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Summary. Proximal, stripped segments of small intes- 
tine from the urodele Amphiuma were short-circuited 
in media containing Na +, C1- and HCO~. Under 
these conditions there was a large net absorption of 
CI-, a small net absorption of Na + and a residual 
flux (J~et) consistent with HCO~ secretion. Net C1- 
absorption correlated with the short-circuit current 
(Isc); net Na + absorption correlated negatively with 
J~t. Acetazolamide eliminated the/~c, lowered C1 ab- 
sorption by 50%, and reduced net Na + absorption 
without altering J~et. Benzolamide inhibited the Isc 
more rapidly when applied on the rr/ucosal surface. Re- 
placement ofNa + or HCO~ (and CO2) in the media 
eliminated the Isc, net C1 absorption and the residual 
flux. Likewise, inclusion of the stilbene SITS in the 
serosal media eliminated the Is~, net C1- absorption 
and the residual flux. The cytoplasmic activity of C1- 
(d~i) was determined with single and double-barreled 
microelectrodes. The a~ of villus absorptive cells in 
normal media was 21.0 mM and in excess of that 
expected on the basis of electrochemical equilibrium 
of C1- at the mucosal membrane. Active C1- accumu- 
lation was also observed in the presence of acetazol- 
amide but was eliminated upon replacement of media 
Na + with choline. The mucosal membrane potential 
was depolarized upon replacement of media Na + 
It is concluded that C1- is actively absorbed into 
intestinal cells of Amphiuma by an electrogenic 
process located in the mucosal membrane. Depending 
on the level of intracellular HCO~, accumulated C1- 
may diffuse passively back into the mucosal media 
or undergo exchange with bath HCO~ at the serosal 
membrane. 

It has been known for several years that C1- absorp- 
tion is an active process in both mammalian [5, 19, 
25] and amphibian [23] small intestine. Compelling 

evidence for this has developed from measurements 
of transepithelial fluxes of isotopically labeled CI- 
in isolated, short-circuited intestinal segments. Some 
of these studies have pointed to a link between the 
absorption of C1- and the transport of Na + and 
C1- by a carrier residing in the mucosal (brush bor- 
der) membrane [19, 23]. Simultaneously, evidence has 
accumulated linking ileal C1- absorption and the 
presence of another ion, HCO~ [13, 14, 25]. In regard 
to this, recent observations in flounder [9] indicate 
that the presence of HCO~ in the media bathing 
the small intestine stimulates absorption of C1-. 
Taken together these reports illustrate the complex 
nature of the CI- absorptive process in the small 
intestine and point to the need for more extensive 
study of gut electrolyte transport. 

We have reported earlier that the absorptive cells 
lining the proximal small intestine of the urodele, 
Amphiuma, accumulate C1- above electrochemical 
equilibrium [26]. It was also observed that inclusion 
of HCO~ in the bathing media induces a serosa- 
negative transmural potential that depends on the 
presence of CI- as well [10]. The study reported here 
was conducted to determine the influence of Na § 
HCO;-, and various agents which alter ion transport, 
on the absorption of C1- in Arnphiuma intestine. For 
this purpose, transmural fluxes of 22Na and 36C1 were 
measured in isolated, short-circuited intestinal seg- 
ments. Also, intracellular C1- activity was measured 
with C1--specific microelectrodes. 

Materials and Methods 

Animals 

Adult  Amphiuma were maintained in fresh tap water at room tem- 
perature. The animals were anesthetized by incubating for 20 min 
in 0.2% chloretone. The small intestine was excised, rinsed with 
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sciences (Warrington, Pa.). Sodium glycodiazine was a gift of 
Schering. 

Short-Circuiting Technique 

Transmural potential difference (0~)  and short-circuit current (I~o) 
were measured in paired tissues with voltage clamp devices which 
compensated automatically for the resistance of the solution be- 
tween the potential-sensing electrode and the tissue. Current-pass- 
ing bridges were formed from the same media used to bathe the 
tissue. Prior to sacrificing the animal, the tissue chambers were 
assembled and pre-equilibrated with the appropriate bathing media 
to reduce potential offsets. With the tissue in position, the media 
was frequently replaced with fresh solution pre-equilibrated with 
the gas mixture. 

CL 8,633 
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( b e n z o l a m i d e )  

Fig. 1. The structure of acetazolamide and its analogues 

buffer solution, and the proximal one-third (just distal to the at- 
tachment of the pancreas) was stripped of its serosal muscle layers 
by dissection with jeweler's forceps. Some of the stripped segments 
were opened and mounted as a sheet between two halves of Lucite 
chambers described previously [27] which were filled with a phys- 
iological media. These chambers exposed 31.5 mm z of tissue. Other 
segments were mounted as a sheet in a Lucite chamber described 
below which allowed measurement of intracellular chloride activi- 
ties. 

Bathing Media 

The normal bathing media contained (in meq/liter) 95 Na +, 
2 .5K +, 0.9 Ca ++, 1.0Mg ++, 73.8-75.6C1 , 25HCO3,  and 
20 mM mannitol buffered to pH 7.4 by gassing with 95% Oz, 5% 
CO2. In one series (HCOj  -free) HCO 3 was replaced on an equimo- 
lar basis with CI- and the pH (7.4) maintained with Tris hydroxy- 
methylaminomethane. Acetazolamide was obtained from Sigma. 
Two analogs of acetazolamide were also used in these experiments. 
Benzolamide (C1 11,366) was a gift of Lederle Laboratories (Pearl 
River, N.Y.) and the NS-isopropyl derivative of acetazolamide 
(C1 8,633) was a gift of Dr. Thomas Maren. The structure of aceta- 
zolamide and its analogues is shown in Fig. 1. SITS (4-acetamido- 
4'-isothiocyano-2'-disulfonic stilbene) was purchased from Poly- 

Ion Flux Measurements 

Unidirectional fluxes of Na + and C1- were determined simul- 
taneously under short-circuit conditions in paired adjacent seg- 
ments of small intestine using Z2Na and 36C1. In one segment 
the mucosa-to-serosa flux of both isotopes was measured, while 
in the other segment the opposite flux was measured. Since this 
approach requires that the two segments are nearly identical in 
their transport behavior, flux measurements were terminated when 
ever adjacent segments had resistances differing by more than 25%. 
The tissue resistance (Rt) was calculated as the ratio of 0,,~ and 
Iso and is expressed in Q.cm 2. The value of R~ is the mean of 
all flux periods unless stated otherwise. 

Tissues were exposed to unlabeled solutions for 2-3 hr to allow 
the I~c to approach a steady state, aZNa and 36C1 were added 
to a final concentration of 1 gCi/ml. Since addition of 36CI (as 
NaC1) causes a significant increase in bath NaC1 concentration, 
an aliquot of the bath was removed prior to isotope addition 
and substituted with an appropriate volume of NaCl-free buffer. 
Preliminary experiments established that the unidirectional isotope 
fluxes were constant within 1 hr. Aliquots of 0.1 ml were removed 
from the opposite bath at 20-rain intervals beginning 1 hr after 
isotope addition. Removal of an aliquot was accompanied by re- 
placement of an equal volume of unlabeled bathing media. In 
two series after seven flux periods, acetazolamide was added to 
both sides of both chambers. Thirty minutes later sampling recom- 
menced. Since the addition of  acetazolamide caused only a 2% 
dilution of the isotope, no correction of the flux calculation was 
made. Specific activity was determined from multiple samples of 
the half-chamber to which isotope was added. 

The samples were first counted for 22Na using a Packard 
gamma spectrometer then both 2ZNa and a6C1 were counted using 
a packard liquid scintillation spectrometer. The 36C1 activity was 
calculated by subtraction of the ZZNa activity after determining 
the relative efficiency of the separate counting systems for 22Na. 
The counts were subsequently corrected for the change in chamber 
volume produced by the sampling procedure and the fluxes 
expressed as laeq/hr cm 2. In this way the unidirectional fluxes 
from mucosa to serosa (Jm~s) and serosa to mucosa (Js~m) were 
calculated. Measured values of Isc were also converted to ~teq/ 
hr cm 2. The average Isc (mean of both paired segments) was com- 

(Jnet=Jm~s-Js~.m) and C1 (Jnet)  pared to the net fluxes of Na Na Na Na Cl 
observed in the same flux period using the equation I~o= 
J~2t+3~+JRn~t.J~t, the residual flux, represents the inequality 
between I~o and the summed net Na + and C1- fluxes and presum- 
ably then is the sum of all additional net ion fluxes occurring 
in the tissue. 
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Table 1. Ion transport in media containing C1- and HCO3 (normal media) and following addition of acetazolamide 
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Na Na Na CI CI Cl Jm-+S J . . . .  J net J . . . .  J . . . .  Jnet /se JnRet Rt 

Normal media 4.66_+0.14 4.39+_0.16 0.26_+0.19 2.65_+0.10 1.28-+0.06 1.37-+0.06-0.29_+0.04 0.81 +_0.32 93.3+_2.3 [32] 
(10:60) 

+Acetazolamide 4.22_+0.19 4.26+_0.17-0.08-+0.27 2.14+_0.13 1.43+_0.10 0.70_+0.15 0.07+-0.02 0.85_+0.35 102.7_+2.9 [35] 
(10:60) 

Fluxes and I~o are in geq/hr cm2-F 1 SEM. In parentheses is number of animals:number of flux periods. Acetazolamide was present 
at l0 -4 M. R t is in ~ cm 2 and is the mean value calculated for the number of flux periods in the adjacent brackets. 
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Fig. 2. Flux relationships for 10 animals 
in control media. Units are geq/hr cm 2. 
Lines drawn are least squares fit of the 
data points. (a): Positive correlation 
between I~c and JnC~,. (b): Negative 
correlation R Na between Jnet and Jnet 

Statistical Tests 

Students t test for paired or unpaired comparisons was used to 
determine the significance of the difference between population 
means. 

Intracellular Chloride Activity Measurements 

Intracellular chloride activity (a~) was measured using Coming 
liquid ion exchanger in either single or double-barreled microelec- 
trodes fabricated as described previously [26]. For double-barreled 
microelectrodes, one barrel was used to sense the mucosal mem- 
brane potential (~m), while the other sensed the chloride potential 
(~'c0. The output from the latter barrel was amplified with an 
Analog Devices 42J amplifier (input impedance 1013 f~) and then 
displayed on a Keithley electrometer. The membrane potential 
was amplified with a WPI amplifier and displayed on a Digitec 
panel meter. Both potentials were also recorded on a Brush re- 
corder. The difference in potential of the two barrels was measured 
with a Digitec digital voltmeter operating in the differential mode. 
The criteria for acceptable recordings is discussed in Results. The 
slope of each microelectrode was determined from its response 
to HCO3-free solutions of NaC1 of 10 and 100 raM. We have 
reported previously that the response of the C1 exchanger in 
microelectrodes is linear between the range of 10 and 100 mM 
as exemplified by a correlation coefficient between the potential 
and log ac~ of greater than 0.999 [26]. Intracellular chloride activity 
was calculated using the equation: 

a ~1 = a ~Je2.303{(01- ~',~) - tg"'}/s 

where ~'i is the electrode potential in the cell and a~t is the activity 
of chloride and ~," the potential of the chloride electrode in 100 mM 
NaC1. The method of calculating a~l and the selectivity of the 
electrode for C1- over HCO3 and HzPO 2 has been reported previ- 
ously [26]. The electrode response was not altered in the presence 
of choline (95 raM) or acetazolamide (10-4 M). 

For intracellular activity measurements a simple Lucite 
chamber was used which allowed the intestinal sheet to be stretched 
and pinned to minimize motility. When necessary the segment 
could be stretched further during the course of the experiment. 
This design precluded simultaneous measurement of the transmural 
potential. The chamber also featured inlet and outlet ports for 
continued perfusion of fresh, oxygenated amphibian media. 

Activity measurements commenced two hours after removal 
of the tissue from the animal. At this time the electrical properties 
of the tissue were nearly equilibrated as judged by previous experi- 
ments [10]. In those experiments in which the effect of acetazol- 
amide was examined, the tissue was allowed to equilibrate two 
hours in normal buffer prior to exposure to buffer containing 
10 4M acetazoamide. Microelectrode measurements commenced 
one hour later. 

R e s u l t s  

Sod ium and Chloride F luxes  

N o r m a l  buffer.  W e  h a v e  p r e v i o u s l y  r e p o r t e d  t h a t  

p r o x i m a l  s e g m e n t s  o f  s m a l l  i n t e s t i n e  f r o m  A m p h i u m a ,  

w h e n  s t r i p p e d  o f  t h e i r  m u s c l e  l aye r s  a n d  i n c u b a t e d  

in  a c h l o r i d e - b a s e d  m e d i a  c o n t a i n i n g  H C O g ,  g e n e r a t e  

a t r a n s m u r a l  p o t e n t i a l  (~,,s) s e r o s a  n e g a t i v e  to  m u -  

c o s a  [10]. I n  o r d e r  to  d e f i n e  t h e  i o n  t r a n s p o r t  u n d e r l y -  

ing  t h i s  b e h a v i o r ,  p a i r e d  a d j a c e n t  s e g m e n t s  o f  p r o x i -  

m a l  i n t e s t i n e  w e r e  m a i n t a i n e d  in t h e  s h o r t - c i r c u i t e d  

s t a t e  w h i l e  t h e  u n i d i r e c t i o n a l  m u c o s a - t o - s e r o s a  f lux  
Na (J,,-~s) o r  s e r o s a - t o - m u c o s a  f lux  Na (J~+m) o f  b o t h  so-  

d i u m  a n d  c h l o r i d e  w e r e  m e a s u r e d  u s i n g  2 2 N a  a n d  

36C1. I n  T a b l e  1 i t  is s een  t h a t  t h e  s h o r t - c i r c u i t  c u r r e n t  
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Fig. 3. Dose-response relationship for acetazolamide. Points are 
mean +SEM of  5 tissues exposed to increasing concentrations 
of acetazolamide. The curve was fit by eye 

(I~) was negative under these conditions, as reported 
previously [10]. Examination of the ion fluxes reveals 

(Jnet)  f r o m  a significant ( P <  0.005) net flux of C1- Cl 
mucosa to serosa. The net absorption of C1- was 
far in excess of net Na + absorption, which was itself 
not significant (P > 0.05). However, there was a signif- 

(Jnet)  consistent with icant (P < 0.005) residual flux R 
absorption of a cation or secretion of an anion. 

The relationship between the transport of C1- and 
the I~, for the experiments of this series was examined 
further. The correlation coefficient between the mean 
I~+ and the average net CI-  flux for paired tissues 
from ten animals was 0.82. This correlation was 
highly significant (P<0.01)  and is illustrated in 
Fig. 2a. Furthermore, the correlation coefficient be- 
tween the mucosa-to-serosa flux (jcl +) and I+~ was 
significant ( P <  0.05) at 0.76 indicating that this flux 
was a principal determinant of the I~o. In contrast, 
the correlation coefficient between the mean I~ and 

(J,+,,) was only 0.15, the oppositely directed flux Cl 

J.F. White: C1 Transport by Amphiuma Small Intestine 

Table 2. Rate of decline of ~,,~ (~tV/min) following mucosal or 
serosal exposure to benzolamide (10-+ M) under two sets of condi- 
tions 

Condition n Mucosal Serosal Mucosal 

Serosal 

Normal media 5 61 +_27 25 _+ 9 2.2 +0.2 
+Theophylline 5 21+ 2 58_+14 0.4+-0.1 

Paired adjacent segments of intestine bathed in media with or 
without theophylline were exposed to benzolamide applied on the 
mucosal or serosal side. Rates are calculated from the slope of 
the response in the period between 10 and 90% of the total re- 
sponse. 

suggesting that this ion movement was independent 
of the Isc. 

No strong correlation was observed between the 
fluxes of Na § and C1-. For example, there was a 

Jnet and  Also poor correlation (r=0.31) between ya Jnet.C1 
the correlation coefficient between the unidirectional 
absorptive fluxes (Jm++) of Na + and C1- was 0.50, 
and this was not significant (P>0.05).  These facts 
suggest that C1- absorption is not strongly coupled 
to other ion movements and is electrogenic+ 

There was also a strong but negative correlation 
between the mean net Na + flux and the mean residual 
flux. 1 The relationship between the fluxes is illustrated 
in Fig. 2 b. The correlation coefficient was significant 
(P<0.05)  at -0 .87 .  

Effect ofacetazolamide. Since the carbonic anhydrase 
inhibitor acetazolamide nearly abolishes the I+c under 
these conditions as reported previously [10] its effect 
on the ion fluxes was measured in the same tissues. 
As seen in Table 1 at 10 -4 M, this agent reduced the 
I+o to zero while significantly reducing the net absorp- 
tion of C1- by nearly 50% (P<0.01).  The reduction 
in net C1- absorption was due almost solely to a 
significant (P < 0.05) decline in the m -> s flux of C1-. 

1 The significance of this correlation is somewhat ambiguous. 
As indicated in Eq. (1), the short-circuit current is the sum 

Na CI R Iso=Jnetq-Jnet+Jnet (1 )  

of the net fluxes of Na + ~" CI- c~ any additional (Jnet) and (Jn~t) plus 
ion fluxes lumped together as the residual flux (J~+0. Clearly, when 

+,%~ =J,+L (2) 

then 

N a  R 
Jne t  - J  . . . .  (3)  

This illustrates that for Amphiuma small intestine, in which there 
is a close correlation between Isc and jClt, the correlation between 
Na transport and the electrogenic movement of all other (residual) 
ions, noted here, may simply be a consequence of the required 
electroneutrality. Certainty about the physiological significance of 
this latter correlation then must await independent assessment of 
these two variables. 
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The opposite flux cz (J~-~m) was not altered. This obser- 
vation is consistent with the correlation noted previ- 
ously between JnC~t and Isc. 

Acetazolamide appeared to have a significant ef- 
fect on net sodium transport as well when compared 
within the same tissue. The small net absorptive flux 
was reversed to secretion, and this was a significant 
change (P<0.05).  The change was due principally 
to a decline in Na J,,-~s which was significant (P<0.01)  
when compared in the same tissue. The residual flux 
was not affected. Acetazolamide appeared to produce 
a small increase in tissue resistance of about 10%. 
In summary, the effect of  acetazolamide to lower the 
lso is accompanied by a large reduction in net C1- 
absorption and a smaller reduction in net Na § trans- 
port. 

In order to determine whether higher concentra- 
tions of acetazolamide might completely inhibit C1-, 
absorption C1- fluxes were measured in intestinal seg- 
ments from two animals upon exposure to 5 mM ace- 
tazolamide. Although the inhibitor produced the 
expected lowering of the I~c, the mean net C1- flux 
for 18 flux periods remained quite high in both ani- 
mals, averaging 1.3 + 0.1 geq/hr, cm 2. Thus acetazol- 
amide, even at high concentrations, will not completely 
inhibit active C1- absorption. 

Acetazolamide lowered the Isc in concentrations 
as low as 10 -~ M. In most tissues a maximal effect 
was obtained at 10 -4 M, although in some tissues 
10-3M produced further changes. This is reflected 
in the curve of  Fig. 3. At maximal concentrations 
acetazolamide reduced the Isc to near zero within 
20 rain. The effect showed no reversal after a 20-min 
exposure to normal buffer. The effect of acetazol- 
amide to inhibit C1- absorption has been observed 
in rat [22], dog [16], rabbit [21], and human [25] intes- 
tine but, when examined, was not accompanied by 
electrical effects [16, 21]. 

The ability of analogues of acetazolamide to alter 
the I~c paralleled their ability to inhibit carbonic anhy- 
drase. An analogue which does not inhibit carbonic 
anhydrase, namely C1 8,633 [17] had small, variable 
effects on the ~,,,~, while subsequent addition of aceta- 
zolamide was fully effective. This is illustrated for 
a single tissue in Fig. 4a. In contrast, the analogue 
CL 11,366 (benzolamide), which is an effective inhib- 
itor of carbonic anhydrase [18] was as effective as 
acetazolamide at reducing the /~. This is demon- 
strated in Fig. 4b. 

Benzolamide was also useful in determining the 
sidedness of carbonic anhydrase inhibition. Acetazol- 
amide itself lowered the/.~r as rapidly whether applied 
on the mucosal or the serosal side. However, when 
the larger and more slowly diffusing analogue, benzol- 
amide, was applied to the mucosal side of an intesti- 

nal segment at l0 -~ M, Ore, declined more than twice 
as rapidly as in an adjacent segment exposed to the 
inhibitor on the serosal side. As shown in Table 2, 
the rate of decline of ~,,s was twice as great upon 
mucosal addition as upon serosal addition of benzol- 
amide. One possible explanation for these results is 
that the inhibitor-sensitive site is localized near the 
mucosal border of the epithelial cells. An alternative 
explanation is that the serosal muscle layers and sub- 
cellular tissue represent an effective barrier to diffu- 
sion of benzolamide. However, this explanation is 
not supported by the finding that Ores in tissues pre- 
exposed to theophylline (which causes Ores to become 
serosa positive [10]) is more rapidly inhibited by ben- 
zolamide applied on the serosal side of the tissue. 
The absolute rates of decline are compiled in Table 2 
in which it is seen that benzolamide lowered the theo- 
phylline-stimulated ~m~ more than twice as rapidly 
when added on the serosal side. This would not result 
if the subcellular tissues were an effective barrier to 
benzolamide diffusion. 

Removal of riCO3. Since it was already demonstrated 
that the polarity of the basal fires could be reversed 
by removal of HCO~ [9], the fluxes of sodium chlo- 
ride were measured in short-circuited segments in 
HCOS-free solutions gassed with 100% 02 and 
buffered with Tris. As seen in Table 3, in HCO;- f ree  
media the/~c was opposite that observed in normal 
buffer and net chloride absorption was eliminated. 
Comparison with the unidirectional CI- fluxes in the 
presence of HCO3 (Table 1) suggests that inhibition 
of  net C1- absorption resulted in part from a decline 
in the absorptive flux of C1- and, in part, from an 
increase in C1- backflux. Possibly related to this ob- 
servation, the residual flux was also not different from 
zero (P > 0.20). Net Na § absorption was, again, quite 
small in this series and of borderline significance 
(P <0.05). Thus, in the absence of HCOy in the me- 
dia, both CI- absorption and the residual flux are 
inhibited whereas net Na + transport continues. 

It is also seen in Table 3 that in the absence of 
HCO3 in the bathing media acetazolamide had little 
effect on the unidirectional CI- fluxes. In contrast, 
the unidirectional Na § fluxes were increased signifi- 
cantly when compared within the same tissue 
(P<0.01).  This resulted in a significant lowering of 

Na Jnet (P < 0.01) when compared within the same tissue. 
Acetazolamide produced a similar effect on net Na + 
absorption in HCO3-containing media (Table 1). In 
HCO3-free media acetazolamide appeared to produce 
a slight lowering of resistance (Table 3). 

Organic anion substitution for HC03. H C 0 3  was re- 
placed with either of three different organic anions. 
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Fig. 4. Effect of acetazolamide 
analogues on transmural potential of 
separate tissues. The tissue was exposed 
on both surfaces to the agents at 
I0 -4 u. (a): The analogue CL 8,633, 
which does not inhibit carbonic 
anhydrase, was added at the time 
indicated by the arrow followed by 
acetazolamide. (b): The effect of 
benzolamide 

TIME (min) 

Table 3. Ion fluxes in HCOa-ffee media and following addition of acetazolamide 

HCOSree  [ 3 6 ]  4 .28_+0.12 4.00_+0.14 0.29.+0.17 1.97_+0.14 1.99.+0.19 -0.02_+0.19 0.11_+0.01 -0.20_+0.25 108.2+_0.9 
+Acetazolamide[36] 4.83-+0.21 5.01-+0.23-0.18-+0.24 1.97.+0.20 2.22.+0.31-0.26+_0.33 0.12.+0.01 0.07.+0.41 101.6-+1.2 

Fluxes were measured in six animals. Acetazolamide was used at a concentration of 10 -4 M. 
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Fig. 5. (below left) Effect of SITS on Isc. The agent was added 
in increasing concentrations at the times indicated by the arrow. 
Finally, acetazolamide was added at 10 4 M 

Table 4. Comparison of basal transmural potential (q/,,~) and re- 
sponse to acetazolamide (A ~,,~) in the presence of bicarbonate 
or another anion. 

Organic anion n ~,.~ (mY) A %,~ (mY) 

Bicarbonate 4 - 1.1 + 0. t 1.2-+ 0. I 
Butyrate 2 0.1 + 0.1 0.0 
Glycodiazine 2 0.4 _+ 0.2 0.0 
Acetate 4 -0 .2+0.2  +0.2_+0.1 

All organic anions were used at 25 meq/liter. Acetazolamide was 
added at 10 .4 M. The responses were recorded within 20 min after 
addition. 

In  T a b l e  4 it  is seen tha t ,  excep t  for  a s l ight  effect  

o f  ace ta te ,  n o n e  o f  the  an ions ,  at 25 m u ,  cou ld  sup-  

p o r t  the  s e r o s a - n e g a t i v e  0ms. O n l y  in ace ta t e  buf fe r  

was 0ms usua l ly  se rosa -nega t ive .  I n  this case,  a d d i t i o n  

o f  a c e t a z o l a m i d e  p r o d u c e d  a s l ight  bu t  de t ec t ab l e  in- 
c rease  in p o t e n t i a l  in eve ry  t issue.  C lea r ly  t h o u g h ,  

the  a v e r a g e  r e sponse  was  min i scu l e  in c o m p a r i s o n  

w i t h  tha t  m e a s u r e d  in n o r m a l  m e d i a  ( T a b l e  4), T h e r e -  
fore ,  H C O ~  a p p e a r s  r a the r  specif ic  in its ro le  in s t im- 

u l a t i ng  C1- a b s o r p t i o n .  

Effect of SITS. T h e  s t i lbene,  S I T S  ( 4 - a c e t a m i d o - 4 ' -  
i s o t h i o c y a n o - 2 - 2 '  d i su l fon ic  s t i lbene) ,  w h i c h  inh ib i t s  

H C O ~ / C 1 -  e x c h a n g e  in r ed  cells [4], was tes ted  fo r  
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its effect on the small intestine. In normal media SITS 
rapidly reduced the O,,s and I~c to zero when applied 
on the serosal side but was ineffective when added 
on the mucosal side of the tissue. The inhibitory effect 
of SITS is illustrated in Fig. 5. Serial addition of in- 
creasing amounts of SITS revealed a threshold dose 
of 5-10- 6 M and a maximal dose above 1 m i .  Subse- 
quent addition of acetazolamide produced no further 
electrical effects. After rinsing in SITS-free media, 
SITS inhibition was not reversed substantially in 
30 min. 

SITS eliminated the net C1- and residual fluxes. 
This is seen in Table 5 in which the ion fluxes in 
the presence of 5 x 10-4M SITS can be compared 
to those observed in a control series conducted in 
the same time period on separate animals. The m ~ s  
flux of CI- was reduced in the presence of SITS 
and equal to the backflux. Net C1- absorption was 
insignificant (P>0.20).  The residual flux was also 
eliminated. There was no apparent effect of SITS 
on net Na § transport which was negligible in normal 
media (Tables 1 and 5) as well as in the presence 
of SITS. SITS did not influence Rt. Therefore, in 
contrast to acetazolamide, which only reduced net 
C1 absorption and did not alter the residual flux, 
SITS eliminated net CI- absorption and the residual 
flux as well. 

It was noted above, in comparing Tables 1 and 
3, that net CI- absorption in the absence of exogenous 
HCO3 was eliminated not only as a consequence 
of a reduction in the m ~ s flux but also an increase 
in the s -~m flux of CI-.  Since this suggested that 
HCO~- normally inhibits the s ~ m  flux of C1- by 
successfully competing for a serosal carrier, the effect 
of SITS on the s ~ m flux of CI- in HCO~-free media 
was determined. The s ~ m flux of 36C1 was measured 
in 6 intestinal segments bathed in media devoid of 
exogenous HCO~. After 3 flux periods SITS was 
added to a final concentration of 0.5 mM and 3 addi- 
tional flux periods were measured. During the control 
period ~ , ,  averaged 1.67_+ 0.08 geq/hr .cm 2. Fol- 
lowing exposure to SITS, ~ 1  declined in every seg- 
ment to a value averaging 1.21_+0.11 laeq/hr.cm 2. 
This observation supports the notion that a portion 
of C1- backflux in HCO~--free media is carrier-me- 
diated. 

Replacement ofNa +. One possible mode of C1- trans- 
port  is neutral coupled, co-transport with Na + [19]. 
It has already been demonstrated that the serosa- 
negative ~'ms in HCO3-containing media depends on 
the bath Na + concentration [10]. Unidirectional 
36C1- fluxes were measured in media in which Na + 
was replaced with choline. The solutions were not 
completely free of sodium since the isotope of C1- 

was added as NaC1. The calculated sodium concentra- 
tion was 3.8 meq/liter. As seen in Table 5, substitution 
with choline lowered both unidirectional C1- fluxes, 
elevated Rt, and abolished net C1- absorption 
(P>0.05) and the I~c. Thus net C1- absorption is 
dependent on the presence of Na § as well as HCO3 
in the media. 

Sodium dependence was also demonstrable using 
ouabain. As seen in Table 5, after measuring ion 
fluxes in normal media the addition of ouabain abol- 
ished on-going net C1- absorption and reduced net 
Na + absorption and the residual flux. While Na Jnet was 
not significant in the control periods of this series, 
or in the presence of ouabain, J ~ s  was reduced signif- 
icantly (P< 0.05) by ouabain when compared within 
the same tissue. Furthermore, the value of J~s, mea- 
sured in the presence of ouabain, was lower than 
that observed in any other series (cf Tables 1, 3 and 
5). This is consistent with an effect of ouabain on 
the absorptive component of the Na flux. Ouabain 
also produced a significant (P < 0.05) decline in tissue 
resistance (Table 5). 

IntracelIular Chloride Activity 

Normal buffer. Single and double-barreled microelec- 
trodes were used to measure the mucosal membrane 
potential (O,,s) and the intracellular C1- potential 
(Oct) in cells lining the villi of Amphiuma small intes- 
tine. Microelectrode recordings were more difficult 
in HCO;--containing media than encountered previ- 
ously in HCO~-free media [26]. This was due in part 
to enhanced spontaneous smooth muscle motility but 
also to a decreased ability of the mucosal membrane 
to withstand the electrode penetration in HCO~-con- 
taining media. Therefore it became necessary to estab- 
lish less rigorous criteria than used previously [26]. 
Recording were deemed acceptable if (i) the difference 
in potential between the two barrels (~cl-~m),  sub- 
tracted with a voltmeter, was constant within a milli- 
volt for 10 sec; (ii) the tip potential of the barrel 
sensing ~,, did not change more than 3 mV from 
penetration to withdrawal; (iii) the chloride exchanger 
responded to changes in chloride activity with a slope 
(5) greater than - 4 7  mV. The value of S averaged 
about - 5 1  mV. The reported values of ~,, are the 
highest values measured during the 10-sec interval. 
Some representative recordings with double-barreled 
microelectrodes are seen in Fig. 6. Measurements with 
these microelectrodes indicate CI- is accumulated by 
the absorptive cell. Figure 7 shows the relationship 
between intracellular C1- activity (a~l) and ~,, in 37 
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Fig. 6. Representative recordings with 
double-barreled microelectrodes of 
chloride potential (~o)  and the mucosal 
membrane potential (G,) in 3 separate 
animals 

Table 5. Ion fluxes under different conditions 

Series conditions ~' ~:' -4a Cl ci C1 JnetR J m ~  J ..... Jnet Jrn~s Js~m Jnet I~ R~ 

a) In normal media and in media containing SITS (5 x 10 -4 M) 

l )Norma l  media 4.28_+0.17 4.25+_0.17 0.03-+0.14 1.96+_0.14 
(5 : 37) 

2)SITS(8:55)  4.30+_0.15 4.15+_0.11 0.t5+_0.19 1.49+0.12 

b) In media in which Na § was replaced with choline 

3) Low Na media - - - 1.01 +- 0.04 
(5 : 32) 

c) In normal media and after addition of ouabain (1 raM) 

4)Normal  media 4.27+-0.15 4.02-+0.19 0.25+_0.19 2.44_+0.15 
(7:34) 
+ 1 0 - 4 M o u a b a i n  3.84+_0.20 4.12+-0.23--0.28+-0.24 1.56+_0.17 
(7: 30) 

1.22+_0.16 0.74+_0.19 -0.20_+0.04 0.43--0.26 115.6+-2.6 

1.24+_0.12 0.25+-0.19 0.04+_0.02-0.01_+0.25 112.0+_ 1.6 

0.92-+0.05 0.09+0.05 0.02+0.5 0.10+-0.02 250.4-+ 10.8 

1.33_+0.13 1.11_+0.16-0.38_+0.04 0.49_+0.30 116.2_+3.9 

1.63+_0.18 - 0 . 0 7 + 0 . 2 0  0.30+_0.04 0.50+_0.30 105.9+_3.4 

Flux Units are geq/hr cm 2. R, is in fl cm 2. In parentheses is the number  of animals/number of flux periods. 
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Fig. 7. Intracellular chloride activities (a~) as a function of muco- 
sal membrane potential in normal media using double-barreled 
microelectrodes. The solid line is the solution of the Nernst equa- 
tion using a~j = 6 0 . 2  meq/liter 

Table 6. Intracellular chloride activities (a~l), mucosal membrane 
potential @m), and calculated chloride equilibrium potential (Ecl) 
under different conditions 

Se- Media Micro- n all @m EcI 
ries elec- (mM) (mY) (mY) 

trode 

1 Normal  DBM 

2 + Acetazol- DBM 
amide 

3 Na-free DBM 

SBM 

10 21.0_+1.0 38.6_+1.6 28.2_+1.3 
[36] [36] 

5 23.3_+1.2 35.0_+2.1 24.7 + 1,3 
[20] [20] 

2 17.2+_1.7 27.1_+2.6 30.5_+2.4 
[5] [51 

5 13.1 _+ 1.0 29.0_+ 1.8 36.9 
[23] [261 

All measurements were made in the fall and winter. DBM repre- 
sents double-barreled microelectrodes; SBM, single-barreled mi- 
croelectrodes, n is the number  of animals;  the number  of im- 
palements is in parentheses. 

recordings from 12 animals. Taking bath chloride ac- 
tivity to be 60.2 meq/liter, the solid line illustrates 
the expected relationship between 0,, and a~i if in- 
tracellular chloride were in electrochemical equilib- 
rium with bath chloride. The position of most of 
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the points above the line indicates CI- is accumulated 
above levels consistent with passive distribution. 

These and other data are collected in Table 6. 
In normal HCO;--containing media a/cl =21.0 mM us- 
ing double-barreled microelectrodes (DBM). The 
mean chloride equilibrium potential (Ec0 calculated 
with this value varies considerably from the mean 
mucosal membrane potential in keeping with active 
C1 accumulation. The value of ab~ consistent with 
electrochemical equilibrium is about 13 mM, thus the 
cells are accumulating C1- by a factor of about 1.6. 

Chloride accumulation was also observed in the 
presence of acetazolamide (10 . 4  M). This is seen in 
series 2 of Table 6 where there is again a considerable 
difference between ~bm and ECI a s  calculated from mea- 
surements with the double-barreled microelectrode. 
Values for Om were slightly lower than in the first 
series in the absence of acetazolamide. 

Chloride accumulation was abolished when Na* 
was removed from the bathing media. This is shown 
in series 3 of Table 6. A small number of measure- 
ments using double-barreled microelectrodes point to 
passive C1- distribution since ~b,, and Eel were  not 
different. Additional measurements with single- 
barreled microelectrodes (SEM) shown in the same 
Table, are even consistent with a small active CI- 
extrusion since Eel calculated from the mean tic1 was 
in slight excess of ~b,,. The differences between these 
sets of data are small. While the conclusions are con- 
tradictory in this regard, they are in agreement that 
upon replacement of media Na § with choline, active 
CI- accumulation is abolished. This has also been 
reported for gallbladder [7] and renal proximal tubule 
[24]. 

It is also evident in Table 6 that Om is lower in 
Na-free (choline) media than in normal media. The 
difference between the mean 0m in series 1 
(38.6 + 1.6 mV) and series 3 (29.0 + 1.8 mV) was statis- 
tically significant (P<0.01). This was examined fur- 
ther in a series of 4 experiments in which the mucosal 
membrane potential was measured first in normal 
media, then in Na-free choline media and then again 
in normal media. A 1-hr incubation in the respective 
media preceded a 1-hr interval of measurements. In 
normal media ~bm averaged 47.2+2.2 mV (n=43), a 
value somewhat higher than observed in earlier mea- 
surements (Table 5, series 1). After replacement of 
media Na with choline, ~b,, was reduced in all four 
tissue and averaged 36.3 _+ 2.4 (n =34). After returning 
to normal media, the mean ~'m rose markedly in two 
tissues and remained unchanged in the other two for 
an overall mean increase of ~bm to 43.7 +3.3 mV (n = 
19). These results lend further support to the conclu- 
sion that the mucosal membrane becomes depolarized 
in choline-substituted media. 

Discussion 

These measurements indicate that the proximal small 
intestine of Amphiuma absorbs CI- and that this 
process requires Na § and HCO~. Incubation of seg- 
ments in either low Na + (choline) media (Table 5), 
ouabain-containing media (Table 5), or HCO;--free 
media (Table 3) reversed the sign of ~b,,s and elimi- 
nated net C1- transport. 

We have previously shown that the polarity of 
0,,s in Amphiuma intestine is dependent on the pres- 
ence of HCO~ and that the /~c is proportional to 
bath HCO~ up to 25 meq/liter [10]. A serosa-negative 
~bm~ associated with HCO3- -dependent C1- absorption 
has also been reported for flounder small intestine 
[9, 12]. Except for a slight ability of acetate to substi- 
tute for HCO~ (Table 4), the requirement for HCO;  
(and/or CO2) appears very specific in Amphiuma in- 
testine. 

The dependency on Na § for electrogenic C1- ab- 
sorption, as reported here, has been observed in floun- 
der intestine as well. Field et al. [9] reported that 
incubation in Na-free media inhibited net C1- absorp- 
tion and the Isc. In contrast, in flounder Huang and 
Chen [12] and Ando et al. [1] had earlier reported 
serosa-negative ~bm~ in media in which most but not 
all Na § was replaced with choline. As pointed out 
by Field et al. [10], these earlier reports may be com- 
plicated by the presence of asymmetric diffusion 
potentials. 

There was a significant residual flux R (Jnet) in Am- 
phiurna small intestine under control conditions (Ta- 
ble 1), as has been reported for rabbit small intestine 
[6] but in contrast with flounder intestine in which 
no residual flux was observed [10]. In two smaller 
series in normal media JnRet was large but not signifi- 
cant at P=0.05 (Table 5). In these two series JnClet 
was smaller, as well. Some evidence suggests that the 
residual flux reported here represents, at least in part, 
HCO~ secretion. For example, the residual flux was 
absent in media devoid of exogenous HCO~ (Ta- 
ble 3). More importantly, the agent SITS, which ap- 
pears to inhibit a C 1 - - H C O ~  exchange process in 
erythrocytes [4], eliminated the residual flux (Table 5). 

If the residual flux does indeed represent H C O j  
secretion, there is some evidence to indicate that the 
secretion of HCO~ depends, in turn, on the presence 
of CI-. As reported earlier, the residual flux was 
oppositely directed (JnRet was negative) when C1- was 
replaced with SO2 [10]. This is consistent with 
HCOff-absorption. In addition SITS, which inhibited 
net C1- absorption, eliminated JnRet as well (Table 5). 
Indeed, a role for C1- in HCO~ secretion has been 
noted in the past. Hubel has demonstrated a positive 
correlation between the luminal CI- concentration 
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and net HCO~- secretion in rat ileum [13, 14]. Also, 
Turnberg et al. reported that HCO~- secretion in hu- 
man ileum was blocked by replacement of C1- with 
SOl  [25]. 

Net C1- absorption observed in this study could 
be due to the operation of a transport mechanism 
located in either the mucosal or serosal membrane 
of the absorbing cells. If active CI- transport occurs 
at the serosal membrane alone then entry into the 
cell across the mucosal membrane would be expected 
to be passive and the intracellular activity of C1- 
would be no greater than that expected from a Nern- 
stian distribution across the mucosal membrane. On 
the other hand, if the transport mechanism resides 
in the mucosal membrane then it would be expected 
that the intracellular C1 activity would be elevated 
above levels consistent with passive distribution. The 
measurements with chloride-selective microelectrodes 
argue in favor of the latter since, for most of the 
cells impaled in normal media (Fig. 7), Om exceeded 
the calculated Ea. Following an earlier report of C1 
accumulation by Amphiurna intestine in HCO3-free 
media [26], C1- accumulation has been observed in 
bullfrog small intestine [2], rabbit gallbladder [7], and 
proximal tubule of Necturus [24] with ion-specific mi- 
croelectrodes. For  the present measurements, if the 
C1- ions sensed by the microelectrode participate in 
transcellular transport, the only active step which 
need be invoked is that at the mucosal membrane 
of the absorbing cells. 

This conclusion rests upon the assumption that 
the activity of HCO7 in the cytoplasm is low relative 
to CI-.  This seems reasonable. For  example if the 
cytoplasmic pCO2 is equal to that of the external 
media and the intracellular pH is as high as 7.4, the 
HCO3 concentration in the cytoplasm would only 
be 25 meq/liter. This concentration of HCO3 could 
not account for the observed anion accumulation of 
8 mM in the cytoplasm since the ion exchanger has 
a selectivity for C1- over HCO7 of at least 11:1 
[261. Furthermore, a significant HCO7 error could 
not easily account for the anion accumulation 
reported previously in the absence of exogenous 
HCO7 [26]. For these reasons it is assumed that the 
ion exchanger is detecting CI- for the most part and 
that C1- is actively accumulated across the mucosal 
membrane. 

The results with SITS suggest that C1-, thus accu- 
mulated, can move across the serosal membrane in 
exchange for HCO3.  When applied on the serosal 
side, SITS inhibited the Isc, net CI- absorption, and 
the residual flux (Table 5). SITS did not inhibit the 
I~c when applied on the mucosal side. This indicates 
that SITS does not penetrate either the mucosal or 
basolateral membrane but produces its effect at the 

outer surface of the basolateral membrane. This con- 
clusion, and the observation that SITS inhibition was 
not reversible, is consistent with its observed inhib- 
itory effects on HCO3 - C I -  exchange in erythrocytes 
[4]. Also, Ehrenspeck and Brodsky have shown that 
serosally applied SITS inhibits the/~c in turtle blad- 
ders under conditions (Na-free) in which HCO~ and 
CI- are being actively absorbed [8]. SITS was also 
shown to inhibit carbonic anhydrase but with much 
less potency (1/1,000 th) than acetazolamide. The same 
agent also inhibited (Na + +K§ but had no 
effect on the Isc under conditions in which Na + alone 
is actively transported by turtle bladder. Ehrenspeck 
and Brodsky concluded that SITS acts principally 
to inhibit an anion pathway in the serosal membrane. 
The effect of SITS to eliminate both net CI- and 
residual fluxes in Amphiuma intestine cannot be 
attributed to inhibition of carbonic anhydrase. Aceta- 
zolamide, itself a carbonic anhydrase inhibitor, did 
not alter the residual flux and only lowered C1- ab- 
sorption. The effect of SITS on Amphiuma intestine 
is not apparently related to inhibition of (Na + + K +)- 
ATPase either since no alteration of the unidirectional 
Na § fluxes was observed. This contrasts with the 
effects produced by ouabain, the classical inhibitor 
of (Na+K+) -ATPase  (Table 5). Ouabain inhibited 
CI- absorption but also lowered the absorptive flux 
of Na § Therefore the simplest interpretation for the 
effect of SITS is inhibition of a serosally-located 
C1- - H C O 3  exchange mechanism. 

CI- transport in Arnphiuma small intestine gener- 
ates a serosa-negative PD and is, therefore, electro- 
genic. This is supported by the strong correlation be- 

cl tween Jn~ and I~c (Fig. 2 a). Assuming C1- movement 
across the serosal membrane occurs in one-for-one 
exchange with HCO~ then the simplest interpretation 
of these observations is that CI- uptake at the muco- 
sal membrane is rheogenic, i.e., it occurs as uncoupled 
active CI- uptake. However, earlier reports by others 
support the view that CI- uptake at the mucosal 
membrane is linked to Na § uptake as a electrically 
neutral process. For  example, active CI- absorption 
in rabbit intestine is reduced in the absence of Na § 
[20]. In the same way active Na + absorption is 
reduced in the absence of CI- [20, 23]. In addition, 
a saturable portion of C1- influx is coupled one-for- 
one to Na + influx in rabbit ileum [19]. 

Indeed some of the observations in the present 
study are consistent with coupled cotransport of Na + 
and CI-.  For  example, in the absence of Na-  active 
C1- absorption was eliminated (Table 5), and CI- 
accumulation, as measured with Cl--specific micro- 
electrodes, was eliminated as well (Table 6). In addi- 
tion, acetazolamide, which reduced net CI- absorp- 
tion, also reduced the unidirectional absorptive flux 
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Fig. 8. Model for C1- absorption in 
urodele intestine. Details are described 
in the text 

of Na § (Table 1). Also, ouabain inhibited both net 
Na § and CI- absorption. In spite of the apparent 
conformity of these observations with a coupled co- 
transport of sodium and chloride, there are difficulties 
which must be considered. Most importantly, if C1- 
is absorbed by a coupled neutral process, where does 
the electrical potential associated with the absorption 
of C1- arise? It is not likely to develop at the baso- 
lateral membrane since at this site C1- - H C O 3  ex- 
change, a presumptively neutral process, appears to 
occur. Field et al. [9] have argued that the potential 
arises from a salt diffusion potential across the tight 
junction following active Na § transport into the 
lateral intercellular space and passive diffusion of C1- 
from the cell. This proposal, however, does not pro- 
vide a role for HCO;- (and/or CO2) which is essential 
for C1- absorption in Amphiuma intestine. 

Another difficulty with the notion of  NaC1 cotrans- 
port concerns the labeled fluxes of Na + and C1- 
in this study. A correlation between these fluxes 
would be expected if cotransport constituted the prin- 
cipal mode of transcellular transport. However, no 
significant correlation was noted between the unidi- 
rectional absorptive fluxes of these ions or their net 
fluxes within a control series. Rather, the net C1 
flux was strongly correlated with the/~c (Fig. 2). Fur- 
thermore, inspection of Table 3 reveals that after ex- 
posure to acetazolamide the absorptive flux of Na + 
was elevated while that for C1- was unchanged. Simi- 
larly, as apparent in Table 5 in the presence of SITS, 
the CI- absorptive flux was reduced considerably 
while the value of the Na + absorptive flux (4.3 geq/hr 
cm 2) was similar to that measured in untreated seg- 
ments examined concurrently or in the HCO3-free 
series (Table 3). Lastly, the correlation between net 
Na § transport and the residual flux in the control 
series (Fig. 2) indicates Na § transport may be linked 
to other ions. It is concluded that C1- transport does 
not occur in cotransport with Na + per se, but instead 
is uncoupled and electrogenic. 

The model in Fig. 8 is presented as a working 
hypothesis and envisions an electrogenic C1- uptake 

at the mucosal membrane and serosal C1- - H C O ~  
exchange. H + is exchanged for Na + by a neutral 
process at the mucosal membrane. It is proposed that 
intracellular HCO~, formed enzymatically by hydr- 
oxylation of CO2, and arising from exchange with 
C1- at the basolateral membrane, competes with CI- 
for exit across the mucosal membrane in some as 
yet undetermined manner. Thus any treatment which 
lowers intracellular HCO~ will accelerate CI- back- 
flux across the mucosal membrane and inhibit net 
C1- absorption. For  example, inhibition of carbonic 
anhydrase will limit the availability of intracellular 
HCO~ and permit accumulated intracellular C1- to 
move back into the luminal fluid. Likewise, removal 
of bath Na + or elevation of intracellular Na + with 
ouabain would lower intracellular HCO~- by inhibit- 
ing mucosal Na § - H  § exchange. Finally, incubation 
in media devoid of  exogenous HCO3- would inhibit 
basolateral C1- - HCO~ exchange directly. 

The model is in conformity with the correlations 
noted in the isotope flux experiments. If  the residual 
flux R (J,~) is largely attributable to HCO~ secretion 
then greater activity of parallel Na §  § exchange 
processes should, by enhancing H § secretion, reduce 
the effective net secretion of HCO3.  The same tissues 
which exhibit greater Na + - H + exchange would be 
expected to effect greater net Na § transport as well 
since mucosal Na-- entry would be elevated. This 
could account for the negative correlation between 
the net Na + and residual fluxes (Fig. 2). 

The isotope flux measurements also indicate that, 
in the absence of available H C O ; ,  C1 - H C O ~  ex- 
change is replaced by C1- - C1- exchange. This would 
explain the inhibition of net C1- transport in the 
absence of exogenous HCO~ (Table 3) if it is assumed 
that C1- is able to permeate the serosal membrane 
only by mediation of  the carrier. Upon removal of 
media HCO3 the s- - ,m flux of C1- was elevated 
and was sensitive to SITS. On the other hand, SITS 
did not alter this flux when HCO~ was present in 
high concentrations in the media (Table 5). Support 
for this interpretation is given in recent studies with 
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muscle fibers of the barnacle. Boron et al. [3] observed 
that cyclic AMP stimulates a HCO2 -C1-  exchange 
mechanism which controls intracellular pH. This 
mechanism is inhibited by SITS and also promotes 
C1 - -C 1-  exchange. 

The measurements of intracellular chloride activ- 
ity are reasonably consistent with the proposed mo- 
del. Thus C1- was actively accumulated across the 
mucosal membrane equally well in normal media and 
in the presence of acetazolamide (Table 6), conditions 
under which net C1- absorption was observed (Ta- 
ble 1). In both cases the energy invested in accumula- 
tion (~, , -Eel)  was 10 inV. C1- accumulation was 
previously observed in HCOa-free media as well, al- 
though the accumulation was less at 5 mV [26]. As 
long as HCO~ is available from metabolism, some 
accumulation of C1- across the mucosal membrane 
would be expected to occur even though net transcel- 
lular transport was blocked by the lack of bicarbonate 
at the outer border of the basolateral membrane. Con- 
trasting with these conditions, when Na + was re- 
placed in the bathing media no accumulation of C1- 
was observed (Table 6), suggesting that this condition 
strongly depresses intracellular levels of HCO3. 
Indeed, it would be expected that H + efflux would 
be reduced following inhibition of Na + - H  + ex- 
change in choline media. As noted above, lowering 
intracellular HCO~ in this way would, in turn, allow 
C1- to move back into the mucosal media. 

If mucosal C1- uptake is electrogenic, as suggested 
here, it would be expected that 4,, would be depolar- 
ized under conditions of reduced C1- accumulation. 
The only condition which resulted in a measurably 
reduced accumulation of C1- was the Na + -free condi- 
tion. In choline-substituted media 4,, was depolarized 
significantly (Table 6). Assuming that the depolariza- 
tion is due to Na + removal rather than addition of 
choline, this observation supports the conclusion of 
electrogenic C1- entry at the mucosal membrane of 
the absorptive cell. Substitution of Na + with other 
ions will provide a more definitive test of electrogenic 
CI- absorption. The energy for mucosal C1- uptake 
may be derived from ATP. Recently Humphreys and 
Chou [15] reported strong new evidence for the pres- 
ence of anion (C1- and HCO3)-stimulated ATPase 
activity in the brush border of rat small intestine. 
Such an enzyme would be well suited to energize 
C1- absorption and HCO;--secretion. 

The model presented above assumes that all of 
the net C1- transport capacity of the tissue resides 
in the villus absorptive cells which have been shown 
here to accumulate C1-. In fact, we have demon- 
strated that only these cells generate a serosa negative 
potential difference like that observed in the whole 
tissue; the intervillus epithelial cells (between the villi) 

do not contribute to the transepithelial potential dif- 
ference under these conditions [11]. Since the present 
study has demonstrated that the serosa-negative trans- 
mural potential reflects electrogenic C1- absorption, 
it appears safe to conclude that this transport activity 
is localized in the villus absorptive cells alone. Never- 
theless, it cannot be ruled out that, in addition, an 
electrically neutral C1- absorptive process resides in 
the intervillus epithelium. 

It is instructive to compare these observations with 
those of Turnberg et al. [25] on normal human ileum 
in situ. They observed active C1- absorption in excess 
of bicarbonate secretion using a triple-lumen perfu- 
sion technique. In addition, the absorption of sodium 
was associated with a decrease in bicarbonate secre- 
tion. When media C1- was completely replaced with 
SO4 bicarbonate secretion was inhibited and bicar- 
bonate absorption ensued. Finally, acetazolamide 
markedly inhibited both Na + and CI- absorption. 
The results described in this and a previous report 
[10] are in qualitative agreement with the human data 
of Turnberg et al. The C1- absorptive process in the 
human ileum is apparently electrically neutral al- 
though, owing to the nature of their preparation, this 
could not be examined in the manner of the present 
study. Their observations led Turnberg et al. to pro- 
pose the existence within the epithelial cell of parallel 
neutral Na + - H  + and C1- - H C O ~  exchange 
processes. Even earlier evidence had suggested the 
existence of parallel acid and base secretory processes 
in the small intestine [22]. The present study has 
pointed to a model containing similar processes but 
now localized to the individual membranes of the 
absorptive cell and containing additional features 
consistent with the electrogenic nature of the C1- 
transport process in the urodele. 
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