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Summary. The requirement for Na + and C1- in the bathing media 
to obtain a maximal HCO3 secretory flux (jHco~) across isolated 
short-circuited Amphiuma duodenum was investigated using titra- 
tion techniques and ion substitution. Upon substitution of media 
Na + with choline, HCO3- secretion was markedly reduced. Re- 
placement of media C1 produced a smaller reduction of j~co~. 
The presence of CI- enhanced HCO2 secretion only if Na + was 
also in the media. Elevation of media Na + or CI in the presence 
of the other ion produced a saturable increase of jnco~. In the 
presence of Na +, CI- stimulated jHco3 when added to the mucosal 
but not the serosal medium. In the presence of C1-, Na § elevated 
j~co~ when added to the serosal but not the mucosal medium. 
The ability of mucosal C1 to stimulate jnco~ was not apparently 
dependent on mucosal Na +. Simultaneous addition of 10 mM C1- 
to the Na'-free mucosal medium and 10 my Na + to the C1 -free 
serosal medium stimulated jnco~ above levels produced by serosal 
Na + alone. In conclusion, intestinal HCO~ secretion required mu- 
cosaI CI and serosal Na + and did not involve mucosal NaC1 
cotransport. The results are consistent with a mucosal C1- absorp- 
tive mechanism in series with parallel basolateral Na+-H + and 
CI--HCOa exchange mechanisms. 

Key Words chloride �9 sodium - bicarbonate . intestine - am- 
phiuma �9 cotransport 

Introduction 

The secretion o f  H C O ~  linked to the absorpt ion  o f  
C I -  has been observed in a wide variety o f  epithelia 
including frog skin [3], turtle ur inary bladder [1, 13, 
20], s tomach [4], gallbladder [9], and the large [5] 
and small intestine [10, 17, 19]. While the term C1-- 
H C O ;  exchange is often at tached to this process, 
the implication o f  linked, passive t ranspor t  is often 
cont rary  to the observations. When  examined under  
r igorous in vitro condit ions the movements  o f  both 
ions are against their electrochemical gradients [1, 
3, 5, 17]. Moreover ,  a l though the exchange is indepen- 
dent of  the presence o f  Na  + in the medium bathing 
turtle ur inary bladder  [1, 11] and rabbit  colon [5], 
C t - - H C O ~  exchange in guinea pig gallbladder [9] 
is reported to be N a  +-dependent.  

The small intestine o f  the urodele A m p h & m a  se- 
cretes HCO~- actively in vitro at a rate which is opti- 
mal only when Na  + and C1- are present in the bath- 
ing medium [12]. Replacement  o f  Na  + with choline 
or C1- with SO~-  reduced the rate o f  HCO~- secretion 
by short-circuited segments o f  isolated duodenum.  
In this same preparat ion we have also reported that  
active electrogenic C1- absorpt ion occurs if Na  + and 
H C O ~  are present in the medium [23]. Complete  re- 
placement  of  either ion eliminated C1- absorption.  
One possible interpretat ion o f  these observations is 
that  C1- absorpt ion is linked to N a  + uptake via Na- 
C1 cot ranspor t  at the mucosal  membrane,  as reported 
in other  intestinal preparat ions  [7, 15], and that  C1- 
accumulated  within the cytoplasm exchanges with 
HCO~- at the serosal membrane.  Indeed, serosal ap- 
plication o f  the stilbene SITS, the inhibitor o f  anion 
exchange in erythrocytes [2], eliminated C1- absorp-  
tion [23] and HCO;-  secretion [12] in Amphiuma intes- 
tine. This finding supports  the second step in the 
proposed  scheme, i.e., exchange of  C1- and HCO~- 
at the serosal membrane.  However,  mucosal  Na-C1 
cot ranspor t  was not  favored in an earlier report  [23] 
because C1- t ranspor t  is electrogenic and because 
there was no relationship between unidirectional or 
net fluxes o f  isotopically labeled Na  + and C I - .  

The present study utilized ion substi tution proce- 
dures to characterize the roles o f  Na  + and C1- in 
HCO~- secretion and the possible role o f  Na-C1 co- 
t ranspor t  in this process. 

HCO3- secretion was observed to be divisible into 
three componen t s :  a Na  + and C1-- independent  com- 
ponent,  a Na  +-dependent component ,  and a compo-  
nent that  required the presence o f  both  N a  + and 
C1-. Na  + was required in the serosal medium, while 
C I -  was required in the mucosal  fluid. The results 
do not  support  Na-C1 cot ranspor t  in the process of  
H C O j  secretion. More  likely, C1 - H C O 3  and N a + -  
H + exchange are operating. 
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Table 1. Bathing media 

Normal Na +-free C1--free Na +, C1- 
media media media free media 

B U B U B U B U 

Na + 95 95 0 0 95 95 0 0 
Choline + 0 0 95 70 0 0 95 95 
CI- 76.3 76.3 70 70 0 0 0 0 
SO4 2 0 12.5 2.25 2 .25 37.25 49.75 37.25 49.75 
HCO3- 25 0 25 0 25 0 25 0 
K + 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
Ca +2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
Mg +2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Gluconate 0 0 1.8 1.8 1.8 1.8 1.8 1.8 
Mannitol 20 32.5 20 70 55 67.5 56.55 62.1 

B buffered serosal medium; U - unbuffered mucosal medium. 
Ion concentrations are in meq/liter. Media Na + concentration was 
varied from 1 to 25.5 mM by substitution with choline. Media 
CI- concentration was varied from 1 to 25.5 mM by substitution 
with SO 2 - with adjustment of the mannitol concentration to main- 
tain the osmolarity. 

Materials and Methods 

Animals, and Tissue Preparations 

Adult Amphiuma were maintained and anesthetized as described 
previously [23]. Proximal segments of small intestine, which will 
be referred to as duodenum, were excised and stripped of their 
outer mnscIe layers while bathed in oxygenated media. Two adja- 
cent duodenal segments were each opened and mounted as a sheet 
in separate plexiglass chambers. 

Bathing Media 

The composition of the bathing media used in this study is seen 
in Table I. The HCO3--buffered medium used in the serosal com- 
partment was gassed vigorously with humidified 95% 02/5% CO2. 
The companion unbuffered medium employed in the mucosal com- 
partment was gassed with 02 passed through a solution of NaOH 
to remove COz. The choline sulfate employed in the Na + and 
Cl--free medium (Table i) was prepared by titration of choline 
HCO3- to pH 7.4 with H2SO~. 

Experimental Procedure 

Before sacrificing the animal two identical tissue chambers were 
assembled and pre-equilibrated with the gas mixture. The 
chambers, as previously described [23], accommodated 1.77 cm 2 
of mucosa and allowed the continual measurement of the rate 
of HCO~- secretion, while the tissue was voltage clamped to elimi- 
nate the transepithelial potential. When the sodium concentration 
of the medium was varied, the potential-sensing and current-pass- 
ing agar bridges were formed with saturated KC1 and unbuffered 
Na-free (choline) media, respectively; when the chloride concentra- 
tion was varied, the bridges were made with 1 M Na formate and 
unbuffered C1--free (SOZ4 -) media, respectively. When both Na + 
and C1 were replaced, all agar bridges were formed with unbuf- 
fered choline SO~ media. After the tissue was in place both com- 
partments of the tissue chamber were rinsed frequently with fresh 
medium for 1-2 hr before titration commenced. The paired duode- 
nal segments were randomized between two automatic titrating 
units. 

Measurement of HC03  secretion 

Intestinal segments bathed on their serosal surface with buffered 
medium (10 ml) alkalinized the nnbuffered mucosal medium (5 ml). 
The HCO3 secretory flux was measured by titrating the mucosal 
medium with 0.05 N HzSO4 by means of a Radiometer titration 
system (The London Co., Cleveland, Ohio). The slope of the titra- 
tion curve was calculated automatically at 20-rain intervals using 
a Hewlett-Packard Digitizer in line with a Calculator Plotter. The 
mucosal pH was held constant at the pH of the serosal medium 
(7.38-7.42). The rate of titration, referred to as the HCO;- secretory 
flux jnco~, was expressed in geq/hr cm 2. The titrant was standard- 
ized with potassium hydrogen phthalate (National Bureau of Stan- 
dards, Washington, D.C.). The total volume of titrant added was 
maximally about 0.20 ml. 

Electrical Measurements 

The transmural potential difference and the current required to 
reduce the potential to zero, the short-circuit current (I~c), were 
measured with an automatic voltage-clamp device which automati- 
cally compensated for the solution resistance [23]. While all of 
the measurements were performed with the transepithelial potential 
clamped at 0 mY, the I~c is only reported in an initial study because 
the interpretation of subsequent measurements were complicated 
by the presence of diffusion potentials. 

Sodium Flux Measurements 

The serosa-to-mucosa flux of Na + was determined using 22Na. 
The isotope was added to the serosal fluid (1 gCi/ml) immediately 
following addition of cold Na + to elevate the serosal [Na +] to 
10 meq/liter. After 1 hr 100 gl samples were withdrawn from the 
mucosal fluid every 20 rain, the volume of the mucosal compart- 
ment being maintained by subsequent addition of unbuffered medi- 
um. 22Na was counted with a Packard liquid scintillation spectrom- 
eter and the Na + flux calculated by standard methods employed 
previously [23]. 

Statistical Tests 

Statistical significance was examined using Student's t-test for 
paired or unpaired comparisons. All errors are expressed as the 
standard error of the mean. 

Results 

Substitution of Na + and Cl- 

T h e  t i m e  c o u r s e  o f  the  H C O ~  s e c r e t o r y  f lux jHco~ 

ac ro s s  s h o r t - c i r c u i t e d  d u o d e n a l  s e g m e n t s  is seen  in 

Fig.  1. jnco; w a s  g r e a t e s t  w h e n  N a  + a n d  C1-  w e r e  

p r e s e n t  in the  m u c o s a l  a n d  se rosa l  m e d i a  (Tab le  1, 

n o r m a l  m e d i a )  a n d  was  r e d u c e d  w h e n  e i t h e r  N a  + 

or  C1-  w a s  s u b s t i t u t e d .  W h e n  C1-  was  r e p l a c e d  w i t h  

S O ~ - ,  jHCO; was  l o w e r  t h a n  in p a i r e d  s e g m e n t s  

b a t h e d  in t he  n o r m a l  m e d i a .  The  va lue  o f  dHCO; in 

C 1 - - f r e e  m e d i a  a p p r o a c h e d  the  va lue  in the  n o r m a l  

m e d i a  a f t e r  4 hr.  jHCO; was  l o w es t  w h e n  t i s sues  w e r e  

b a t h e d  in  m e d i a  in  w h i c h  b o t h  N a  + a n d  C1-  w e r e  

r ep l aced .  T i ssues  b a t h e d  in N a  +-free  m e d i a  were  a l so  
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Fig. 1. Average time course of HCO~secretory flux 
(jnco~) in media of different composition. The short- 
circuit (I~) at 4 h is provided for comparison. Paired 
tissues from the same animal (n=4) were used to 
compare normal media with Cl--free media. 
Additional paired segments (n = 3) were used to 
compare Na +-free with Na +, C1--free media 

secreting HCO3 at a relatively slow rate after 4 hr. 
Thus HCO;- secretion was maximal in the presence 
of both Na + and C1-; media Na + supported secre- 
tion in the presence or absence of CI-,  while the 
effects of media C1- was marked only in the presence 
of Na+. Comparison of the time course of HCO~- 
secretion in normal media with that in C1--free media 
suggested that the stimulating effect of C1- was grea- 
test early and declined steadily with time. Additional 
support for this view is given below. Also seen in 
Fig. 1 the short-circuit current (Isc) at 4 hr was slightly 
negative in normal media and differed significantly 
from jnco~ (p < 0.01) in agreement with earlier obser- 
vations [23]. jnco~ was somewhat greater than Iso in 
C1--free media as well ( P <  0.05). 

Relationship between Media Na  + and jHco~ 

The rate of HCO~- secretion was measured in C1-- 
containing media as the [Na +] of the media was varied 
from 0 to 95 meq/liter by substitution with choline. 
This was done in either of two ways. In the first 
series adjacent segments of tissue from the same ani- 
mal were exposed to media containing Na + at a single 
concentration and jHco~ was measured at 4 hr. In 
the second series segments were rinsed in Na+-free 
media then exposed to a series of media of increasing 
[Na +] for 60-80 rain intervals. This required simulta- 
neous replacement of the unbuffered mucosal and 
buffered serosal medium. A new stable rate of HCO;- 
secretion usually developed within 40 rain. Since the 
results of both protocols were practically identical, 
they were pooled and are illustrated in Fig. 2. jncof  
was not influenced by elevation of Na + to 1 meq/liter, 
but a detectable increase was observed at 5 meq/liter 
and saturation was evident at 25 meq/liter Na +. 

Media CI -  vs. j~co~ 

The influence of  the CI-  concentration of the media 
on jnco~ is also illustrated in Fig. 2. In this series 
segments initially bathed in C1--free media (Table I) 
were exposed on both surfaces to a series of solutions 

i2 -  Na + 

1.0- 

0.8- 

,~ 0.4. 

<3 0.2, 

0.0. 

o ,b 2'0 4'o sb go 7; 
[,oo] r, oq/L 

Fig. 2. The HCO~ secretory f lux j~co7 as Na + or C1- was increased 
simultaneously in both mucosai and serosal bathing fluid by substi- 
tution of  media choline or SO,~ , respectively. Each point is the 
average of six (Na+) or eight (CI-) measurements. The curves 
were drawn by eye 

of increasing [C1-]. In contrast with the results ob- 
served on addition of Na +, jHco~ was enhanced mea- 
sureably when only 1 me@liter of C1- was present 
in the bathing media and was elevated further as 
C1- was raised to 25.5 mM. Further increases in medi- 
um C1- did not increase jnco~. The [C1-] of the final 
solution (70 mM) was equivalent to normal media. 
The smaller stimulation of jHco~ following C1- addi- 
tion as compared with Na § addition seen in Fig. 2 
was consistent with the results in Fig. 1, since at 4 hr 
the difference in jnco~ between normal media and 
Na+-free media exceeded that ,between normal vs. 
C1--free media. 

Sidedness o f  Na + St imulat ion 

In order to determine whether Na + was more effective 
at one surface of the epithelium, the mucosa was 
exposed on the luminal face to a medium of normal 
[Na +] while the serosal medium was Na+-free. For  
the companion tissue only the mucosal medium was 
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Fig. 3. Typical response in paired segments to addition at the arrow 
of sodium (as NaCI) to the mucosal  fluid (m Na) or serosal fluid 
(s Na). The bar diagram to the right illustrates the average control 
jHeo~ (c) and the value after unilateral then bilateral addition of 
Na + in paired adjacent duodenal segments from four animals. 
C1- was present at 76.4 mM before the addition 
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Fig. 4. Typical response in paired segments to addition of C1- 
(as NaC1). The bar diagram to the right illustrates the control 
jHco~ (c) and the response to C1- addition in paired tissues from 
six animals at 4 hr. Na was present initially at 95 m ~  

Na +-free. No detectable difference in j~co~ was ob- 
served in preliminary observations, possibly because 
of the high tissue conductance to Na +. To circumvent 
this potential difficulty, intestinal segments were 
bathed in Na+-free media and after a constant rate 
of HCO~- secretion had developed a small volume 
of NaC1 was added to raise the [Na +] to 10 mg. 
As seen in Fig. 3, within 80 min after serosal Na + 
addition jnco~ had risen to a new stable value. In 
contrast, when NaCI was added to the mucosal side 
to the same final concentration HCO~- secretion was 
not enhanced, jHco~ was measureably stimulated 
(Fig. 3) only after subsequent addition of NaC1 to 
the serosal medium. In four animals addition of sero- 
sal Na + increased j~co~ by 0.27_+0.04 geq/hr cm 2 
compared to a very slight reduction in jHco~ 
(-0.04_+0.02 geq/hr cm 2) following mucosal Na + 
addition in paired adjacent segments. The effect of 
serosal Na + was highly significant (P < 0.01). 

Sidedness o f  CI- Stffnulation 

A similar protocol was used to investigate the sided- 
ness of CI-  stimulation. Paired segments initially 
bathed in C1--free media (Table 1) were exposed to 
C1- on either the mucosal or serosal surface. As seen 
in Fig. 4 for a typical tissue, mucosal addition of 
CI-  (as NaC1) to a final concentration of 10 mu  ele- 
vated jHco~ while serosal addition of CI-  was com- 
pletely ineffective. In six tissues averaged in Fig. 4, 

juco~ was significantly stimulated (P<0,01) by addi- 
tion of C1- on the mucosal side. It is also evident 
in the figure and adjacent bar graph that early addi- 
tion of C1- to the mucosal medium was more stimula- 
tory than when added later after serosal addition of 
C1-. This was probably due to a temporal decline 
in sensitivity to C1- as discussed in regard to Fig. 1. 

Role o f  Na + in CI-  Stimulation 

Since C1- was able to stimulate HCOs secretion only 
in the presence of Na +, the possibility that this stimu- 
latory effect of mucosal C1- depended on Na-C1 co- 
transport was examined in two series. In the first, 
paired segments were rinsed in Na+-free media 
( C I - =  70 raM) for 60 rain. The [Na +] of the medium 
bathing each surface of one segment was then raised 
to 10 mM by addition of Na2SO4, while for the adja- 
cent segment only the [Na +] of the serosal medium 
was elevated. As seen in Table 2, although HCO~- 
secretion was enhanced in both segments, the addition 
of Na + to mucosal and serosal media did not stimu- 
late HCO~ secretion over that produced by elevation 
of serosal Na + alone. The response in paired segments 
was not statistically different ( P >  0.05). 

In the second series paired segments were rinsed 
for 60 rain in Na + and C1--free media. At 1 hr the 
[Na +] of the serosal medium bathing both segments 
was elevated to t0 ham by addition of NazSO,;. At 
140 min NaC1 was added to the mucosal medium 
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Table 2. Stimulation of HC O~ secretion by mucosal  + serosal Na + 
vs. serosal Na + 

Control Addit ion zIJ Hc~ 

~.2- 

j aco ;  Choline C1 Mucosa l+se rosa l  Na + ~" O8- E 

0.64_+0.04 0.93_+0.04 0.29_+0.04 

jHco; Choline C1 Serosal Na + 3~ 
0.58_+0.04 0.96__0.12 0.38_+0.10 

fro 

H C O ;  fluxes are in ~teq/hr cm 2. Control rates were obtained in : 0.4- 
tissues incubated in Na-free (choline) media with 70 mM C1-. Na + 
was added as NaaSO~. The response of  paired tissues from four 
animals was averaged. Additions were made at approximately 140 
rain. The final [ N a + ] : 1 0  raM. 

Table 3. Stimulation of H C O f  secretion by mucosal  CI-  with 
or without Na + 

Control Mucosal  addition AJ nc~ 

j H C O ,  10 mM serosal Na + 10 mM NaC1 
0.62+0.04 1.16_+0.04 0.54_+0.06 

jHco, 10 mM serosal Na + 10 mM choline C1 
0.56 _+ 0.04 0.99 _+ 0.05 0,43 + 0,06 

HCO;- fluxes are in geq/hr cm 2. Segments were incubated in Na, 
Cl-free media for 1 hr. Control rates were obtained after addition 
o f N a  + (as Na2SO4) to the serosal medium to a final concentrat ion 
of  10 mM. The response of paired tissues from four animals was 
averaged. Additions were made at approximately 140 rain. 

bathing one segment to raise the NaC1 concentration 
to 10 mM. In the adjacent segment choline CI -  was 
added to the same final concentration. The results 
in Table 3 illustrate that H C O ~  secretion was stimu- 
lated in both segments about  equally. Compar ison 
of the relative degree of stimulation in the paired 
segments indicate that the presence of Na  + along 
with C1- on the mucosal side did not significantly 
accelerate H C O j  secretion (P>0.05)  over segments 
exposed to choline along with CI- .  Subsequent addi- 
tion of NaCI on the mucosal side of  the tissue pre- 
viously exposed to choline C1- failed to further stimu- 
late secretion. 

Mucosal CI- Stimulation of  J nc~ 
in Absence of  Mucosal Na 

Stimulation of H C O 3  secretion by mucosal C1 in 
the absence of mucosal Na + was demonstrated in 
the next series. Paired segments were rinsed in Na + 
and C1--free media for 1 hr then serosal Na + was 
elevated to 10 mM by addition of NazSO 4, At the 
same time choline C1- was added to the mucosal 
medium of one segment to raise the [C1-] to 10 raM. 
As seen in Fig. 5, jHco; was markedly greater in the 
segment exposed to mucosal C1-. The difference was 
significant (P>0.05)  as seen in the averaged results 
of  five tissues. Thus while the ability of  mucosal C1- 

0.0 

mCl+sNa _T 
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co 
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E ~5 
Z 

TIME (be) 
Fig. 5, Typical response in paired segments to addition of 10 mM 
Na + serosally (sNa) compared with s imultaneous addition of  
10 m~x C1 mucosally and 10 mM Na + serosally (mCl+sNa) .  The 
bar diagram illustrates the average yHco~ of paired tissues f rom 
five animals at 4 hr  

to enhance H C O 3  secretion was dependent on the 
presence of  Na+,  these results indicate that it was 
serosal Na + which was necessary and sufficient - 
there was no obvious requirement for Na + in the 
mucosal medium. 

Estimate of Na + Leak to Mucosal Medium 

To examine whether appreciable amounts  of  Na  + 
could diffuse into the mucosal medium to support 
cotransport  with Cl- ,22Na was added to the serosal 
medium simultaneous with elevation of the [Na +] to 
10 meq/liter. In four tissues the addition of  Na + ele- 
vated jHco~ significantly by 0.23 +0.04 geq/hr cm 2. 
The calculated [Na +] of  the mucosal medium rose 
slowly to 0.16 meq/liter after 160 rain. Since, as seen 
in Fig. 2, HCOB secretion was not stimulated after 
raising mucosal and serosal Na + to 1 meq/liter, this 
low concentration of Na + in the mucosal fluid could 
not account for the increase in jnco~. Therefore, sero- 
sal Na + alone was sufficient to stimulate H C O 3  se- 
cretion. 

Discussion 

Duodenal  HCO;- secretion in Amphiuma is an active 
transport  process that is dependent upon metabolism 
and is linked to the transport  of  Na § and C1- [12, 
23]. By using the titration technique, the dependence 
of HCO~- secretion on the presence of Na + and C I -  
in the media, as reported previously [12], was con- 
firmed and examined further in this study. Specifi- 
cally, the possibility was examined that the depen- 
dence on both Na + and C1- reflected the operation 
o f a  mucosal Na-C1 cotransport  system, e.g., one pro- 
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viding intracellular C1- for exchange with serosal 
HCO~. This hypothesis was in keeping with luminal 
Na-C1 cotransport reported for rabbit ileum and 
flounder small intestine [7, 15]. Substitution of Na + 
and C1- produced results, however, that could not 
be explained so simply. Although HCO~- secretion 
was lower in the absence of Na § as seen in Fig. 1, 
a sizeable secretion occurred in C1--free media. 
Clearly HCO~ secretion was not primarily CI-  de- 
pendent. Nevertheless, CI-  was able to stimulate se- 
cretion but only in the presence of Na § (Fig. 1) which 
left open the possibility of a role discussed further 
below, for Na-C1 cotransport in H C O j  secretion. Re- 
cently C1--dependent HCO;- secretion by guinea pig 
gallbladder was reported by Heintze et al. to be Na § 
dependent [9]. These findings in Amphiuma and those 
reported for guinea pig gallbladder contrast with re- 
sults in bullfrog duodenum [18] and rabbit cortical 
collecting tubules [14] in which HCO3 secretion is 
not Cl--dependent.  

Duodenal HCO3 secretion is a saturable function 
of media Na + and C1- in Amphiurna, suggesting the 
involvement of carrier-mediated mechanisms in the 
interactions. Therefore, although HCO~- secretion oc- 
curs in the direction of the chemical gradient, it can- 
not be due solely to passive leakage through a paracel- 
lular pathway but instead must involve a transcellular 
route. A transcellular route is also evident from pre- 
vious observations [12] that HCO3 secretion is satur- 
able and is reduced by acetazolamide, ouabain, and 
SITS, the inhibitor of erythrocyte CI- /HCO;-  ex- 
change [2]. Moreover, HCO~ secretion is eliminated 
in the presence of 100% N2 despite the presence of 
a HCO;- gradient [12] indicating that passive leakage 
of  HCO~- is virtually negligible. The nature of the 
Na + and C1- independent secretion, amounting to 
about  0.5 ~teq/hr cm 2 (Fig. 1), remains to be deter- 
mined. 

While the normal plasma level of HCO~ is about 
14 mM in Arnphiuma [8], a medium bicarbonate con- 
centration of 25 mM was employed in the present 
study since at this concentration the rate of HCO~- 
secretion was maximal in a previous study [12]. 

Determining whether Na § and CI-  stimulated 
HCOy secretion more effectively when added to one 
or the other side of the mucosa was not possible 
at the normal media concentrations of these ions, 
possibly because the passive permeability of the intes- 
tinal mucosa for the ions was high. This problem 
was circumvented by using lower concentrations of 
Na + and C1-. By this approach submaximal but sig- 
nificant stimulation of HCO3 secretion was produced 
by CI-  added to the mucosal medium, as observed 
in gastric mucosa [4], or Na + added to the serosal 
medium, as reported in bullfrog duodenum [18]. That 

HCO~- secretion was stimulated by serosal rather than 
mucosal Na + argues against mucosal Na-C1 cotrans- 
port. However, Cl--stimulated HCO~- secretion, 
which requires mucosal CI-  (Fig. 4), could involve 
Na-C1 cotransport since Na + was also present in the 
mucosal medium. This was tested in two series. In 
the first, it was observed in Cl--containing media 
that HCO~ secretion following addition of 10 m u  
Na + to the serosal fluid was not greater if the same 
concentration of Na § was added simultaneously to 
the mucosal fluid (Table 2). In the second series, when 
NaC1 was added to a final concentration of 10 mu  
in the mucosal medium H CO y  secretion was not en- 
hanced over controls exposed similarly to 10 mM cho- 
line CI- (Table 3). Since C1- stimulation of HCO~- 
secretion was marked at 10 mM C1- (Fig. 2), the in- 
volvement of Na-C1 cotransport would have been evi- 
dent in both series unless the affinity for Na + binding 
to a Na-C1 carrier was very much smaller than that 
for C1-. 

Direct evidence that stimulation of jHco~ by muco- 
sal C1- is independent of mucosal Na + was obtained 
when HCO~- secretion was observed to be markedly 
greater in tissues exposed simultaneously to mucosal 
10 mM C1- (as choline C1-) and serosal 10 m~ Na + 
(as Na2SO~) over tissues exposed to serosal Na + 
alone (Fig. 5). Assuming that Na § did not enter the 
mucosal fluid from the serosal fluid in sufficient 
amounts to support cotransport, HCO;- secretion in 
the absence of added mucosal Na § argues very 
strongly against the involvement of mucosal Na-C1 
cotransport in Na§  co-dependent HCO3 secre- 
tion. Direct measurement of the leak of  Na + from 
serosa to mucosa indicated that the [Na +] of the mu- 
cosal medium did not exceed 0.1 meq/liter after 1 hr. 
Since jnco~ in those tissues exposed to mucosal C1- 
was significantly above that of control tissues even 
before 1 hr, as suggested in Fig. 5, and elevation of 
media Na + to 1 mM does not stimulate HCO3 secre- 
tion (Fig. 2), mucosal Na + could not be supporting 
C1--dependent H C O f  secretion unless the [Na § in 
the unstirred layers at the vicinity of the brush border 
exceeds 1 raM. Although ion gradients have been re- 
ported between the bulk solution and the unstirred 
layers adjacent to the brush border when perfusion 
of the tissue chamber was slow [21, 23], since the 
mucosal medium was vigorously mixed in this study, 
sodium of serosal orgin was unlikely to support Na-CI 
cotransport. 

The role of serosal Na § and mucosal C1- to en- 
hance HCO3 secretion could not be a result of  their 
movement as counter ions to the secreted HCO~- since 
these measurements were conducted under short-cir- 
cuited conditions and thus in the absence of an electri- 
cal gradient. Furthermore, the results of Fig. 2 were 
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obtained on tissue after symmetrical additions of  Na + 
or C1-, ruling out the role of transepithelial diffu- 
sional fluxes in these observations. 

The transport of  Na + or C1 - may elevate metabo- 
lism and stimulate HCO~- secretion indirectly rather 
than through a direct transport link. This is not likely 
for C1- since a direct link between C1- transport 
and HCO~- secretion is supported from the depen- 
dency of  C1- absorption on media HCO3- and the 
sensitivity of C1- absorption and HCO~- secretion 
to acetazolamide and serosally applied SITS [12, 23]. 
However, the active accumulation of C1- across the 
mucosal membrane may involve a direct utilization 
of energy which enhances metabolism and HCO~- 
secretion at least to some extent. 

The likelihood that Na + stimulates HCOs  secre- 
tion by enhancing metabolism is more remote. While 
the brush border membrane is believed to possess 
a finite passive permeability to Na + [16], the basolat- 
eral membrane of the intestinal absorptive cell is 
poorly permeable to Na + [6]. The observed stimula- 
tion of HCO~- secretion with serosal rather than mu- 
cosal Na + is not in keeping with enhanced Na + trans- 
port and suggests that Na +-stimulated HCO~ secre- 
tion is not related directly to the metabolic require- 
ment for Na + transport. 

The link between HCO~- secretion and serosal 
Na + is consistent with Na +-H + exchange across the 
serosal membrane. In an earlier study net Na + trans- 
port in Amphiurna small intestine did not correlate 
with net C1- transport but correlated inversely with 
the residual flux, that portion of the short-circuit cur- 
rent not attributable to net Na + and C1- fluxes [23]. 
It was concluded that Na+-H + rather than Na-C1 
cotransport was operating, although the earlier con- 
jecture that this process was localized in the mucosal 
membrane is not consistent with the present results. 
If a Na+-H + exchange process exists it appears to 
reside in the basolateral membrane. Sherrin and Field 
localized Na +-H + exchange to this membrane in rab- 
bit ileum [17]. Similarly, serosal but not mucosal Na + 
stimulated duodenal HCO;- secretion in bullfrog us- 
ing the same technique employed in this study [18]. 
In contrast C1 -HCO~- exchange in turtle urinary 
bladder [t I] and rabbit colon [5] are not Na +-depen- 
dent. 

Net C1- absorption requires the presence of 
HCOs  in the medium bathing Arnphiuma small intes- 
tine [23]. This observation taken with the complete 
inhibition of C1- absorption [23] and the partial inhi- 
bition of HCO;- secretion [12] by serosal but not 
mucosal application of the stilbene SITS led to the 
conclusion that CI--HCO;-  exchange occurs at the 
basolateral membrane of the intestinal villus cells. 
The present results demonstrate that Na + is a/so re- 
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Fig. 6. Working model which suggests a role for Na + and Cl- 
in HCO;- secretion from mucosal (m) to serosal (s) medium in 
Amphiurna duodenum. Parallel serosal ion exchange processes con- 
trol intraceIlular pH and maintain a gradient for HCO;- across 
the mucosal membrane 

quired for this exchange process. It was previously 
demonstrated that in the absence of Na + net CI-  
absorption failed to occur and intracellular C1 - activi- 
ty measured with C1--sensitive microelectrodes was 
not accumulated above electrochemical equilibrium 
by the absorptive cell [22, 23]. It was proposed that 
media Na + was essential for C1- absorption by main- 
taining intracellular pH via Na +-H + exchange. This 
exchange would serve to influence cytoplasmic pH 
and the level of intracellular HCO~. Possibly the out- 
ward diffusion of HCO;- across the mucosal mem- 
brane energize C1- accumulation by a brush border 
anion exchange process. However, SITS added to the 

mucosal fluid does not inhibit C1- absorption or 
HCO~ secretion [12, 23]. Furthermore, C1- absorp- 
tion is not electrically neutral. Instead, it is associated 
with a serosa negative electrical potential [23]. A more 
likely model is depicted in Fig. 6. C1- is accumulated 
into the cell electrogenically across the mucosal mem- 
brane. Intracellular HCO~ generated from serosal ion 
exchange processes (Na+-H +, C1--HCO~), diffuses 
down a favorable electrochemical gradient into the 
luminal media. If intracellular pH (or HCOy)  regu- 
lates the rate of C1- uptake or influences the diffu- 
sional permeability of  Ct -  at the mucosal membrane, 
as suggested previously [23], then acidification of the 
cytoplasm following inhibition of Na +-H + exchange 
(by Na + replacement) would limit the availability of 
cytoplasmic C1- for serosal exchange. In this way 
the dependence on Na + for active C1- accumulation 
and absorption [23] as well as C1--dependent HCO3- 
secretion, observed in this study, would be satisfied. 

In summary, the Na + dependence of C1--en- 
hanced HCO~- secretion was related to the serosal 
effects o f N a  + rather than mucosal NaCt cotransport. 
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