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Effects of Acid-Base Variables on Ion Transport in Rat Colon
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Abstract

Alterations in arterial acid-base variables have important ef-
fects on colonic electrolyte transport in vivo. To confirm the
relative effects of these variables and to characterize the trans-
port processes involved, we measured unidirectional 22Na and
36C1 fluxes across short-circuited, distal colonic mucosa of
Sprague-Dawley rats. Stripped tissues were studied in Hepes
buffer and in Ringer's solutions at HCO3concentrations of 11,
21, and 39 mM, and CO2tensions between 0 and 69.6 mmHg.
Increases in Pco2, but not in either pH or HCO3concentra-
tion, caused similar increases in J.'t and J2, (net flux of sodium
and chloride, respectively) from -0.2±03 and -1.5±0.4 ,geq/
cm per h at Pco2 = 0 to 6.8±0.6 and 7.6±0.7 ,ueq/cm2 per h,
respectively, at Pco2 = 69.6 mmHg. These increases were
accounted for by changes in Jms and were accompanied by
small decreases in Isc. 1 mMacetazolamide decreased both
J.A= and J~t and their responses to increases in Co2. 0.75 mM
luminal amiloride prevented the increase in sodium absorption,
but did not affect the C02-induced increase in chloride absorp-
tion. In the presence of amiloride, CO2 increased JR (residual
flux). 0.1 mMluminal furosemide did not affect the C02-in-
duced increases in J'w in the absence or presence of amiloride.
Changes in HCO3concentration did not alter JRA Weconclude
that ambient CO2effects active, electroneutral sodium absorp-
tion in the rat distal colon. The process stimulated by CO2 is
dependent on mucosal carbonic anhydrase activity and most
likely represents Na/H and CI/HCO3 ion exchange.

Introduction

The in vivo observation that arterial acid-base variables have a
major effect on intestinal electrolyte and water transport sug-
gested a mechanism other than neurohumoral by which the
body maintains electrolyte homeostasis (1-3). The distal colon
of the rat is of particular interest in this regard, because its
electrolyte transport systems are well characterized (4-9), and
its response to arterial Pco2 and HCO3concentration is spe-
cific and spans the physiological range of values for these vari-
ables. As in other transporting epithelia, the effects of CO2
apparently were mediated through changes in the intracellular
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pH (pHi)' of the colonic epithelium (10, 11), and were depen-
dent on mucosal carbonic anhydrase activity (12). The data
also suggested that the transport processes affected were elec-
troneutral and included both Na/H ion exchange and C1l
HCO3ion exchange (3, 11, 13).

Several questions were raised by these findings that could
not be addressed in studies of intact animals. These included
determining whether (a) the action of Pco2 was entirely a local
effect on the colonic epithelium, (b) the electroneutral sodium
absorptive process stimulated by CO2 reflected coupled NaCl
cotransport as well as Na/H exchange, (c) the effect of the
plasma HCO3concentration on net HCO3secretion reflected
transcellular (as opposed to intercellular) HCO3movement,
and (d) whether the responsive transport processes were pH-
sensitive in the absence of ambient CO2.

These issues were addressed in the present study by exam-
ining distal colonic tissue in the Ussing (E. W. Wright, Guil-
ford, CT) ion flux chamber. This experimental approach was
especially suitable because the response of this tissue to CO2 is
immediate, of significant magnitude, and completely revers-
ible (2, 3, 11-13). As compared with in vivo studies, this
method allows for the precise control and manipulation of
acid-base variables in the absence of secondary cardiovascular
and systemic neurohumoral influences. In addition, we could
examine the role of various electrolyte transport processes by
comparing the effects of Pco2 in the presence and absence of
specific inhibitors of each process.

Methods
Male Sprague-Dawley rats weighing 250-350 g were maintained on a
standard diet with free access to water. While the rats were under
pentobarbital sodium anesthesia (5 mg/100 g body wt), the distal 10
cm of descending colon was removed, rinsed with 0.9% saline, and
placed over a glass rod. The tissue was stripped of the serosa and
segments were mounted in modified Ussing half-chambers (E. W.
Wright) exposing 1.12 cm2 surface area. One tissue pair was obtained
from each animal.

The transepithelial potential difference (PD) was measured using
calomel electrodes connected to the half-chambers by bridges contain-
ing 3%agar constituted in the same Ringer's solution used as bathing
solution. The PDwas expressed as serosal side positive with respect to
the mucosa. Tissues were studied under short-circuited conditions ex-
cept for 1-s intervals every 100 s, during which bipolar pulses of 0.5 mV
yielded electrical current values that were used to calculate tissue con-
ductance (G). The short-circuit current (Isc) was passed across the
tissue through 3%agar bridges via a voltage clamp (University of Iowa,
Iowa City, IA). Isc, by convention, was given the same polarity as PD.
Tissues were paired for ion flux studies on the basis of differences in G
no greater than 25%.

1. Abbreviations used in this paper: DIDS, 4,4'-diisothiocyanostilbene-
2,2' disulfonate; G, conductance; Isc, short-circuit current; Jc,, muco-
sal to serosal chloride flux; J2, net chloride flux; Jms, mucosal to
serosal flux; J.s", mucosal to serosal sodium flux; J', net sodium flux;
Jnet, net flux; Jsm, serosal to mucosal flux; PD, potential difference;
pHi, intracellular pH.
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Unidirectional fluxes of Na and Cl were measured by adding 2 MCi
of 22Na and 1 gCi of 36C1 (100 Ci/g sp act; New England Nuclear,
Boston, MA) to the mucosal side of one member of each tissue pair and
the serosal side of the other. After an initial 1 5-30-min equilibration
period, samples of the hot side were collected at the beginning and end
of a 45-min experimental period for determination of each isotope's
specific activity. Samples of the cold side were taken every 15 min
during the 45-min period for determination of unidirectional ion flux.
Samples from both sides were replaced with the appropriate Ringer's
solutions. Ready-Solv HP(Beckman Instruments, Inc., Fullerton, CA)
was added to each sample and counts were obtained in a liquid scintil-
lation system (LS-3 1 33P) and a gammacounter (both obtained from
Beckman Instruments, Inc.). Mucosal to serosal (Jms) and serosal to
mucosal (Jsm) fluxes were calculated by standard formulae (4), and net
flux (Jnet) was calculated as the difference between them (Jms - Jsm).
The residual flux (JR) was calculated by JR = Isc-(JNat - JCe)

Acid-base variables
Paired tissues were bathed in 10 ml of identical Ringer's solutions at
370C containing (in millimoles per liter): NaCl, 96; NaHCO3, 21;
KCI, 4; Na2HPO4, 2.4; NaH2PO4, 0.4; Na gluconate, 18; CaSO4, 1.0;
MgSO4, 1.2; and glucose, 10. Tissue pairs were studied during two or
four consecutive 45-min experimental periods in which bathing solu-
tion HCO3concentration and pH, Pco2 and pH, or HCO3concentra-
tion and Pco2 were altered. Bicarbonate concentrations were altered
by substituting Na gluconate or Hepes buffer for NaHCO3over the
range 0 to 39 mM. In HCO3-free Ringer's solution, Hepes buffer was
titrated with 1 MHC1 or NaOH, and the solution was gassed with
100% 02. In HCO3-H2CO3-buffered solutions, tissues were gassed with
either room air (Pco2 = 0 mmHg), 3% C02/97% 02 (Pco2 = 21.9
mmHg), 5%C02/95% 02 (PCo2 = 34.5 mmHg), or 11% C02/89% 02
(Pco2 = 69.6 mmHg). In preliminary time-control experiments, stable
levels of sodium and chloride flux were observed for more than 6 h,
and changes in transport induced by the acid-base variables were fully
reversible.

The pH and Pco2 of the bathing solutions studied in consecutive
periods were measured before isotope addition with a Radiometer
BMS3 MK2 system; with a (PHM 73 acid-base analyzer; London,
Cleveland, OH). Bicarbonate concentration was calculated by the
Henderson-Hasselbach equation as previously described (1, 2). In salt
solutions, pK' = 6.33 - 0.52 (I)1/2±0.6 (I), where 6.33 is the pK of the
H2CO3-HCO3buffer system in water, and I is the sodium plus potas-
sium concentrations in moles per liter (2, 14). To correct pK' for pH,
an empiric factor was determined in this laboratory: pKw = pK' - log( 1
+ logPH-S.7). The CO2solubility in salt solutions was adjusted for ionic
strength: alpha = 10I- 1482-0.085(J) (2, 14).

Inhibitors
Wethen examined whether inhibitors affected the change in transport
caused by the acid-base variables. Electrolyte transport was measured
at a bathing solution HCO3concentration of 21 mMduring consecu-
tive periods of Pco2 = 21.6 and 69.6 mmHgbefore and after the
addition of the specific inhibitor.

Acetazolamide. Sodium acetazolamide (Lederle Parenterals, Inc.,
Carolina, PR) was added to both mucosal and serosal bathing solutions
at a final concentration of 0.1 or 1.0 mM. Electrolyte transport was
measured at a bathing solution HCO3concentration of 21 mMduring
consecutive periods of Pco2 = 21.6 and 58.6 mmHg,and Pco2 = 21.6
and 69.6 mmHg.

Amiloride. Amiloride (Merck Sharp & DohmeResearch Laborato-
ries, West Point, PA) was added to the mucosal bathing solution at a
final concentration of 0.75 mM. The effect of amiloride also was stud-
ied in a bathing solution in which choline chloride was substituted for
sodium chloride so as to reduce the sodium concentration to 50 mM.

Furosemide. Furosemide (Sigma Chemical Co., St. Louis, MO)was
added to the mucosal bathing solution at a final concentration of
0.1 mM.

Amiloride and furosemide. To determine whether amiloride and
furosemide were additive in their effects and whether the effect of
furosemide was affected by the presence of amiloride, 0.75 mMamil-
oride and 0.1 mMfurosemide were both added to the mucosal bathing
solution. The effects of increasing Pco2 were then compared with the
changes caused by CO2 in the presence of amiloride or furosemide.

4,4'-Diisothiocyanostilbene-2,2' disulfonate (DIDS). DIDS was
added to the mucosal side of a 2 1-mM HCO3Ringer's solution at a
final concentration of 0.1 mMor 1 mM.

Statistics
Calculated values for the 3 15-min samples for each condition were
averaged and the values for each experimental group were expressed as
the mean±SE. Statistical analyses consisted of paired and unpaired,
two-tailed t tests, one-way analysis of variance, and linear regression
analysis by least squares ( 15). Correlation coefficients were calculated
from the mean values of the experimental groups. Corrections were
made for multiple t tests when appropriate, and a 2P value < 0.05 was
considered significant.

Results

Acid-base variables
The effects of varying the Pco2 on electrolyte transport at a
bathing solution HCO3concentration of 21 mMare shown in
Table I. At Pco2 = 0 mmHg, net Na absorption was zero and
net chloride secretion was observed. The residual ion flux, jR,
also was zero. Net Na and Cl absorption were noted at Pco2
= 21.6 mmHg, and progressively increased so that at Pco2
= 69.6 mmHg, net Na and Cl absorption had increased
- 60%. The increase in absorption was accounted for by an
increase in Jms rather than by a reduction in Jsm. Increases in
Pco2 between 0 and 69.6 mmHgdid not alter PD, but did
increase JR (P < 0.05) and decrease the Isc (P < 0.01) and
conductance (P < 0.02). These changes in ion flux and Gwere
completely reversible, and occurred regardless of the order in
which Pco2 was altered.

To determine to what extent the observed responses were
effects of Pco2 and not pH, we measured electrolyte fluxes at
bathing solution HCO3concentrations of 39 and 11 mMat a
constant Pco2 of 34.5 mmHg.As shown in Table II, there were
no significant differences in the net absorption of sodium or
chloride in these solutions of markedly different HCO3con-
centration and pH. Indeed, the pH range examined in this
experiment (7.65-7.14) was similar to that caused by changing
PCO2 from 21.6 to 69.6 mmHg(compare Tables I and II).
There also was no effect of pH or HCO3concentration on jR,
although JR tended to be greater in 39 mMHCO3than in 11
mMHCO3Ringer's solution.

Nevertheless, because these data were obtained (by neces-
sity) in separate groups of tissues, a small effect of pH may
have been obscured by intertissue variability. We therefore
measured ion flux in a HCO3-free Hepes-Ringer's solution
gassed with 100% 02 that was titrated during consecutive pe-
riods with HCl or NaOH. As shown in Table II, JNm, Jnet JMS
and JAe were markedly reduced in the virtual absence of am-
bient HCO3 and CO2. jR was zero under these conditions.
When bathing solution pH was reduced from 7.59 to 7.09,
very small but significant changes were noted in Isc, PD, G,
and the mucosal to serosal and net fluxes of Na and Cl. These
changes were qualitatively similar to, although much smaller
than, those seen when a similar pH change was induced by
altering Pco2 (Table I). In addition, the decreases in Isc and
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Table I. Effect of CO2on Colonic Electrolyte Transport

Na flux C flux

Pco2 pH Isc PD G Jms JSm Jnet Jms JSm Jnet jR

;ieq/cm2 MS/ ueq/cmn per h ;seq/cm2 per h
mmHg per h mV cm2

0 8.42 1.8 4.4 11.1 5.9 6.1 -0.2 7.4 8.9 -1.5 0.4
±0.03 ±0. 1 +0. 1 ±0.4 ±0.3 ±0.3 ±0.3 ±0.4 ±0.6 ±0.4 ±0.5

21.6 7.63 1.6 5.0 8.9 9.2 5.0 4.2 12.8 8.0 4.8 2.2
±0.7 ±0.01 ±0.2 ±0.5 ±0.6 ±0.5 ±0.3 ±0.4 ±0.5 ±0.3 ±0.5 ±0.3

34.5 7.41 1.4 4.7 8.5 10.1 4.7 5.5 14.6 8.0 6.6 2.5
±0.8 ±0.01 ±0.2 ±0.7 ±0.6 ±0.8 ±0.2 ±0.8 ±0.8 ±0.4 ±0.8 ±0.4

69.6 7.10 0.9 3.2 7.9 11.7 4.8 6.8 16.5 9.0 7.6 1.7
±1.2 ±0.01 ±0.1 ±0.5 ±0.5 ±0.9 ±0.3 ±0.6 ±0.7 ±0.4 ±0.7 ±0.3

P* <0.001 <0.001 <0.025 <0.01 <0.001 <0.001 <0.001 <0.05

Values are means±SE. Number of tissue pairs studied at a Pco2 of 0 = 4, at a PCo2 of 21.6 = 17, at a Pco2 of 34.5 = 15, and at a PCo2 69.6
= 17. Data were obtained in separate groups of tissue pairs bathed in 140 mMNa and 21 mMHCO3-Ringer's solutions at one or more CO2
tensions. * Four experimental groups were compared by one-way analysis of variance.

PDin Hepes buffer were entirely accounted for by increases in
net Cl transport since as shown in Table II, Isc = JNa - J,, and
JR = 0.

Wethen examined the possibility that the concentration of
HCO3altered the effect of CO2on Na and Cl absorption. We
measured ion fluxes in the 39-mM HCO3Ringer's solution at
CO2 = 69.6 mmHg(pH 7.35) and in the 11-mM HCO3
Ringer's solution at Pco2 = 21.6 mmHg(pH 7.35). The dif-
ferences in net Na flux (1.3 jseq/cm2 per h), net Cl flux (3.6
seq/cm2 per h), Isc (-0.9 geq/cm2 per h), and G(0.1 mS/cm2)
at these CO2 tensions were similar to the differences observed
between similar Pco2 levels in the 2 1-mM HCO3Ringer's so-
lution shown in Table I.

The relative effects of bathing solution Pco2, pH, and
HCO3concentration on ion flux were confirmed by correlat-
ing these variables in all 75 tissue pairs in all the acid-base
groups described above (except the groups exposed to room air
or bathed in Hepes-Ringer's solution). As shown in Fig. 1, net
sodium absorption correlated only with bathing solution Pco2
(r = 0.83, P < 0.02) and did not correlate with either pH or
HCO3concentration. When unidirectional fluxes were exam-
ined, Jm correlated with Pco2 (r = 0.97, P < 0.001). The
slopes of both of these relations were 0.04, indicating that for
each 10-mmHg increment in Pco2, JI flux increased 0.4
Meq/cm2 per h.

Although the relation between CO2 and chloride absorp-

Table II. Effect of pH on Colonic Electrolyte Transport in HCO3and Hepes-buffered Ringer's Solutions

Na flux CI flux

HCO3 Pco2 pH Isc PD G Jms JAm Jnet Jms Jsm Jnet JR

mM mmHg ,ieq/cmn per h mV mS/cM2 seq/cm2 per h e/cm2 per h

HCO3 39 35.8 7.65 1.3 3.8 9.2 10.2 5.7 4.5 13.2 7.4 5.8 2.6
Ringer's ± 1.0 ±0.01 ±0.1 ±0.4 ±0.6 ±0.7 ±0.7 ±0.8 ±0.7 ±0.7 ±0.7 ±0.4

1 1 34.3 7.14 1.4 5.2 7.8 10.4 5.4 5.1 15.8 10.4 5.4 1.7
+0.7 ±0.01 ±0.2 ±0.8 ±2.1 ±0.7 ±0.3 ±0.8 ±0.9 ±0.4 ±0.8 ±0.4

P* <0.001 <0.001 <0.05 <0.001

Hepes 0 0 7.59 1.7 6.5 7.0 5.5 4.4 1.1 8.1 8.4 -0.2 0.3
Ringer's ±0.01 ±0.1 ±0.6 ±0.2 ±0.2 ±0.2 ±0.4 ±0.7 ±0.5 ±0.8 ±0.5

0 0 7.09 1.3 5.7 6.2 6.1 4.0 2.2 8.9 7.7 1.2 0.3
±0.01 ±0.2 ±0.7 ±0.3 ±0.4 ±0.3 ±0.6 ±0.7 ±0.5 ±0.8 ±0.3

Pt <0.001 <0.005 <0.05 <0.001 <0.05 <0.01 <0.01 <0.025 <0.005 <0.005

Values are means±SE. Number of tissue pairs studied at 39 mMHCO3-Ringer's solution = 12, 11 mMHCO3-Ringer's = 14, and 21 mM
Hepes = 9. Data for HCO3-Ringer's solution were obtained in separate groups of tissue pairs bathed in 39 HCO3-Ringer's solution or 11 mM
HCO3-Ringer's solution. Data for Hepes-Ringer's solution were obtained in one group of tissues bathed in 21 mMHepes-Ringer's solution ti-
trated during consecutive periods with HOor NaOH. * Unpaired t test, * paired t test.
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Figure 1. Relation of sodium absorption to bathing solution Pco2.
J1a and Je were measured in Ringer's solutions containing 1 1, 21,
or 39 mMHCO3during consecutive periods in which Pco2 was al-
tered as indicated by the dashed lines. Both J1 and J, increased
with increasing Pco2. Values are means±SE.

tion appeared to be curvilinear (Fig. 2), when analyzed by
linear regression analysis, similar results were obtained for
chloride flux. Net chloride absorption correlated with Pco2 (r
= 0.92, P < 0.005), but not with either pH or HCO3concen-
tration. A correlation also was found for J2A and Pco2 (r
= 0.72, P < 0.05). The slopes of these relations were similar to
the slope relating sodium flux to Pco2. There was an - 0.6
Meq/cm2 per h increase in Jn,, per l0-mmHg increase in Pco2.

Inhibitors
In another series of experiments, inhibitors of various electro-
lyte transport processes were added to 21 mMHCO3Ringer's
bathing solution and the effect of increasing CO2 tension was
measured. Alterations in Na and Cl fluxes in the presence and
absence of the inhibitor were then compared.

Acetazolamide. To examine the effect of inhibiting muco-
sal carbonic anhydrase activity, 0.1 mMsodium acetazol-
amide was added to both mucosal and serosal bathing solu-
tions. At Pco2 = 21.6 mmHg, this addition reduced Jms and
Jnet for chloride - 50% (Table III). As shown in Table IV,
however, the increments in net sodium and chloride flux
caused by increasing Pco2 from 21.6 to 69.6 mmHg,although
somewhat smaller, were not significantly different in the pres-
ence and absence of acetazolamide. The presence of acetazol-
amide nevertheless was associated with an increase in JR in
response to this increase in Pco2.

This partial effect of acetazolamide suggested the possibil-
ity that the 48-mmHg increase in CO2 tension (69.6 minus
21.6 mmHg)had overcome the effects of 0.1 mMacetazol-
amide. The effect of increasing Pco2 from 21.6 to 58.6 mmHg
on net sodium and chloride fluxes was therefore compared
with the increments caused by increasing Pco2 from 21.6 to
69.6 mmHg. In fact, these increments were similar. When

PCO2mmHg

Figure 2. Relation of chloride absorption to bathing solution Pco2.
12s and J.2e were measured in Ringer's solutions containing I1, 21,

or 39 mMHCO3during consecutive periods in which Pco2 was al-
tered as indicated by the dashed lines. Both J2P and J.1 increased
with increasing Pco2. Values are means±SE.

Pco2 was raised from 21.6 to 58.6 mmHgin the presence of
0.1 mMacetazolamide, J" increased from 2.7±0.8 to 5.0±1.2
Aeq/cm2 per h and J.2, increased from 2.8±0.7 to 6.7±1.0
Mteq/cm2 per h (compare with Tables III and IV). These find-
ings suggested that a 0. l-mM concentration of acetazolamide
was insufficient to completely inhibit mucosal carbonic anhy-
drase in our system. Consequently, we repeated the experi-
ment in the presence of 1.0 mMacetazolamide. Under these
conditions, Jms for both sodium and chloride were markedly
reduced, resulting in zero net sodium absorption and net chlo-
ride secretion at Pco2 = 21.6 mmHg.In addition, Isc tended to
decrease and JR changed direction (Table III). WhenPco2 was
increased from 21.6 to 69.6 mmHg, the increases in Jms for
both Na and Cl were significantly smaller than in the absence
of acetazolamide (Table IV).

Amiloride. The participation of electrogenic Na transport
and Na/H exchange in the colonic response to Pco2 were ex-
amined by adding 0.75 mMamiloride to the mucosal bathing
solution. At a C02 tension of 21.6 mmHg,amiloride decreased
JNa 43%, JNet 69%, and Jc'1 23% (Table III). As shown in Table
IV, the presence of amiloride markedly reduced but did not
completely prevent the increments in JNa and Jne produced by
increasing the Pco2 to 69.6 mmHg. In addition, the incre-
ments in J.2 and J.2c caused by increasing Pco2 were unaf-
fected by the presence of amiloride. These increments in chlo-
ride flux were associated with increases in JR that were not
observed in the absence of amiloride.

Wealso studied amiloride in a HCO3-Ringer's bathing so-
lution in which the sodium concentration was reduced to 50
mM(Table V). In the absence of amiloride, increases in Pco2
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Table 111. Effect of Various Inhibitors on Colonic Electrolyte Transport at a Pco2 of 21.6 mmHg

Na flux C flux

Addition Jsc* PD Gt Jst Jsm Jiett Jmst Jsm Jnett JR

p.eq/cm2 per h mV mS/cMn peq/cm2 per h teq/cm2 per h

None 1.6 5.0 8.9 9.2 5.0 4.2 12.8 8.0 4.8 2.2
+0.2 ±0.5 ±0.6 ±0.5 ±0.3 ±0.4 ±0.5 ±0.3 ±0.4 ±0.3

Acetazolamide (0.1 mM) 1.3 4.8 8.4 7;7 5.1 2.6 10.2§ 8.1 2.11" 0.8
+0. 1 ±0.7 ±0.7 ±0.7 ±0.5 ±0.6 ±0.7 ±0.4 ±0.5 ±0.6

Acetazolamide (1.0 mM) 0.9 4.2 5.7# 3.81" 3.8 0.011 5.311 7.6 -2.31" -1.3"
+0.2 ±0.5 ±0.4 ±0. 1 ±0.2 ±0.2 ±0.4 ±0.7 ±0.5 ±0.5

Amiloride (0.75 mM) 1.2 6.2 5.411 5.01" 3.7 1.3 10.0' 6.9 3.1 3.1
+0. 1 ±0.4 ±0.5 ±0.5 ±:0.4 ±0.7 ±0.7 ±0.7 ±0.8 ±0.6

DIDS (0.I mM) 2.0 7.4 7.7 6.3' 4.5 1.8§ 10.0i 7.9 2.1 2.3
+0.0 ±1.0 ±0.4 ±0.7 ±0.3 ±0.8 ±0.7 ±0.5 ±1.2 ±0.4

Furosemide (0.1 mM) 1.6 6.3 7.3 6.51 4.6 1.9' 9.61 7.6 2.0w 1.8
+0.3 ±1.2 ±0.4 ±0.7 ±0.4 ±1.1 ±0.8 ±0.4 ±0.6 ±0.6

Amiloride (0.75 mM) 1.7 6.4 7.1 4.11" 4.5 -0.41 8.81" 9.4 -0.61" 1.6
Furosemide (0.1 mM) +0.3 ±0.9 ±0.3 ±0.4 ±0.3 ±0.5 ±0.5 ±0.5 ±0.6 ±0.6

Values are means±SE. Number of tissue pairs studied with no addition = 17, 0.1 mMacetazolamide = 15, 1.0 mMacetazolamide = 6, 0.75
mMamiloride = 8, 0.1 mMDIDS = 6, 0.1 mMfurosemide = 6, and 0.75 mMamiloride plus 0. i mMfuroseinide = 7. Separate groups of tis-
sue pairs were studied in 140 mMNa and 21 mMHCO3-Ringer's solution at a CO2tension of 21.6 mmflg (pH 7.63). * P < 0.002, * P
< 0.001 when the mean values for all groups were compared by one-way analysis of variance. I P < 0.05, 11 P < 0.005 when compared with
addition: none by unpaired t test.

Table IV. Effect of Increasing Pco2 on Colonic Electrolyte Transport in the Presence of Various Inhibitors

ANa flux AC! flux

Addition AIsc APD AG Jms Jsm Jnet Jms Jsm Jnet AR

jueq/cm2 per h mV mS/cMn ueq/cm2 per h ieq/cnm2 per h

None -0.7 -1.8 -1.0 2.5 -0.2 2.6 3.8 1.0 2.8 -0.6
±0. 1 ±0.4 ±0.2 ±0.5 ±0. 1 ±0.5 ±0.4 ±0.3 ±0.5 ±0.3

Acetazolamide (0.1 mM) -0.6 -2.7 -1.1 1.5 -0.5 2.0 3.0 -0.6* 3.6 1.0*
±0.2 ±0.5 ±0.2 +0.3 ±0.2 ±0.4 ±0.7 ±0.4 ±0.7 ±0.6

Acetazolamide (1.0 mM) -0.4 -1.5 -0.5 0.9* -0.4 1.3* 1.1* -1.5* 2.6 0.9*
±0. 1 ±0.4 ±0.2 ±0.2 ±0.3 ±0.4 ±0.3 ±0.5 ±0.4 ±0.4

Amiloride (0.75 mM) -0.7 -2.9 -0.8 0.6* -0.5 1.1* 3.2 0.4 2.8 0.9*
±0.9 ±0.5 ±0.7 ±0.2 ±0.2 ±0.2 ±0.2 ±0.3 ±0.3 ±0.3

DIDS (0.1 mM) -1.0 -3.3* -1.3 2.5 -0.1 2.6 3.9 0.2 3.6 0.0
±0.2 ±0.9 ±0.2 ±0.7 ±0.3 ±0.9 ±0.8 ±0.6 ±0.5 ±0.5

Furosemide (0.1 mM) -0.6 -1.8 -0.9 1.9 -0.5 2.4 2.9 0.2 2.8 -0.2
±0.2 ±0.6 ±0.2 ±0.4 ±0.2 ±0.4 ±0.6 ±0.3 ±0.5 ±0.2

Amiloride (0.75 mM) -0.7 -2.3 -0.8 0.2* -0.5* 0.7* 2.5* 0.5 2.0 0.5*
Furosemide (0.1 mM) ±0.2 ±0.7 ±0.2 ±0.3 ±0.1 ±0.3 ±0.5 ±0.3 ±0.5 ±0.4

Values are means±SE. Number of tissue pairs studied with no addition = 17, with 0.1 mMacetazolamide = 15, with 1.0 mMacetazolamide
= 6, with 0.75 mMamiloride = 8, with 0.1 mMDIDS = 6, with 0.1 mMfurosemide = 6, and with 0.75 mMamiloride plus 0.1 mMfurose-
mide = 7. Separate groups of tissue pairs were studied in 140 mMNa and 21 mMHCO3-Ringer's solution at CO2tensions of 21.6 (pH 7.63)
and 69.6 mmHg(pH 7.10). Data (deltas) represent the differences between values at 69.6 mmHgminus values at 21.6 mmHg.Data for addi-
tion: none were derived from experiments presented in Table I. * P < 0.05 when compared with addition: none by unpaired t test.

Acid-Base and Colonic Transport 1907



caused qualitatively and quantitatively similar changes in ion
flux, as were observed in a bathing solution containing 140
mMsodium (compare Tables IV and V). The effect of amilor-
ide at a Pco2 of 21.6 mmHgalso was similar at 50 and 140
mMsodium: amiloride reduced Jnet 70% and Jne 47%, and
increased JR. Nevertheless, when the Pco2 was raised in 50
mMsodium Ringer's solution, amiloride completely inhibited
the increases in J" and J=.

Furosemide. To determine whether a cotransport process
was involved in the colonic response to C02, 0.1 mMfurose-
mide was added to the mucosal bathing solution. At Pco2
= 21.6 mmHg, furosemide decreased Jn.t 55% and JAkt 67%,
respectively (Table III). This effect was additive to that of amil-
oride: the mucosal addition of both amiloride and furosemide
at Pco2 = 21.6 mmHgresulted in Jnet (P < 0.05) and JAet (P
< 0.005) values that were significantly lower than for amilor-
ide alone. In fact, JNa and JAet did not differ from zero under
these conditions.

Despite this effect of furosemide at Pco2 = 21.6 mmHg,a
furosemide-inhibitable process did not appear to participate in
the colonic response to Pco2. As shown in Table IV, furose-
mide did not alter the increments in Jnet or JPne caused by
increasing bathing solution Pco2 to 69.6 mmHg.Nevertheless,
it was possible that in the presence of amiloride, a role for this
process might be revealed. The effect of C02, therefore, was
measured in tissues exposed to mucosal furosemide in a
21-mM HCO3Ringer's solution containing amiloride. As
shown in Table IV, the increments in JNa and J41 in response
to increasing Pco2 under these conditions were no different
than in tissues exposed to similar Pco2 changes in the presence
of amiloride alone: AJNat 0.7±0.3 vs. 1.1±0.2 ueq/cm2 per h,
NS; AJ<I' 2.0±0.5 vs. 2.8±0.3 Leq/cm2 per h, NS).

DIDS. The addition of DIDS to the mucosal bathing solu-
tion at a final concentration of 0.1 mMreduced Jma JN t, and
Jms at Pco2 = 21.6 mmHg.A similar reduction in J1e, did not
reach statistical significance. Nevertheless, DIDS at 0.1 mMor
at a 10-fold higher concentration did not alter the increments
in JNne or JAet induced by increasing the Pco2 to 69.6 mmHg
(data for 0.1 mMDIDS shown in Table IV).

Discussion

In previous studies we reported that physiologic changes in
arterial Pco2 have major effects on electrolyte and water ab-
sorption in the rat colon (1-3). The in vivo experimental con-
ditions, however, allowed only tentative conclusions regarding
the specificity and site of action of C02 (11, 13). The current
findings confirm that the action of CO2on sodium and chlo-
ride absorption is predominant among the acid-base variables,
and represents a local effect of CO2on the intestinal mucosa. A
significant effect of pH was ruled out by thesabsence of a
correlation between bathing solution pH and either JNa or 41,
and by the minimal effect of pH on ion flux (between 7.09 and
7.65) when Pco2 remained unchanged. The overall magnitude
of the CO2effect was of interest as well: J. , and Jn, increased

- 0.5 jseq/cm2 per h per 10-mmHg increase in Pco2. These
increments are equivalent to the 60% increases in sodium and
chloride absorption observed in vivo over a similar range of
CO2tensions (2 Meq/cm length per h per 10-mmHgchange in
arterial Pco2) (2, 3).

The colonic transport pathways affected by CO2appear to
be active, electroneutral sodium and chloride absorptive pro-
cesses. The importance of electroneutral absorption was origi-
nally suggested during in vivo studies of rat colon by the mini-
mal changes in PD, and the equivalent increases in net sodium
and chloride absorption in response to increases in arterial
Pco2 (2, 3, 12). In addition, the rabbit distal. colon, which
absorbs sodium by conductive, electrogenic pathways (16), did
not respond at all to alterations in arterial Pco2 (17). The
nature of this electroneutral process remained uncertain, how-
ever, although the in vivo data were most consistent with the
participation of Na/H and Cl/HCO3 ion exchange processes
(3, 13). It was presumably these exchangers, located along the
luminal membranes of colonic epithelial cells, that responded
to the changes in pHi and intracellular HCO3concentrations
that mediated the CO2effect (1 1).

In the present study, we examined the role of the various
transport pathways by comparing the increments in ion flux
caused by CO2in the presence and absence of several transport

Table V. Effect of CO2and Amiloride on Colonic Electrolyte Transport in Low Sodium Ringer's Solution

Na flux CI flux

Addition Pco2 pH Isc PD G Jms Jsm Jnet Jms Jsm Jnet JR

mM ueq/cm2 per h mV mS/cn9 Aeq/cm2 per h peq/cm2 per h

None 21.3 7.64 1.5 8.3 4.6 8.7 1.8 6.9 12.8 7.3 5.5 0.1
±0.6 ±0.01 ±0.3 ±1.1 ±0.6 ±2.3 ±0.4 ±2.1 ±1.8 ±0.7 ±1.3 ±1.4
71.1 7.11 0.7 5.1 3.9 10.5 1.6 8.9 16.3 8.0 8.3 0.1
±0.3 ±0.0 ±0.1 ±0.8 ±0.6 ±2.5 ±0.3 ±2.3 ±2.2 ±0.5 ±2.0 ±1.8

P* <0.001 <0.001 <0.02 <0.001 <0.02 <0.005 <0.005 <0.001 <0.05 <0.01

Amiloride (0.75 mM) 21.3 7.64 1.2 6.8 4.1* 3.8* 1.7 2.1 10.2§ 7.4 2.9§ 1.9
±0.6 ±0.01 ±0.3 ±0.9 ±0.6 ±0.8 ±0.4 ±0.6 ±0.9 ±0.7 ±0.5 ±0.5
71.1 7.11 0.5 3.4 3.7 3.9 1.4 2.4 12.9 8.4 4.5 2.8
±0.3 ±0.0 ±0. 1 ±0.6 ±0.4 ±0.9 ±0.3 ±0.7 ±1.4 ±0.7 ±1.0 ±0.8

P* <0.001 <0.001 <0.01 <0.01 <0.05 <0.05

Values are means±SE. Number of tissue pairs studied = 7. Tissue pairs were studied in 50 mMNa, 21 mMHCO3Ringer's solution at CO2
tensions of 21.3 and 71.1 mmHgin the presence and absence of 0.75 mMluminal amiloride. * Paired t test. t P < 0.02, 1 P < 0.05 when
compared with addition: none at Pco2 = 21.3 mmHgby paired t test.
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inhibitors. This method allowed us to differentiate between the
presence of a transport process and its participation in the
colonic response to CO2 (12). The most dramatic example of
such a dissociation was our finding that 0.1 mMfurosemide
inhibited both sodium and chloride absorption - 55%at Pco2
= 21.6 mmHg, but did not reduce the increments in absorp-
tion caused by increasing the Pco2. Weinterpret this finding
to mean that an electroneutral sodium chloride absorptive
process inhibited by furosemide, although present in rat co-
lonic epithelial cells and an important pathway for sodium
absorption, does not respond to alterations in Pco2. It is not
clear at present whether furosemide inhibited a sodium chlo-
ride absorptive process distinct from Na/H and Cl/HCO3 ion
exchange, or whether these antiporters are sensitive to furose-
mide (but not CO2) under certain experimental and physio-
logic conditions. Indeed, in one recent study using apparently
similar methodology, furosemide-sensitive sodium chloride
absorption was not found in the rat distal colon (18).

Wemay compare the effects of furosemide on colonic ab-
sorption with those of luminal amiloride. At a Pco2 of 21.6
mmHg,amiloride also markedly inhibited sodium absorption.
In fact, at low CO2tensions, the combination of amiloride and
furosemide reduced net sodium and chloride absorption to
zero. However, whereas CO2and furosemide apparently affect
separate sodium absorptive pathways, CO2 and amiloride
modulate the same process. Wefound that the increment in
net sodium absorption caused by an increase in Pco2 was
markedly diminished in the presence of amiloride. At luminal
bathing solution concentrations reported to inhibit Na/H ion
exchange in a variety of epithelia and membrane vesicle prepa-
rations (19-22), amiloride reduced the increment in sodium
absorption - 60%. The presence of amiloride did not affect
the increment in chloride absorption, but was associated with a
Pco2-induced increase in JR that was not observed in its ab-
sence. These findings suggest that both Na/H and Cl/HCO3
ion exchange processes are present in the colonic epithelium
and respond tp alterations in Pco2.

There are two difficulties with this interpretation of the
data. First, amiloride did not completely prevent the C02-in-
duced increase in sodium absorption. One possible explana-
tion was that a furosemide-inhibitable sodium absorptive pro-
cess might have become sensitive to CO2 (or pH) when Na/H
ion exchange was inhibited. Weruled out this possibility by
finding that amiloride plus furosemide did not have a greater
effect on C02-induced changes in sodium absorption than am-
iloride alone (Table IV). Another explanation for the incom-
plete amiloride inhibition was methodological: perhaps the
concentration of sodium in the bathing solution (140 mM)
interfered with amiloride-inhibition of Na/H ion exchange
(19, 22, 23). Weexamined this possibility by substituting cho-
line chloride for sodium chloride to lower the bathing solution
sodium concentration to 50 mM. As a result of this change,
amiloride completely prevented the Pco2-induced increase in
net sodium absorption. This finding appears to confirm the
suggestion that the only sodium absorptive process responsive
to CO2 is Na/H ion exchange. It also may account for the
apparent absence of amiloride-inhibitable Na/H ion exchange
in other studies of rat distal colon in which a similar bathing
solution sodium concentration of 140 mMwas used (19, 21,
24, 25).

A second difficulty in concluding that both Na/H and Cl/
HCO3ion exchange are responsive to CO2 is our finding that

mucosal DIDS at 0.1 and 1 mMdid not inhibit C02-induced
increments in chloride absorption. DIDS and related disul-
fonic stilbenes are reported to inhibit anion exchange in intact
intestinal epithelia and membrane vesicles (26, 27). In recent
studies of the rat proximal and distal colon, however, 2 mM
mucosal DIDS and 1 mM4-acetamido-4'-isothiocyanatostil-
bene-2,2'-disulfonic acid did not alter J", Jcn,' or Isc despite
other evidence suggesting that anion exchange was present (18,
28). Similar observations have been made in rabbit ileum (29)
and rabbit colon (30). Our results therefore do not absolutely
exclude the participation of Cl/HCO3 ion exchange in the rat
distal colon's response to CO2. As suggested by others, DIDS
may not be a sensitive probe for anion exchange under all
experimental conditions.

A role for mucosal carbonic anhydrase activity was tested
for in a similar way: by inhibiting the enzyme and stimulating
absorption with CO2. In fact, acetazolamide markedly reduced
the effect of Pco2 on sodium absorption. This effect of acet-
azolamide also was observed during the luminal perfusion of
the distal colon in intact anesthetized rats (12). The concen-
tration of acetazolamide required to significantly reduce so-
dium chloride absorption, however, was greater (1 mM) than
the concentration required to inhibit the enzyme in broken
cell preparations (0. 1 mM)(12, 31). Such high concentrations
are often needed to inhibit carbonic anhydrase activity in gas-
trointestinal tissues mounted in Ussing flux chambers (4, 18,
32). This may reflect the moderate water and lipid solubility of
acetazolamide and its limited diffusion into tissues (31). Nev-
ertheless, in some tissues, these acetazolamide concentrations
may affect ion transport by mechanisms other than carbonic
anhydrase inhibition (31). Such nonspecific or toxic effects,
however, have not been observed in the rat distal colon (12).
The specific effect of carbonic anhydrase inhibition is to alter
pHi and as a consequence, electrolyte transport (5, 12, 31, 33).
This role for pHi in the colon was suggested in previous studies
by the finding that mucosal pHi varied directly with changes in
arterial Pco2 and inversely with changes in sodium absorption
(1 1). In the present study, it is thus likely that acetazolamide
blunted the effect of Pco2 on colonic absorption by altering the
pHi response to Pco2.

Finally, it was noteworthy that the effect of the plasma
HCO3concentration on colonic net HCO3secretion observed
in vivo (3) was not found in the Ussing flux chamber. Only a
slightly higher level of JR was found at a bathing solution
HCO3concentration of 39 mM(pH 7.65) than at 11 mM(pH
7.14). Although JR may not always be a reliable measure of net
HCO3secretion (4, 29), in our study, JR appeared to reflect
HCO3 transport. For example, JR increased in response to
increases in Pco2 in the presence of either amiloride or acet-
azolamide, additions that would be expected to cause dispro-
portionate responses in Na/H and Cl/HCO3 ion exchange. In
addition, JR was zero and did not respond to changes in pH in
the absence of bathing solution CO2and HCO3(Hepes buffer).
We believe the difference between the in vivo and in vitro
findings may be due to the equivalent HCO3concentrations in
the mucosal and serosal solutions in the chamber, and the
differing HCO3concentrations in the plasma and luminal per-
fusate in vivo. The in vivo results thus may have reflected the
effect of a transmucosal HCO3concentration gradient on in-
tercellular HCO3movement. It is also likely that the relatively
large chamber volume and unpaired design of the HCO3ex-
periments limited our ability to detect small changes in net
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HCO3secretion. This is especially relevant in light of the re-
cent finding, using a new in vitro technique, that extracellular
HCO3concentration apparently does modulate active colonic
HCO3secretion (9, 34). For these reasons, our conclusions
regarding the effects of HCO3concentration and various inhib-
itors on JR and HCO3secretion by the colon must be tentative.

In summary, these studies establish a primary role for CO2
in regulating active sodium chloride absorption by the rat dis-
tal colon. The transport pathways stimulated by increasing
PCO2appear to be Na/H and Cl/HCO3 ion exchange processes
located along the luminal border of colonic epithelial cells.
This effect of C02 requires mucosal carbonic anhydrase activ-
ity to generate the pHi change that mediates the observed
changes in electrolyte transport. In general, these findings
confirm previous observations, although, a separate effect of
extracellular HCO3concentration on active colonic HCO3se-
cretion was not found.
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