through a paracel lular  pa thway that may be permeable  to C1 

but not to IS . If  the paracellular  pathway were relat ively 
impermeable  to IS , then the negat ive value of  V,,,. with 
hyposmot ic  NaCI concentra t ions  in the mucosal  solution and 
NalS  in the serosal solution arises from the cations in the 
serosal solution passively diffusing down their e lec t rochemi-  
cal gradients.  F rom these considerat ions,  as well as f rom the 
behavioral  studies of  Formaker  e t a / .  [9] that showed that the 
NaCI response  contains a CI componen t ,  chloride pa thways  
were tentat ively placed in both the mucosal  and serosal 
membranes  (Fig. 9). 

A Na  + pathway was also placed in the serosal membrane  
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FIG. 8. Response of NST with NaC1 and KC1 solutions flowed over 
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pulses (action potentials) taken 2 sec after the first maximum (see 
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prior to the addition of the stimuli. This graph was constructed from 
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TABLE 1 
EPITHELIAL RESPONSES OF DOG, RABBIT AND RAT TONGUES IN 

KREBS-HENSELEIT BUFFER (T=36 °) 

Dog* Rabbit? Rat,+. 

V,,,. (mV) 11.8 6.6 9.8 
-I~. (p~A/cm 2) 16.6 26.7 6.4 
Rm (l~'cm ~) 782 247 1885 

*[23]; [24]?; Sthis work. 

to explain the stability of V,,~ and I~, in the absence of 
mucosal Na + or K + (i.e., when the mucosal solution con- 
tained 0.3 M TrisCl). If such a Na ~ pathway were not present 
in the serosal membrane, the Na"-K+-ATPase would 
"pump"  out all the intracellular Na +, and the L~. would de- 
cline with time. Hence, a pathway that recycles Na + back 
into the cell from the serosal solution is required. The fact 
that the I~,. can be inhibited by ouabain when KC1 is on the 
mucosal side also suggests the presence of such a Na + recy- 
cling pathway. It is not certain if the serosal Na + and CI 
pathways are separate or part of a self-exchange or co- 
transport protein. The inability of serosal bumetanide to alter 
the transport characteristics in the presence of 0.3 M KCI in 
the mucosal solution suggests that a Na'-K+-2C1 co- 
transporter is not present on the serosal membrane [12]. We 
are aware that the diagram of the rat tongue presented in Fig. 
9 represents only a partial description of the transport path- 
ways present and that further work is necessary to describe 
fully the transport responses of rat tongues. 

The maximum value of V,,,. was found at 1 mM NaCl and 
hence was lower for all higher NaC1 concentrations. How- 
ever, Heck et al. [13] reported in their experiments on iso- 
lated rat tongue that V,,~. increased when the mucosal NaCI 
concentration was increased from 1 mM NaCI to 1.5 M 
NaCI. The reason for the discrepancy between their data and 
ours is not evident especially in light of the good agreement 
of V,,,., I~,. and Rm obtained in symmetric solutions of K-H. 

A comparison of epithelial responses and the neurophys- 
iological recordings from the NST and CT at hyposomotic 
concentrations of NaCI and KCI show that they are in gen- 
eral agreement. At 0.1 M concentrations of NaC1 and KC1, 
several investigators [3, 5, 17, 22] found that the CT re- 
sponses were at least three times larger for NaCI than KC1. 
The NST measurements obtained in this work (Fig. 8) show 
that the response to NaCI is about twice that for KC1 for all 
concentrations. The differences in the magnitude of epithe- 
lial responses (at hyperosmotic concentrations) to NaC1 and 
KC1 are also in a ratio of 2-3 (Fig. 2). However, despite the 
agreement in the relative magnitudes of the responses, the 
CT [3, 5, 10] and NST ([25], Fig. 8) responses to NaC1 do not 
have the same functional form as the epithelial responses 
(Fig. 2). Moreover, the differences are most pronounced in 
the hyposmotic concentration range. Although the reasons 
for these differences are not well understood, it appears that 
the NST and CT responses reflect primarily the influx of Na 
(perhaps through more than one Na + pathway [10]), whereas 
the epithelial responses contain contributions from both 
anions and cations. Since more than one Na + pathway may 
be involved in the NST response, the values of KD and R ..... 
for NaC1 and KC1 obtained from the NTS data in Fig. 8, 
which assumes the cations are interacting with a single 
transport pathway, may not yield a precise physical interpre- 

tation regarding the nature of transport pathways. However, 
this analysis may be useful in cataloging and comparing dif- 
ferent data sets. 

lnhibitors o f  KCI Transport 

BaCl._,. To elucidate the entry and exit pathways for K + 
two K+-transport inhibitors, BaCI., and 4-AP were tested on 
rat tongue. The inhibitory effect of BaCI., of the transport in 
the presence of 300 mM KC1 suggests that K ~ is exiting rat 
tongue through a K + selective pathway in the serosal mem- 
brane (Figs. 4,9). Such Ba +~ inhibitable K ~ pathways in 
serosal membranes have been observed in numerous 
epithelia [30]. This K + pathway was not inhibited by the 
addition of 5 mM 4-AP to the serosal K-H buffer and thus is 
distinct from a 4-AP inhibitable pathway. 

4-Amim~pyridine (4-AP). The response of the rat tongue in 
the presence of 50 mM KCI in the mucosal solution was 
completely inhibited by the addition of 4-AP to the mucosal 
solution (Fig. 5). Kim and Mistretta [18] reported that 4-AP 
inhibited the CT response to 50 mM KCI and the results 
reported here from NST are consistent with their findings on 
the epithelial studies. These data suggest the presence of a 
K +-pathway [15,31] in the mucosal membrane (Fig. 9) which 
is directly involved in the response to KCI. Further agree- 
ment between the epithelial and neural responses was found 
when 5 mM 4-AP only minimally inhibited the epithelial, CT 
[18] and NTS responses in the presence of 300 mM KC1. It is 
possible that 4-AP and K + are competitive with each other or 
that the K 4 pathway at hyperosmotic concentrations is dis- 
tinct from the one at hyposmotic concentrations as previ- 
ously suggested [7,10]. It is well established that cells can 
have more than one K ~ pathway [19,30]. 

Response to D-GllwoSe and Sucrose 

The addition of D-glucose or sucrose to isolated rat 
tongue only slightly stimulates V,,,. and I~. (Fig. 6) and 
moreover the small stimulation is only slightly inhibited by 
amiloride. This small stimulation by saccharides of the CT 
responses in rats is well established [3, 22, 24] and the NST 
results presented here are entirely consistent with them as 
are the epithelial studies. Interestingly, amiloride also does 
not inhibit the CT responses to saccharides in rats [33] or 
gerbils [ 16]. 

in comparing the magnitude of 1~,, and the amiloride inhibi- 
tion for saccharides and NaCI in rat tongue with those of dog 
tongue, it was found that the amiloride inhibition in dog tongue 
is much greater than in rat tongue under identical conditions. 
For example, in dog tongue bathed in 1.0 M NaCI I~,. is about 
80 p~A/cm 2 [27], and it is inhibited about 6WA, by 0.1 mM 
amiloride [7,11]. In contrast, in rat tongue at 1.0 M NaCI 
Isc=20 ~A/cm ~, and it is inhibited only about 21Y?b by 
amiloride. About the same ratios of I~,. and amiloride inhibi- 
tion are seen in the responses to D-glucose [7,27]. The differ- 
ence in the magnitude of I~,. can be rationalized if either the 
number or type of transport pathways were different. How- 
ever, simply having a different number of transport path- 
ways will not explain the difference between the amiloride 
inhibition in dog and rat tongue if they were the same pathway. 
Although different hyperosmotic Na + entry pathways 
may indeed explain the differences, amiloride inhibition 
could also arise if the membrane potential of dog and rat 
taste cells were not the same. Although the membrane po- 
tential of taste cells in rats have been measured to be - 3 6  
mV [24] the intracellular potential in dog taste buds has not, 
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to ou r  knowledge ,  b e e n  m e a s u r e d .  H o w e v e r ,  g iven  tha t :  (1) 
Vo,. is a b o u t  20-30 m V  g rea t e r  in rat  tongue  t h a n  dog tongue  
wi th  50 m M  NaCI  in the  m ucos a l  so lu t ion;  (2) V,,c is p ropor -  
t ional  to the  po ten t ia l  ac ross  the  mucosa l  m e m b r a n e ;  and  (3) 
tha t  the  m e a s u r e d  po ten t i a l  in rat  tas te  cells  of  - 3 6  m V  is 
20-30 m V  more  pos i t ive  (depolar ized)  than  it is in o t h e r  tas te  
cel ls  [1, 23, 30] and  m a n y  o t h e r  ep i the l ia l  cel ls  [31], it is 
r ea sonab le  to a s sume  tha t  the  in t race l lu la r  potent ia l  is also 
more  nega t ive  (hyperpo la r i zed)  in the  tas te  cells in dog 
tongue  than  in rat  tongue.  This  d i f fe rence  in m e m b r a n e  po- 
tent ial  could  expla in  the  smal le r  inh ib i t ion  by amilor ide  in 
ra ts  s ince  amilor ide  inhib i t ion  has  been  s h o w n  to be depend-  
en t  on  the  m e m b r a n e  po ten t ia l  [31]. S ince  amilor ide  is a 
ca t ion ,  the g rea t e r  the m e m b r a n e  po ten t ia l  ( inside negat ive) ,  
the g rea te r  will be  its b inding  to the r ecep to r  g iven  tha t  the  

ami lor ide  b inding  site is in the  e lectr ic  field. 
In s u m m a r y ,  severa l  of  the  en t ry  and exi t  p a t h w a y s  for  

N a  +, K + and  CI-  t h rough  ra t  tongue  have  been  descr ibed .  
The  n u m b e r ,  type  and  se lec t iv i ty  of  these  en t ry  (and exit)  
p a t h w a y s  d e t e r m i n e  the epi thel ia l  r e sponse  to a g iven  tast-  
ant .  The  en t ry  and /o r  exit  of  these  ions f rom the  tas te  cells 
will in turn  elicit r e s p o n s e s  f rom the  CT n e r v e s  and  also 
n e u r o n s  in the  NST.  The  drugs  tha t  inhibi t  r e s p o n s e s  in iso- 
la ted ep i the l ium also inhibi t  r ecord ings  f rom tas te  ne rves .  
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