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Abstract. The cellular model of short chain fatty acid 
stimulation of electroneutral Na-C1 absorption in large 
intestine proposes that SCFA, following its uptake 
across the apical membrane, recycles and is coupled to 
functional Na-H and Cl-short chain fatty acid exchanges. 
To establish the presence of a Cl-butyrate exchange 
(used as a model short chain fatty acid), studies of 36C1 
and 14C-butyrate uptake across apical membrane vesi- 
cles of rat distal colon were performed. An outward bu- 
tyrate-gradient stimulated transient accumulation of 
36C1 uptake that was not inhibited by pH clamping with 
val inomycin (a K ionophore) and FCCP (a proton 
ionophore). Outward butyrate-gradient-stimulated 36C1 
uptake was inhibited by 4,4'-diisothiocyanatostilbene- 
2,2'-disulfonic acid (DIDS) with a half-maximal in- 
hibitory concentration (ICs0) of 68,4 gM, and was sat- 
urated by both increasing extravesicular C1 concentra- 
tion ( K  for C1 of 26.8 _+ 3.4 mM and a Vma • of 12.4 + 
0.6 nmol/mg protein �9 9 sec) and increasing intravesic- 
ular butyrate concentration (K m for butyrate of 5.9 mM 
and a Vma x for C1 of 5.9 nmol/mg protein �9 9 sec). 36C1 
uptake was also stimulated by outward gradients of oth- 
er short chain fatty acids (e.g., propionate, acetate and 
formate). In contrast, an outward C1 gradient failed to 
enhance i4C-butyrate uptake. Extravesicular C1 more 
than extravesicular butyrate enhanced 36C1 efflux from 
apical membrane vesicles. These studies provide com- 
pelling evidence for the presence of an electroneutral, 
pH-activated, Cl-butyrate exchange which in concert 
with Na-H exchange is the mechanism by which bu- 
tyrate stimulates electroneutral Na-C1 absorption. 
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Introduction 

Short chain fatty acids (SCFA) 1 produced by the colonic 
microflora are avidly absorbed in the large intestine 
and also stimulate colonic Na and C1 absorption [1, 4, 
5]. Although SCFA absorption has been studied ex- 
tensively by both in vivo and in vitro methods, a con- 
sensus model of colonic SCFA absorption has not 
evolved. Studies of SCFA absorption in ruminal ep- 
ithelia and in vivo experiments in the large intestine 
have been interpreted to indicate that the mechanism of 
SCFA absorption is nonionic diffusion [6, 13, 17, 19, 
20, 24, 25, 28]. In many of these studies, SCFA ab- 
sorption is accompanied by an increase in luminal bi- 
carbonate; an observation that is also consistent with a 
SCFA-HCO 3 exchange mechanism [19]. Studies from 
this laboratory, which were performed across isolated rat 
colonic mucosa under voltage clamp conditions, demon- 
strated that butyrate (used as a model SCFA) stimulat- 
ed active Na and C1 absorption and proposed a model 
of nonionic diffusion of protonated butyrate across the 
apical membrane, with its subsequent intracellular dis- 
sociation to protons and ionized butyrate and then re- 
cycling across the apical membrane via parallel Na-H 
and Cl-butyrate exchanges, respectively [2, 3]. Such a 
model would result in overall electroneutral Na-C1 ab- 
sorption and is similar to models that have been pro- 
posed to explain the coupling of Na and C1 absorption 
by butyrate and formate in guinea pig gallbladder and 
rabbit proximal tubule, respectively [14, 18]. Thus, 
this model requires (i) a mechanism of butyrate uptake 
across the apical membrane (e.g., butyrate-HCO 3 ex- 

1 Abbrevia t ions  used: AMV, apical membrane vesicles; BLMV, ba- 
solateral membrane vesicles; DIDS, 4,4'-diisothiocyanatostilbene- 
2,2'-disulfonic acid; FCCP, carbonyl cyanide p-(trifluoromethoxy)- 
phenylhydrazone; MES, 1-[N-morpholino]ethanesulfonic acid; NMG, 
N-methyl-D-glucamine; SCFA, short chain fatty acid. 
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change  and/or  non ion ic  butyra te  d i f fus ion) ;  (ii) a func-  100 

t ional  N a - H  exchange ;  and (iii) C l -bu ty ra te  exchange .  
R e c e n t  s tudies p e r f o r m e d  wi th  apical  m e m b r a n e  

ves ic les  ( A M V )  i so la ted  f rom the rat distal  co lon  and 

h u m a n  i l e u m  d e m o n s t r a t e d  an ou twa rd  b i ca rbona t e -  E 

g rad ien t - s t imula ted  ~4C-butyrate up take  (i.e., butyrate-  E 
H C O  3 e x c h a n g e )  but  did not  iden t i fy  s t imula t ion  o f  "~ 50 
~4C-butyrate uptake  by an ou tward  CI grad ien t  (i.e., C1- E 

butyra te  exchange )  [12, 16]. P re l imina ry  expe r imen t s  

that were  des igned  to de l inea te  the m e c h a n i s m s  of  api-  

cal m e m b r a n e  Cl -an ion  exchange  sugges ted  that an out-  
ward  butyra te  grad ien t  s t imula ted  36C1 uptake  [21]. As  

a result ,  the p resen t  studies were  in i t ia ted to exp lo re  in 

depth  the m e c h a n i s m  o f  Cl -bu tyra te  e x c h a n g e  in apical  

m e m b r a n e s  o f  rat dis tal  colon.  
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Materials  and Methods 

APICAL MEMBRANE VESICLES PREPARATION 

AMV was prepared from normal rat (200-250 g, Sprague Dawley) 
distal colon by the method of Stieger, Marker and Hauri [27], as de- 
scribed earlier [22]. Purity of the AMV was periodically assessed by 
9-12-fold enrichment of K activated ATPase activity compared to ho- 
mogenate [8]. AMV were preloaded in an incubation medium (de 
scribed in the figure legends) and were immediately stored at -70~ 
At the time of the experiments, AMV were thawed and incubated at 
room temperature for at least 30 min. 

ATPASE ASSAY 

ATPase activity was measured by the method of Forbush [9], as de- 
scribed earlier [8]. Specific activity of K-activated ATPase activity 
in AMV treated without SDS was 92% of that in AMV with SDS treat~ 
merit, indicating approximately 92% of the AMV were oriented as 
right-side-out vesicles. Protein was estimated by the method of Low- 
ry et al. [15]. 

Fig. 1. Effect of pH. AMV were preloaded with (mM) 50 Na-butyrate, 
100 K-gluconate, 10 NMG-gluconate and 50 of either MES-Tris (pHs 
5.5, 6.0 and 6.5) or HEPES-Tris (pHs 7.0, 7.5 and 8.0). Uptake of 36C1 
was measured for 9 sec by incubating AMV in medium that contained 
50 mM Na-gluconate, 100 mM K-gluconate, 10 gM vatinomycin, 100 
~tM FCCP, 10 mM NMG-36C1 and 50 mM of either MES-Tris or 
HEPES-Tris with a pH identical to that of the intravesicular medium. 
Absolute values presented are DIDS-sensitive uptake that was calcu- 
lated by subtracting the uptake obtained in the presence of 1 mM 
DIDS from that of total uptake. Uptake at pH 6.5 considered 100%. 

Experiments characterizing butyrate gradient-stimulated 36C1 
uptake were performed for 9 sec as the butyrate gradient-stimulated 
36C1 uptake was linear for up to at least 10 sec (data not shown). The 
rate of butyrate gradient-stimulated 36C1 uptake was determined at dif- 
ferent pHs in the absence of pH gradient (i.e., PHou t = pHin ). As 
shown in Fig. 1, butyrate gradient-stimulated 36C1 uptake was maxi- 
mum at pH 6.5. Increasing and decreasing both intravesicular and ex- 
travesicular pH from 6.5 progressively reduced the butyrate gradient- 
stimulated 36C1 uptake (Fig. 1). Thus, the experiments characteriz- 
ing butyrate gradient-stimulated 36C1 uptake were performed in the 
absence of a pH gradient at pH 6.5. 

UPTAKE STUDIES 

Uptake of 36C1 (New England Nuclear, Boston, MA) was performed 
at room temperature by rapid filtration technique as described earli- 
er [21]. In brief, outward butyrate gradient-stimulated 36C1 uptake was 
determined in the AMV preloaded with (mN) 50 Na-butyrate, 100 K- 
gluconate, 10 NMG-gluconate and 50 MES-Tris (pH 6.5), which 
were incubated in an incubation medium that contained (mM) 50 Na- 
gluconate, 100 K-gluconate, 10 NMG-36C1 and 50 MES-Tris (pH 
6.5). Uptake was arrested by adding 1 ml ice-cold stop solution. 
AMV collected on 0.45 gm membrane filters (Millipore, Bedford, 
MA) were used for radioactive counting. 

Appropriate experimental conditions are provided in the figure 
legends. AMV preincubated for 30 min with 10 gM valinomycin and 
100 gM FCCP were used for experiments performed under pH clamp 
condition. Data presented are the mean values of triplicate assays of 
a typical experiment. Standard errors less than 5% are not provided 
in the figures. All experiments were repeated at least three times with 
different membrane preparations. Kinetic parameters were calculat- 
ed using the Enzfitter program for IBM PC. 

Results 

An outward  butyrate gradient  s t imulated 36C1 uptake and 

resul ted  in a peak  uptake  at 2 min  that  was  twofo ld  
grea ter  than that at equ i l i b r ium (Fig.  2). Butyra te  gra- 
d ien t - s t imula ted  36C1 uptake  was inhib i ted  c o m p l e t e l y  

by 1 mM D I D S ,  an an ion  e x c h a n g e  inhibi tor ,  to a rate 

compa rab l e  to that in the absence  o f  a bu tyra te  gradi-  
ent. Butyra te  g rad ien t - s t imula ted  36C1 uptake  was  not  

inhib i ted  by e i ther  1 mM ami lo r ide  or  ouabain  (data not 
shown). These  resul ts  sugges t  that butyra te  gradient -  
s t imula ted  36C1 uptake  is an an ion  e x c h a n g e  process .  

D I D S - s e n s i t i v e  C1-OH e x c h a n g e  has been  d e m o n -  
strated in these  A M V  [21]. To  eva lua te  the poss ib i l i ty  
that butyra te  g rad ien t - s t imula ted  36C1 uptake migh t  rep- 
resent  butyrate act ivat ion o f  the C1-OH exchange,  the ef-  
fect  o f  bu tyra te  on C1 g rad ien t - s t imula ted  36C1 uptake  
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Fig. 2. Effect of outward butyrate gradient. AMV were preloaded with 
(mM) 50 Na-butyrate, 100 K-gluconate, 10 NMG-gluconate and 50 
MES-Tris (pH 6.5). Uptake was measured for 0.2 to 120 min by in- 
cubating AMV in medium that contained (raM) 100 K-gluconate, 10 
NMG-36C1, 50 MES-Tris (pH 6.5) and 50 of either Na-butyrate (open 
circles) or Na-gluconate (filled circles). 36C1 uptake in Na-gluconate 
was also performed in the presence of 1 mM DIDS (open triangles). 

was examined. 2 As shown in Fig. 3, C1 gradient-stim- 
ulated 36C1 uptake was inhibited by butyrate to the same 
degree, whether butyrate was in the extravesicular medi- 
um alone or in both the intravesicular and extravesicu- 
lar medium. These results suggest that butyrate gradi- 
ent-stimulated 36C1 uptake is not the result of butyrate 
activation of CI-OH exchange (i.e., C1-C1 exchange). 

Although the results in Fig. 3 do not demonstrate 
butyrate activation of C1-OH exchange, butyrate gradi- 
ent-stimulated 36C1 uptake could still be the result of the 
C1-OH exchange, if outward butyrate movement via 
nonionic diffusion resulted in an outward hydroxyl gra- 
dient (i.e., PHou t < PHin ). Therefore, butyrate gradient- 
stimulated 36C1 uptake was measured under conditions 
that prevent the development of a pH gradient. In these 
experiments, butyrate gradient-stimulated 36C1 uptake 
was performed both in the presence of potassium and its 
ionophore valinomycin, and in the presence of FCCP 
[carbonyl cyanide p-(trifluoromethoxy) phenylhydra- 
zone], a proton ionophore, which can function as K-H 
exchange and dissipate the formation of pH gradients 
across membrane vesicles. As shown in Fig. 4A, the 
presence of valinomycin and FCCP did not alter bu- 
tyrate gradient-stimulated 36C1 uptake. In contrast to its 
effect on butyrate gradient-stimulated 36C1 uptake, vali- 
nomycin and FCCP almost completely inhibited out- 

2 Cl gradient-stimulated 36C1 uptake (C1-C1 exchange) could represent 
C1-OH, Cl-butyrate or C1-HCO 3 exchanges. In this experiment C1 gra- 
dient-stimulated 36C1 uptake is used as a surrogate for C1-OH ex- 
change. 
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Fig. 3. Effect of butyrate on CI-C1 exchange. Open bar: AMV were 
preloaded with (mM) 50 NaC1, 100 K-gluconate, 10 NMG-gluconate 
and 50 MES-Tris (pH 6.5). Uptake of 36C1 was measured for 9 sec by 
incubating AMV in medium that contained (mM) 50 Na-gluconate, 100 
K-gluconate, 10 NMG-36C1 and 50 MES-Tris (pH 6.5). Hatched bar: 
AMV were preloaded with (mM) 50 NaC1, 100 K-gluconate, 10 NMG- 
gluconate and 50 MES-Tris (pH 6.5). Uptake of 36C1 was measured 
for 9 sec by incubating AMV in medium that contained (mM) 50 Na- 
butyrate, 100 K-gluconate, 10 NMG-36CI and 50 MES-Tris (pH 6.5). 
Stippled bar: AMV were preloaded with (mM) 50 Na-butyrate, 50 KC1, 
50 K-gluconate, 10 NMG-gluconate and 50 MES-Tris (pH 6.5). Up- 
take of 36C1 was measured for 9 sec by incubating AMV in medium 
that contained (raM) 50 Na-butyrate, 100 K-gluconate, 10 NMG-36C1 
and 50 MES-Tris (pH 6.5). Absolute values presented are DIDS-sen- 
sitive uptake that was calculated by subtracting the uptake in the 
presence of 1 mM DIDS from that of total uptake. Uptake obtained in 
the presence of outward CI gradient and in the absence of butyrate was 
considered 100%. 

ward hydroxyl gradient-stimulated 36C1 uptake (i.e., 
PHoJPHin = 5.5/7.5) (Fig. 4B). These results confirm 
that butyrate gradient-stimulated 36C1 represents a dis- 
tinct Cl-butyrate exchange. 

The effect of outward C1 gradients on 14C-butyrate 
uptake and 36C1 uptake was examined. As shown in Fig. 
5A, ~4C-butyrate uptake was not stimulated by an out- 
ward C1 gradient, confirming earlier observations [16]. 
However, 36Cl uptake was substantially stimulated by an 
outward C1 gradient presumably via C1-C1 exchange 
(Fig. 5B). The absence of an outward C1 gradient-stim- 
ulated 14C-butyrate uptake (Fig. 5A) and the presence of 
outward butyrate gradient-stimulated 36C1 uptake (Fig. 
2) in these AMV suggest that intravesicular and ex- 
travesicular binding sites of Cl-butyrate exchange may 
have varying affinities for butyrate and/or C1. 

To establish the relative affinities for butyrate 
and/or C1 at the intravesicular and extravesicular bind- 
ing sites of the Cl-butyrate exchange, the stimulation of 
36C1 efflux by extravesicular C1 and butyrate was ex- 
amined (Fig. 6). The experimental design of this study 
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Fig. 4. Effect of valinomycin and FCCP on outward butyrate gradient-stimulated and hydroxyl gradient-stimulated 36C1 uptake. (A) AMV were 
preloaded with (raM) 50 Na-butyrate, 100 K-gluconate, 10 NMG-gluconate and 50 MES-Tris (pH 6.5). Uptake of 36CI was  measured for 0.2-120 
min by incubating AMV in medium that contained (raM) 100 K-gluconate, 10 NMG-36C1, 50 MES-Tris (pH 6.5) and 50 of either Na-butyrate 
(open circles) or Na-gluconate (filled circles). Uptake with Na-gluconate was also performed in the presence of 10 gM valinomycin and 100 
gM FCCP (open triangles). Valinomycin and FCCP were dissolved in ethanol. All medium contained 0.5% ethanol. (B) AMV were preloaded 
with (mM) 150 K-gluconate, 10 NMG-gluconate and 50 MES-Tris (pH 7.5). Uptake of 36C1 was  measured for 0.2-120 rain by incubating AMV 
in medium that contained (raM) 150 K-gluconate, 10 NMG-36C1 and 50 of either HEPES-Tris (pH 7.5) (open circles) or MES-Tris (pH 5.5) 
(filled circles). Uptake with MES-Tris was also performed in the presence of 10 gM valinomycin and 100 gM FCCP. Valinomycin and FCCP 
were dissolved in ethanol. All medium contained 0.5% ethanol. 

included an initial uptake step followed by the efflux 
experiment. In the uptake step, an outward butyrate gra- 
dient stimulated 36C1 uptake during an initial 30 sec in- 
cubation period. To determine the rate of  36C1 efflux, 
the uptake medium containing the vesicles was then di- 
luted tenfold with medium that contained varying con- 
centrations of  either C1 or butyrate. As shown in Fig. 
6, the rate of 36C1 efflux was accelerated by increasing 
concentrations of  extravesicular C1 and butyrate. Al- 
though both extravesicular C1 and butyrate stimulated 
36C1 efflux, the effect of  15 mN C1 was sixfold greater 
than that of  15 mM butyrate. Stimulation of  36C1 efflux 
by C1 saturated at approximately 30 mM. Both bu- 
tyrate- and Cl-accelerated 36C1 efflux was completely in- 
hibited by 1 mM DIDS. These results confirm that both 
butyrate and C1 accelerated 36C1 efflux via a DIDS- 
sensitive anion exchange process. Demonstration that 
the rate of  stimulation of  36C1 efflux by extravesicular 
butyrate was fourfold lower than that by C1 is consis- 
tent with the postulate that the relative affinity of the ex- 
travesicular binding site of  the Cl-butyrate exchange for 
butyrate is lower than that of  the intravesicular binding 
site. 

The effect of  outward gradients of various SCFA on 
36C1 uptake was examined to determine the specificity 
of  Cl-butyrate exchange. As shown in Fig. 7, outward 
gradients of  butyrate, propionate, acetate and formate all 
stimulated the DIDS-sensitive fraction of  36C1 uptake. 
DIDS inhibited 36C1 uptake stimulated by an outward 
gradient of  these four SCFAs by approximately 60%. 
The DIDS-insensit ive fractions of  36C1 uptake were 

identical. These results suggest that Cl-butyrate ex- 
change has affinity for several SCFAs. 

Kinetic studies were performed to provide further 
charactemrization of  Cl-butyrate exchange as a carrier- 
mediated anion exchange process (Figs. 8 and 9). As 
shown in Fig. 8A and B, both increasing extravesicular 
C1 concentrations and increasing intravesicular butyrate 
concentration resulted in an increase of  and saturation 
of  36C1 uptake. Analysis of  these data with Lineweaver- 
Burk plot yielded kinetic constants: apparent K m for 
extravesicular C1 was 26.8 _+ 3.4 mN and Vma x was 
12.4 + 0.6 nmol/mg protein �9 9 sec; while apparent K m 
for intravesicular butyrate was 5.9 +-- 1.4 mM and Vma x 
for C1 was 5.9 -+ 0.3 nmol/mg prote in-  9 sec. In- 
creasing DIDS concentration progressively inhibited 
butyrate gradient-stimulated 36C1 uptake with a half- 
maximal inhibitory concentration (IC50) of  approxi- 
mately 68.4 + 6.2 ~tM (Fig. 9). The results confirm C1- 
butyrate exchange is a DIDS-sensitive carrier-mediat- 
ed anion exchange. 

Discussion 

SCFAs are synthesized in the lumen of  the mammalian 
large intestine f rom nonabsorbed  carbohydra te  by 
colonic bacterial enzymes. In contrast to carbohydrates 
(i.e., starch, disaccharides and monosaccharides) that are 
not absorbed in the colon, SCFA are absorbed in the 
colon in substantial amounts and also stimulate colonic 
fluid, Na and C1 absorption. As a result, SCFA ab- 
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Fig. 5. Effect of outward C1 gradients on 14C- 
butyrate uptake and 36C1 uptake. AMV were 
preloaded with (raM) 50 KC1, 100 K-gluconate, 
10 NMG-gluconate and 50 MES-Tris (pH 6.5). 
(A) Uptake of 14C-butyrate was measured for 
0.2-120 min by incubating AMV in medium that 
contained either (raM) 50 KC1, 100 K-gluconate, 
10 NMG-gluconate, 0.5 14C-butyrate and 50 
MES-Tris (pH 6.5) (open circles) or 150 mM K- 
gluconate, 10 mM NMG-gluconate, 500 ~tM 14C- 
butyrate and 50 mM MES-Tris (pH 6.5) (filled 
circles). All medium contained 10 gM 
valinomycin, 100 gM FCCP and 0.5% ethanol. 
(B) Uptake of 36C1 was measured for 0.2-120 rain 
by incubating AMV in medium that contained 
either (mM) 50 KCI, I00 K-gluconate, 10 NMG- 
36C1 and 50 MES-Tris (pH 6.5) (open circles) or 
150 K-gluconate, 10 NMG-36C1 and 50 MES-Tris 
(pH 6.5) (filled circles). All medium contained 10 
~tM valinomycin, 100 gM FCCP and 0.5% ethanol. 
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Fig. 6. Effect of extravesicular butyrate and C1 on 36C1 efflux. AMV 
were preloaded with (mM) 50 Na butyrate, 100 Na-gluconate, 10 
NMG-gluconate and 50 MES-Tris (pH 6.5). Uptake of 36C1 was per- 
formed for 30 sec by diluting the AMV in medium that contained (mM) 
t50 Na-gIuconate, 50 NMGJ6Cl and 50 MES-Tris (pH 6.5). Efflux 
of 36C1 was determined for 9 sec by incubating the mixture contain- 
ing AMV in medium with 10 mM NMG-gluconate and 50 mM MES- 
Tris (pH 6.5) and varying concentrations of either NaC1 (open circles) 
or Na-butyrate (filled circles). Isosmolarity was maintained by ad- 
justing Na-gluconate concentration. Experiments were also performed 
in the presence of 1 mM DIDS. Absolute values presented are DIDS- 
sensitive effiux that was calculated by subtracting the efflux in the 
presence of 1 mM DIDS from total efflux. Vesicular 36C1 content at 
30 sec uptake was considered 100%. 

sorp t ion  represen t s  an exce l l en t  adap t ive  m e c h a n i s m  
to compensa te  for incomple te  small  intestinal  absorpt ion 
o f  ca rbohydra t e  [1, 4, 5, 6, 13, 17, 19, 20, 24, 25, 28]. 
In v i t ro  s tudies p e r f o r m e d  under  vo l t age  c l amp  condi -  

150 

o 
t -  

O 
O 

o~ 

100 

5~ I 
Butyrate Propionate Acetate 

D 
Formate 

Fig. 7. Effect of various outward SCFA gradient on 36C1 uptake. 
AMV were preloaded with (raM) 50 K-salt of indicated fatty acid (ex- 
cept Na-butyrate), 100 K-gluconate, 10 NMG-gluconate and 50 MES- 
Tris (pH 6.5). Uptake of 36C1 was measured for 9 sec by incubating 
the AMV in medium that contained (mM) 150 K-gluconate, 10 NMG- 
36C1 and 50 MES-Tris (pH 6.5) (open bars). Experiments were also 
performed in the presence of 1 mM DIDS (hatched bars). Butyrate gra- 
dient-stimulated 36C1 uptake was considered 100%. 

tions in rat distal co lon  resulted in a mode l  o f  S C F A  (bu- 

tyrate)  s t imula t ion  o f  e l ec t roneu t ra l  Na  and CI absorp-  
t ion that  p r o p o s e d  apical  m e m b r a n e  bu tyra te  up take  

was coup led  to a func t iona l  N a - H  e x c h a n g e  and a C1- 

S C F A  exchange  in rat distal co lon  [2, 3]. A l though  99% 

of  S C F A  exis t  as anions  at the pH  (6.9) in the lumina l  
m i c r o c l i m a t e ,  p r ev ious  s tudies  e m p h a s i z e d  n o n i o n i c  
d i f fu s ion  as the p r o b a b l e  m e c h a n i s m  for  S C F A  ab- 
so rp t ion  [ I ,  2, 4, 5]. H o w e v e r ,  r ecen t  s tudies  wi th  

A M V  iso la ted  f r o m  rat dis tal  colon,  and f r o m  h u m a n  
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Fig. 8. (A) Effect of extravesicular C1 concentration on butyrate gradient-stimulated 36C1 uptake. AMV were preloaded with (mM) 50 Na-bu- 
tyrate, 100 K-gluconate, 10 NMG-gluconate and 50 MES-Tris (pH 6.5). Uptake of 36C1 was measured for 9 sec by incubating the AMV in medi- 
um that contained (mM) 50 Na-gtuconate, trace of NMG-36CI, 50 MES-Tris (pH 6.5) and varying concentration of KC1. Isosmolarity of the medi- 
um was maintained by varying concentration of NMG-gluconate and K-gluconate. Absolute values presented are DIDS-sensitive uptake that 
was calculated by subtracting the uptake in the presence of 1 mM DIDS from total uptake. (B) Effect of intravesicnlar butyrate concentration. 
AMV were preloaded with (raM) 100 K-gluconate, 10 NMG-gluconate, 50 MES-Tris (pH 6.5) and varying concentrations of Na-butyrate (3-200 
mM) and Na-gluconate (147-0 mM). Uptake of 36C1 was measured for 9 sec by incubating the AMV in medium that contained (raM) 100 K-glu- 
conate, 200 Na-gluconate, i0 NMG36CI and 50 MES-Tris (pH 6.5). Absolute values presented are DIDS-sensitive uptake, calculated by sub- 
tracting the uptake in the presence of 1 mM DIDS from total uptake. 
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Fig. 9. Effect of DIDS concentration. AMV were preloaded with 
(mM) 50 Na-butyrate, 100 K-gluconate, 10 NMG-gluconate and 50 
MES-Tris (pH 6.5). Uptake of 36C1 was measured for 9 sec by incu- 
bating the AMV in medium that contained (mM) 50 Na-glnconate, 100 
K-gluconate, 10 NMG36C1, 50 MES-Tris (pH 6.5) and varying con- 
centrations of DIDS. Absolute values presented are calculated after 
subtraction of uptake obtained in the absence of butyrate gradient from 
that in the presence of butyrate gradient. 

i l eum and co lon  demons t ra ted  that an ou tward  bicar-  
bona te  grad ien t  s t imula ted  bu tyra te  uptake  and  con-  
c luded  that bu ty ra t e -HCO 3 exchange  was the p r imary  
m e c h a n i s m  for S C F A  absorp t ion  [11, 12, 16]. These  
A M V  studies did not  ident i fy  ei ther  ou tward  C1 gradi-  
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Fig.  I0.  Model of butyrate stimulation of Na and C1 absorption (see 

text for details). 

ent-s t imulated butyrate  uptake (i.e., C1-SCFA exchange)  
or inward  acid pH grad ien t - s t imula ted  butyra te  uptake 
(i.e., non ion i c  bu tyra te  d i f fus ion)  [11, 12, 16]. As a re- 
sult,  those  obse rva t ions  did  no t  suppor t  the ce l lu la r  
mode l  p roposed  for S C F A  absorpt ion  and its s t imula-  
t ion  of  e l ec t roneu t ra l  Na-C1 abso rp t ion  in  rat  dis ta l  
colon.  Thus ,  the present  s tudy with A M V  was ini t iat-  
ed to address the poss ib i l i ty  that the fai lure to observe  
C1 g rad ien t - s t imula ted  14C-butyrate uptake  was a con-  
sequence  of  the Cl -bu tyra te  exchange  man i fe s t ing  dif- 
fering affinities for butyrate  at the in t ravesicular  and ex- 
t raves icular  b ind ing  sites. 

The present  inves t iga t ion  reported that outward bu- 
tyrate gradient  s t imula ted  C1 uptake via  an e lec t roneu-  
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tral, carrier-mediated anion exchange (i.e., Cl-butyrate 
exchange) process. This model is supported by the ob- 
servations that an outward butyrate gradient-stimulated 
C1 uptake was: (i) not inhibited by pH and/or voltage 
clamping (Fig. 4A); (ii) saturated by both increasing ex- 
travesicular C1 concentration (K m for C1 was 26.8 +_ 3.4 
raM) and increasing intravesicular butyrate concentration 
(K n for butyrate was 5.9 _+ 1.4 raM) (Fig. 8A and B); 
and inhibited by DIDS with a ICs0 of 68.4 _+ 6.5 ~tM 
(Fig. 9). 

These present experiments provide excellent evi- 
dence that there are at least three different Cl-anion ex- 
changes in this AMV preparation: C1-OH, C1-HCO 3, and 
C1-SCFA exchanges. It is possible that these anion ex- 
changes present in AMV might represent apical mem- 
branes that were isolated from more than one cell type 
in that distal colonic epithelia consist of at least four dif- 
ferent cell types. Cl-butyrate exchange differs from 
C1-HCO 3 exchange, as the kinetic constants signifi- 
cantly differ (i.e., apparent K m for C1 is 26.4 and 10.2 
raM, respectively, for these two exchanges; while ICs0 
for DIDS is approximately 68 and 7.6 gM, for Cl-bu- 
tyrate exchange and C1-HCO 3 exchange, respectively) 
(Figs. 8A and 9) [21]. Although the kinetic constant for 
C1 is almost similar for Cl-butyrate exchange and for C1- 
OH exchange, the former is pH gradient independent, 
while the latter is pH gradient dependent in that it is in- 
hibited by pH clamping (Fig. 3). 

Butyrate movement across AMV occurs via at least 
two different anion exchanges: butyrate-HCO 3 exchange 
and Cl-butyrate exchange. It is unlikely that these two 
butyrate anion exchanges represent the same transport 
proteins since Cl-butyrate exchange is DIDS sensitive 
while butyrate-HCO 3 exchange is not inhibited by 
DIDS. The DIDS-insensitive butyrate-butyrate ex- 
change that presumably represents butyrate-HCO 3 ex- 
change was not altered when studied at different pHs 
[16], while butyrate-C1 exchange was greater at pH 6.5 
compared to that at lower and higher pHs (Fig. 1). 
These results are consistent with an earlier observation 
in which Crump et al. [7] observed acetate-absorption- 
coupled bicarbonate secretion at lower luminal pH (i.e., 
at pH 6.4) which disappeared at pH 7.4. Thus, it appears 
that C1-SCFA exchange is activated by low pH. 

The model proposed to explain butyrate stimulation 
of electroneutral NaC1 absorption includes apical mem- 
brane butyrate-HCO 3 and Cl-butyrate exchanges and 
partial recycling of butyrate across the apical mem- 
brane [2, 3]. These anion exchanges appear to represent 
a specialized apical membrane transport system in that 
the apical membrane butyrate-HCO 3 exchange [16] is 
distinct from the butyrate-HCO 3 exchange of basolateral 
membrane [23] and Cl-butyrate exchange is not ex- 
pressed in BLMV (unpublished observations). 

An outward butyrate gradient stimulated the C1 up- 
take, but an outward C1 gradient did not stimulate the 

butyrate uptake (Figs. 2 and 5A). These results are 
consistent with the intravesicular and extravesicular 
binding sites of butyrate-C1 exchange that have differ- 
ent relative affinities for butyrate. This possibility was 
supported by the observations that extravesicular C1 in- 
duced a substantially greater rate of C1 efflux than ex- 
travesicular butyrate (Fig. 6). We conclude from these 
results that the intravesicular binding site has a higher 
affinity for butyrate than the extravesicular binding site 
and is responsible for the rectification of butyrate move- 
ment across the apical membrane and C1 movement in- 
to the cell. Although ion exchanges must be thermo- 
dynamically symmetrical, they may possess varying 
affinities for different ions at their respective binding 
sites. Such phenomena have been well established for 
anion exchanges in erythrocyte membrane [10, 26]. 
This observation would be consistent with stimulation 
of Na-C1 absorption by butyrate or by its analogues 
(e.g., propionate, acetate and formate). It is of interest 
that although a formate gradient stimulates C1 uptake 
(Fig. 7) indicating the presence of Cl-formate exchange, 
formate does not enhance electroneutral Na-C1 absorp- 
tion [2]. The failure of formate to stimulate Na-C1 ab- 
sorption is not a consequence of the absence of a Cl-for- 
mate exchange but may be a result of impaired apical 
formate uptake. Recent studies demonstrated that for- 
mate did not inhibit bicarbonate gradient-stimulated 
t4C-butyrate AMV (unpublished observations). 

In conclusion, we propose a model in which SCFA 
absorption occurs via an apical SCFA-HCO 3 exchange 
(Fig. 10). HCO 3 effiux as a consequence of butyrate up- 
take would most likely decrease intracellular pH, and 
maximal Cl-butyrate exchange activity is observed at pH 
6.5 (Fig. 1). This decrease in intracellular pH would al- 
so stimulate Na-H exchange resulting both in Na uptake 
and a return of intracellular pH to resting levels (Fig. 
10). The overall effect will be enhancement of elec- 
troneutral Na-C1 absorption. 
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