
Pharmacology Btochemlstry and Behawor, Vol. 46, pp. 83-88, 1993 0091-3057/93 $6.00 + .00 
Printed in the U.S.A. All rights reserved. Copyright © 1993 Pergamon Press Ltd. 

Ion Transport in Rat Tongue Epithelium 
In Vitro: A Developmental Study 

A. M A R K  S E T T L E S  A N D  S H E E L L A  M I E R S O N  I 

School o f  Li fe  and Health Sciences, University o f  Delaware, Newark, D E  19716 

Received 11 Februa ry  1993 

SETTLES, A. M. AND S. MIERSON. Ion transport m rat tongue epithelium in mtro: A developmental study. PHAR- 
MACOL BIOCHEM BEHAV 46(1) 83-88, 1993.-The responsiveness of the rat gustatory system to monochloride salts 
changes during development. Neurophysiological recordings m the chorda tympani indicate that a) the taste responses to 
NaCI and KCI in early postnatal rats are small relative to NH4CI, b) both salts become more potent stimuli as the animal 
matures, and c) the developmental increase is accompanied by an increase in sensitivity of the NaCI response to the sodium 
transport blocker amiloride. We measured ion transport properties of in vitro tongue epithelia from Wistar rats. When the 
tissue is mounted m an Ussing chamber, the short-circuit current responses to NaC! and KC1 are small in the neonatal rat and 
increase during development in postweaning and adult animals. Amiloride sensitivity of the NaCI response also increases 
with age. This study confirms that increased sensitivity of the rat gustatory system to NaCI with age reflects changes in the 
peripheral membranes. The results support the hypothesis that the increased sensitivity is due to amiloride-sensitive membrane 
components being added or becoming functional. 

Salt taste Amiloride Transduction Lingual epithelium Ion transport Development 

TASTE nerve recordings indicate that the responsiveness of 
the rat gustatory system to monochloride salts changes dur- 
ing development. Whole chorda tympani nerve responses to 
NaCI, LiC1, and KC1 in early postnatal rats are small relative 
to NH4CI; they become more potent stimuli as the animal 
matures (7,22). In recordings from single chorda tympani fi- 
bers, response frequencies to NaCl and LiC1 increase during 
development (11). As shown in Fig. 1, the developmental in- 
crease is accompanied by an increase in sensitivity of the NaCl 
or LiCl response to the Na + ion transport blocker amiloride, 
as measured in whole chorda tympani recordings (10). Hill 
and Bour (10) hypothesized that amiloride-sensitive peripheral 
membrane components underlying transduction for NaCl and 
LiCl are added or become functional during development. 
This study was conducted to test that hypothesis. 

We used an in vitro preparation of the dorsal rat tongue 
epithelium. This preparation has been used extensively to 
study amiloride sensitivity in both rat and dog tongue epithelia 
(4-6,9,13,14,18,19). Patch clamp recordings confirmed that 
an amiloride-sensitive ion channel in taste cell membranes is 
a major Na + transducing element (1-3). We studied the 
responses to NaCl, KC1, and NH4C1, as well as the accom- 
panying amiloride sensitivity, in the epithelium from rats of 
different ages. The results show age-related changes in ion 
transport and support Hill and Bour's hypothesis that the 
increase in amiloride sensitivity resides in the peripheral mem- 
branes. 

METHOD 

Tissue preparation and recording apparatus were similar 
to those described previously (15). Wistar rats were obtained 
from Charles River Breeding Laboratories (Wilmington, 
MA). Animals were killed either with sodium pentobarbital or 
by placing in a CO2 atmosphere; no difference was observed in 
the epithelial response between the two methods. The tongue 
was pinned dorsal side down on a rubber dissecting board and 
the muscle fibers removed under a dissecting microscope. The 
tissue was sandwiched between two flat silastic gaskets to 
which it was attached with cyanocrylate adhesive and clamped 
in a modified Ussing chamber. Tissue cross-sectional area was 
0.24 cm2; the chamber was approximately 5 ml on each side. 
Voltage was measured between 0.907o NaCl-agar bridges in 
series with calomel electrodes using an automatic voltage 
clamp (Physiologic Instruments, San Diego, CA); current was 
passed through 0.9870 NaCl-agar bridges in series with Ag- 
AgCI electrodes. Short-circuit current (I~¢) was monitored on 
a strip-chart recorder; transepithelial resistance (R) was deter- 
mined by pulsing current for 1 s ( ± 5 mV); potential difference 
(PD) was calculated from I~¢ and R. The tissue was bathed in 
Krebs-Henseleit buffer (K-H), consisting of 118 mM NaC1, 
5.6 mM KCI, 1.9 mM CaCI2, 1.2 mM MgSO4, 1.3 mM 
NaH2PO 4, 25 mM NaHCO3, and 5.6 mM glucose; pH was 7.4 
when the solution was bubbled with 95°70 02/5070 CO2. The 
chamber was kept at 34°C. All chemicals were reagent grade. 

i To whom requests for reprints should be addressed. 

83 



84 SETTLES A N D  M I E R S O N  

1.2 

_ 1.0 

z 0.8 
tt~ 
o 
"-- 0.6 uJ o9 
Z 
O 0.4 Q_ 
O9 UJ 
rr 0.2 

0 

A 
0.5M NaCI 

I I I l I 

20 40 60 80 100 

A .~ NORMAL DEVELOPMENT 
H AFTER AMILORIDE 

B 
0.5M LiCI 

2'o 4; 6; 8; 
AGE (days) 

C ]1.2 

0.5M KCI 
1.0 

0.8 

0.6 

0.4 

0.2 

t 

0 20 40 60 80 100 

FIG. 1. Average response ratios from whole chorda tympani recordings to 0.5 M NaCI 
(A), 0.5 M LiC1 (B), and 0.5 M KC1 (C) compared to 0.5 M NH4Cl m rats aged 12-13 
days, 29-31 days, and 90-110 days before and after lingual application of amiloride (0.5 
mM). SE bars are denoted for each mean; n = 5. Reprinted from (10) with permission. 

Ami lor ide  HCI was ob ta ined  f rom Sigma Chemical  Co. (St. 
Louis ,  MO).  

The  tissue was m o u n t e d  with K-H on  b o t h  sides; af ter  
voltage and  t empera tu re  reached s teady state  (30-60 rain),  the 
tissue was c lamped to zero voltage.  To o b t a i n  c o n c e n t r a t i o n -  
response  funct ions ,  the  mucosa l  so lu t ion  was replaced by in- 
creasing concen t ra t ions  o f  the  first salt beg inning  with 0.01 M 
and  wait ing for  I~c to come  to a s teady state  (at least 5 min)  
before  going to the  next  h igher  concen t ra t ion .  At  the  end  o f  
one  series, the  tissue was al lowed to equi l ibra te  wi th  K-H o n  
the  mucosa l  side, and  then  the  series was begun  for  a second 
salt. All  three  salt  series were presented  in one  tissue: The  
order  o f  p resen ta t ion  a m o n g  the three  salts (NaCl,  KCI, and  
NH4CI) was systematical ly var ied f rom one  exper iment  to  an- 

T A B L E  1 

STEADY-STATE ELECTRICAL PARAMETERS OF 
RAT TONGUE EPITHELIUM IN VITRO 

Age (days) 

11-13 29-31 90-110 

Ix ~ A / c m  2) 4.2 + 0.3 7.5 ± 0.7 9.9 + 0.9 
PD(mV) 6.0 + 0.4 10.1 + 0.4 10.6 + 0.6 
R(fl-cm 2) 1,455 + 103 1,517 + 144 1,162 ± 99 

(n) (22) (19) (18) 

Values are means and SEMs, measured in an Ussing chamber with 
Krebs-Henseleit buffer on both sides. Ix, short-circuit current; PD, 
transepithelial potential difference; R, transepithelial resistance; (n), 
number of experiments. 

90-1101 iiYi. ~ 

I 5~A/cm 2 

11-13 days 

m,'n 
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FIG. 2. Typtcal I~ responses to 0.5 M NaCI in in vitro tongue epithe- 
lia from rats aged 11-13 days (A) and 90-110 days (B). The rinse 
solution is 0.01 M NaC1. The bottom of the vertical bar indicatmg the 
scale for I x is at 0/,tA/cm 2 for each graph. Current excursions are m 
response to a bipolar 5-mV voltage pulse; the length of the excursion 
is propornonal to tissue conductance. 
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FIG. 3. Steady-state I,~ vs. concentration for three salts in in vitro lingual epithelia 
from rats aged 11-13 days (A), 29-31 days (B), and 90-110 days (C); n = 3. 

other. Serosal K-H was changed at least once an hour to assure 
adequate supply of  nutrients to the tissue. 

For the measurements of  amiloride sensitivity, the response 
of  each tissue to 0.5 M concentration of  two salts was mea- 
sured before and after exposure to amiloride. The protocol 
was as follows: a) Change the mucosal solution from 0.01 M 
NaCI to 0.5 M of the first salt (NaCl, KCI, or NH4CI); b) 
return to symmetrical K-H until I~ reaches steady state; c) 
repeat (a) and (b) for a second salt; d) replace the mucosal 
solution with 0.01 M NaCl; e) after I~c reaches steady state, 
add 0.5 mM amiloride (in 0.01 M NaCl) to the mucosal solu- 
tion for 5 min; f) repeat steps (a)-(c) to determine the response 
to the same two salts after amiloride. The epithelium from 
the adult animal is hardy and responds to 0.5 M NaC1 for 

many hours with no diminution in response; however, the 
tissue from the neonatal animal shows a diminution in re- 
sponse after only a few stimuli. Hence, only two salts were 
presented to one tissue rather than all three; to be consistent, 
the same protocol was followed for all age groups. In addi- 
tion, it was necessary to carry out control experiments to cor- 
rect for length of  time in the chamber. These were identical to 
the above protocol except no amiloride was added. Using the 
control data, a correction factor was derived for each age 
group, salt, and electrical parameter (I= or PD). This factor 
consisted of  the average value of  the ratio of  the first response 
to a salt divided by its second response. Five amiloride experi- 
ments and five control experiments were done for each salt in 
each age group. The response after exposure to amiloride was 
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FIG. 4. Steady-state I~ responses to three salts in in vitro tongue epithelia from 
rats aged 11-13 days, 29-31 days, and 90-110 days before and after exposure to 
amiloride (0.5 mM) in the mucosal solution. SE bars are shown for each mean 
(n = 5). Data after amiloride are corrected for length of time in the Ussing chamber 
(see text). *Statistically significant decrease due to amiloride; the percentage de- 
crease was compared between amiloride and control experiments Co < 0.05, Stu- 
dent's t-test). 
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FIG. 5. PD responses to three salts in rat tongue epitheha. Conditions are the same 
as in Fig. 4. 

multiplied by the correction factor from the control experi- 
ments. To determine the statistical significance of the decrease 
in response after amiloride, the percentage decrease from the 
first application to the second application of a salt was com- 
pared between amiloride experiments and control experi- 
ments. 

RESULTS 

The electrical parameters in symmetrical K-H show devel- 
opmental changes. As can be seen in Table 1, both I~ and 
PD increase with age. The I~ response to a hyperosmotic salt 
solution is small for the neonatal rat relative to that for the 
adult animal, as shown in Fig. 2. I~ concentration-response 
functions for three salts are given in Fig. 3 for the three age 
groups. The slope of the function is less for each salt in the 
neonatal animal than that in the adult, with the biggest change 
occurring for NaCl. In the young animal, at all concentrations 
above 0.01 M the response to NaC1 is smaller than the re- 

sponse to KC1 or NH4CI; in the adult animal, the responses to 
all three salts are more comparable. 

The steady-state I~ response of the tissue to 0.5 M NaC1, 
NH4CI, and KCI before and after amiloride is shown in Fig. 4 
for each age group. Figure 5 shows the potential difference 
and Fig. 6 the transepithelial resistance for the same experi- 
ments. Amiloride has no effect on the response to any salt in 
the neonatal rat. The effect of amiloride on the I,c response to 
NaCl is pronounced in the 3-month-old animal. In the l- 
month-old rat, the PD response shows amiloride sensitivity 
that is statistically significant; the amiloride sensitivity of the 
I~ response at that age is not significant. Both I~ and PD 
responses to KC1 are not amiloride sensitive at any age. The 
response to NH4CI shows a small amiloride sensitivity in the 
1- and 3-month-old. 

To determine if the developmental change is hormone me- 
diated, we exposed the neonatal tissue to serum from an adult 
animal. Serum was prepared from blood collected by cannu- 
lating the femoral artery of adult, male Wistars. The serum 
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FIG. 6. Transepithelial resistance m response to three salts in rat tongue epithelia 
before am]loride presentation (n = 5). There was little or no change after amiloride. 
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was frozen overnight  and used the next day. Epithelia f rom 
13- to 22-day-old rats were mounted  in the Ussing chamber  
and exposed to mucosal  0.01 M NaC1 followed by 0.5 M NaC1 
to get a baseline response. Af te r  returning the tissue to sym- 
metrical K-H, the serosal solution was replaced by either 10070 
serum diluted in K-H or 100070 serum. The I x response to 
mucosal  0.5 M NaC1 was measured once an hour;  fresh serum 
was placed on the serosal side every hour.  No effect was seen 
due to either concentrat ion o f  serum over a 3-h exposure, 
which was as long as the tissue f rom the young animal was 
viable in the Ussing chamber.  

DISCUSSION 

This study shows that there is an increased sensitivity of  
the in vitro lingual epithelium to NaC1, KC1, and NH4CI as 
measured by Ix in the Ussing chamber.  Amilor ide  sensitivity 
of  the NaC1 response is nonexistent in the neonatal  rat and 
develops with age, approximately  paralleling the development  
o f  amiloride sensitivity as measured in whole chorda tympani  
recordings (10). These results conf i rm that increased sensi- 
tivity of  the rat gustatory system to NaCl  with age reflects 
changes in the peripheral membranes  and provide support  for 
the hypothesis that the increased sensitivity is due to amilor- 
ide-sensitive membrane  components  either being added or be- 
coming functional.  

Al though the experiments reported here cannot  distinguish 
between amiloride-sensitive apical Na + channels being added 
or  becoming functional,  the latter is the more likely possibil- 
ity. Immunohis tochemical  evidence shows that amiloride- 
sensitive Na + channels are present in the taste buds of  even 
l-day-old rats, suggesting that the onset o f  amiloride sensitiv- 
ity is due to activation o f  quiescent channels already present 
in taste receptor cell membranes  (21). 

It is not  known what factors cause the activation of  the 
apical channels. The experiment reported here with whole 

blood serum from adult animals was a beginning at tempt to 
identify those factors. However ,  the negative result cannot be 
interpreted to mean that hormones are not involved. Three 
hours after adding serum may be insufficient t ime for the 
hormone(s) to have an observable effect. The relevant hor- 
mones may be present or  at elevated concentrations only at 
particular stages in development.  The effect could be due to a 
combinat ion o f  hormone(s) plus some other factor. Alterna- 
tively, access to the basolateral membrane may be inadequate 
through the muscle and connective tissue on this preparation 
(14). 

It is possible that membrane components  besides the apical 
Na + channel also change with age. The fact that the I~¢ re- 
sponses to all three salts increase with age (Fig. 4) suggests 
that other components  may vary. It is not  known if  there are 
changes in the activity o f  the Na,K-ATPase ,  in the structure 
o f  the tight junction,  etc. In the literature, there are examples 
o f  other epithelia that show a variety of  transport-related 
changes with development (8,12,16,17,20). 

Changing sensitivities to monochlor ide salts with age have 
been observed not only in taste nerve recordings but also in 
behavioral  studies of  taste in rodents and humans [see (10) 
for a list o f  references]. This study shows that the in vitro 
Ussing chamber preparation can he useful for studying devel- 
opment  o f  salt taste. It is hoped that the preparat ion can be 
used further to shed light on the factors that activate the Na + 
channels. 
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