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SUMMARY 

The effect of conjugated dihydroxy and tfihydroxy bi~ sal~ on dectrolyte 
t ranspo~ across isolated rabbR j~unal  mucosa was ~ud~d.  Both taurochenode- 
oxycholic a d d  and taurochol~ and  increased the shoa-Nrcuit  current (~¢) in bica~ 
bonate-Ringer solution but not in a bicarbonate-free, chlofide-~ee solution. Tauro- 
chenodeoxycholic a d d  was significantly more effective than taurochol~ a d d  in in- 
creafing ~¢. The presence of theoph~Hne prevented the taurochenodeoxycholic add-  
and taurocholic amd-induced increase in ~¢. TransmurN ion fluxes across j~unal  
mucosa demons~ated that 2 mM taurochenodeoxycholic a~d decreased net Na* 
absorption, increased net C1- secretion and increased the re ,dua l  flux (which prob- 
ably represents H C O  3-  s ec r e t i on ) .  These ~udies support the hypothes~ that cyclic 
AMP may be a mediator of inte~inal electrolyte secretion. 

I N T R O D U C ~ O N  

Bile sNts affect j~unal  absorptive function in both man and experimental 
animals [I-7].  Diminished absorption or net secretion of fluid and dect ro~tes  and 
decreased monosacchafide absorption have been reposed.  Although bi~ salu may 
produce some morpholoNcal damage in the j~unum,  many of these changes have 
been observed in the absence of any hi~ologic abnormalities. A con~stent observation 
in these previous studies is that dihydroxy bile salts have more profound effects on 
dectrolyte transport  than trihydroxy bile salts. Furthe~ Wingate [6] observed that 
although perfusion of the j~unum with glycodeoxychol~ acid resulted in net secre- 
tion, perfusion with a ~ycodeoxychol~ acid/lecithin mixed mic~le solution did not 
alter fluid movement. 

The mechanism by which bi~ sN~ Mler j~unal  Nectrolyte ~anspo~  has not 
been ~uNdated. These alterations of j~unN transport  are quNitatively similar to 
those produced by bi~ saRs on water and e~ctrolyte movement in ileum and colon 
~ - I 0 ] .  In previous in vitro ~udies which examined the effect of  taurochenodeoxy- 
cholk add  and taurochol~ add  on colonic ion movement, we have demon~rated that 
bile sN~ increase sho~-drcui t  current and have proposed that bile sMbinduced 
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changes in ion transport may be mediated by the mucosal cyclic AMP [I 1, 12]. In 
this present study, we have studied the effect of bile salts on ion transport across iso- 
lated rabbit jejunum and have obtained results similar to our previous findings in the 
colon. 

MATERIALS AND METHODS 

J~unal  mucosa was obtained ~ o m  non-fasting male white rabbits weighing 
approx. 2 lb. Following sacrifice, the pylo~c area c f  the rabbits was isolated, the 
proximal small intestine was removed and the initial 45 cm discarded. The next 40 cm 
was used as j~unal mucosa. Methods which have been used in experiments of  ileal 
and colonic mucosa were employed and have previously been described in detail [ l l ,  
~3j. 

Briefly, the serosal and p a n  of the muscular laye~ were removed and sheets of 
mucosa placed between Lucite chambers whose ape~ure measured 1.13 cm 2. Both 
sides of the tissue were bathed with solutions of identical ionic composition at 37 C 
by means of water@cketed, gas-lift circulating reservoir systems Two solutions, both 
at pH 7.4, were employed: a Ringer and an HCO3--free ,  C1--free solution. The com- 
position of the Ringer solution in mmo~l was: Na +. 140; K +, 5.2: Mg 2+, 1.2: Ca 2+ 
1.2: CI- ,  119.8: H C O 3 - ,  25; H P O ,  2-, 2.4; H 2 P O , - ,  0.4. Sodium isethionat~ CaSO, 
and MgSO~ were used in the HCO~ --free, C1--flee solution. The Ringer solution was 
oxygenated with 02/C02 (95 : 5, v/v) and the HCO~--f lee,  C1--~ee solution was 
100 ~ 02. 

The spontaneous ~ectricM potentiM difference (PD) across the tissue was 
monitored through agar bridges placed near each membrane surface. These bridges 
contNned electrolyte solutions similar to that bathing the tissues and were conne~ed 
to balanced cMomel electrodes and a direct-reading potentiometer. The tissue was 
sho~-circ~ted continuously so that the PD was nullified by automatic voltage damps  
except for periods of  less than 30 s during which the spontaneous PD was recorded. 
10-20 rain following ~aNhzafion of both PD and ~¢, theophylline, bile salts or a 
mixed micelle of  bite salts and ~Nthin was added to two or three of the tissues. All 
additions were made fimultaneou~y to both the mucosal and serosal bathing solutions. 
Subsequent addition~ wher~n a bile salt was added to theoph~fine-pre~eated tissue 
or theoph~line to bile salt or mixed micel~-pre-treated tissue, were made 30 min a~er  
the initial addition. Preliminary control experiments demons~ated that, without any 
additions, PD and L~ re turned constant a~er initial ~abi~zation for at least 60 min. 
Therefore, the effect of the addition of bile salt and theophylline was determined by 
the difference between the value observed immediat~y prior to the addition and the 
peak value recorded subsequent to the addition. The peak value occurred usually 
within 5-10 rain following the addition. 

In those experiments in which Na + and CI-  fluxes ( J , ~ "+  and Jne~ ~-, respec- 
tively) were determined, 2 mM taurochenodeoxychofic add  was present in both the 
mucosM and serosal bathing solutions prior to the sta~ of the incubation period. Op- 
positely d~ected Na + fluxes u~ng 22Na and 2*Na were determined across the same 
piece of tissue and oppofitely direc~d Cl-  fluxes using 3~C1 were determined across 
adjacent pieces of tissue as previou~y described [1 I, 13]. Net Na + and CI-  movement 
was calculated from the difference between the two unidirectionM fluxes (Jm~--J,~ 
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J,~,). Results are expres~d  as ~ e q u i ~ h  per cm 2 and positive values represent net 
absorpt ion;  nega ive  ones net secretion. 

The purity of the bile salts e m ~ o y e d  was verified by t h i m h y e r  c h r o m ~ m  
graphy and  was g ~ e r  than  98 ~ in each instance. Taurocehenodeoxychd ic  a d d  and 
t a u r o c h d ~  acid were obtained Kom C ~ o c h e m  (LaJd la ,  CaliE). Theoph~ l ine  was 
o ~ n e d  Dom N m f i f i o n ~  B i o c h e m k ~  Co.; t q e d t ~ n  Dom S c h w a r > M a n n  Co. 
(Orangeburg,  N.Y.);  ZZNa and 2~Na Kom I.C.N. Corp. (Irvine, CaliE) and 36CI 
from New England Nuclear Co. (Boston, M~s . ) .  

All results are expm~ed  as mean ~ S. E. and standard ~a t i s t ic~  methods 
were emNoyed.  

RESULTS 

AddH~n of bi& saOs 
A stable &~ and PD were observed for 6 0 m i n  when j e junum was i n c u b a ~ d  in 

Ringer solution. The addi t ion  of 2 mM t a u r o c h e n o d e o x y c h d ~  acid to j ~ u n N  mu- 
cosa resulted in a prompt  and  s u ~ N n e d  increase in (~ ( T a b ~  1), The mean peak in- 
c ~ m e n t  in ~ was 18 ~: 3 pA/cm 2 and higher c o n c e n ~ a t ~ n s  of taurochenodeoxy- 
cholic acid did not result in larger increments.  In contrast  to the results with tauro- 
chenodeoxycholic acid the addi t ion of 2 mM tau rocho l~  acid failed to cause a sig- 
nificant increase in (¢. However, when higher concentrat ions of taurocholic acid 
were added, ~gNficant  inc remen~  were noted. The addition of 6 mM taurochMk a d d  
~ s M ~ d  in an increase of 192.4 pA/cm 2. 

Since an increase in (¢ may represent either an increase in cation movement  
Dora mucosa to serosa or an increase in an ion  movement  ~ o m  serosa to mucosm 
fu~her  studies were designed to demrmine the origin of this increase in ~ .  H C O  3-  

TABLE I 

EFFECT OF BILE ACIDS AND THEOPHYL~NE ON S H O R ~ R C U ~  CURRENT IN 
RABBIT JEJUNUM: INFLUENCE OF THEOPHYL~NL HCO3- AND Cl 

M ~ n - ~ .  Results are expressed ~ p A l m  z and represent the increase in ~ observed ~llowing 
the a d d ~ n  of either co~ug~ed bile acids or theophylline. This i ~ m e m  is obtained by the 
d i ~ n ~  between the peak ~ observed ~llowing the addition and the ~ recorded immedi~Uy 
prior to the addH~n. HCO3 and CI were replaced w h h ~ o n a ~ i n t h e H C O 3 - - f l e e .  CI -flee 
~ l m ~ n  Isee text ~r  ~ m ~ n  of the ~ l ~ L  n represents the number of tissues studied. 

Addh~n Ringer solution H C O 3 - f f ~ C I  -free 
s~m~n 

n Theoph~l~e n Theoph~l~e n Theoph~- 
absent p~sent* line absent 

2 m M taurochenodeoxycholic 
acid 17 18-,3 4 0 6 2~1 

2 mM taurochol~ acid 12 0 - 
6 mM taurochol~ acid 13 19~ 4 4 0 4 I ~0.5 
10 mM theophylline 30 36-*3 -- 6 6~ 4 

* In these experiment, theoph~hne was added at 20 rain and the bile acid was added 30 min 
later. 
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TABLE II 

E F F E C T  OF 2 r a M  T A U R O C H E N O D E O X Y C H O L I C  A C I D  ON ION F L U X E S  ACROSS 
RABBIT J E J U N U M  

M e a n ± S . E .  All results expressed as p e q ~ h  per cm z except PD which is expressed as inV. n is 
number  of  tissues or tissue pairs studied. U n ~ e ~ n M  Na + fluxes were d ~ m ~ e d  with ~ZNa. 
Z4Na and CI -  fluxes with 36C1. ~c represents the t ime integral during ~ e  p e r ~ d  of  flux d ~ m b  
nafion, d~ thereMdua lorunaccoun ted f l uxand~d~erm~edby l~¢ - -d .¢ t  ~÷ Jo~O-) .  In the control 
tissue J~ was ~1 # e q u i ~ h  per cm ~ and in the t au rochenodeoxycho lk  a c ~  expef imen~ l ~ p e q u i ~ h  
per cm~. PoMtive values ~ p r ~ e m  net a b s o r ~ n ,  negative ones net ~ c r ~ i o n .  n.s.. not Mgnfficam. 

n Muconal  Serosal Net 
-~ serosal - - mucosal  

Sodium 
Control  12 
2 mM taurochenodeoxy-  

cholic acid 12 
P 

Chloride 
Control  27 
2 m M taurochenodeoxy-  

cholic acid 15 
P 

L~ PD 
ImVI 

6 . 6 ~ 6  6 .0±0 .8  ~ 6 ~ 0 . 7  1.4±0.1 2.6~0.1 

5 . 7 ± ~ 6  7 .8±0 .9  2 .1±0 .7  1 . 9 ~ 2  2.7w0.1 
n.s. n.s. < 0.02 < 0.05 n.s. 

6 . 3 ± ~ 4  7.1 ~ 0 . 4  0 . 8 ~ 6  1.6~0.1 2.7~ 0.1 

6 . 7 ~ 4  9 .4~0 . 6  2 . 7 ~ 7  2. t ± 0 . 2  2 . 6 : 0 . 2  
n.s. < 0.01 < 0.05 ~ 0.05 n.s. 

and CI-  were removed from the bathing r e s e r v ~  by substitution with ~ o n a ~ .  
The addition of 2 mM taurochenodeoxycholic a~d  and 6 mM taurocholic acid to 
j~unM mucosa bathed in this HCO3- -~ee ,  Cl--ffee media failed to increase the L¢ 
(TaMe I). 

[OH .~ILVeS 

Na + and CI-  flux studies were performed across control and 2 mM tauro- 
chenodeoxycholic acid-treated j~unal  mucosa (Table II). ~nc~ ~" in control tissues was 
0.6+0.7_ ~equiv/h per cm ~ and in bile salt-treated tissue was -2 .1~ :0 .7pequ iv /h  
per cm ~. Net CI-  secretion was ~gnifican0y greater in the j ~ u n u m  exposed to the 
bile salts than in control 6ssues. The unaccounted or r e ,dua l  flux calculated by 

JR - -  ~ c - -  ( JneY a+ -- J n e £  I - )  

probably represents bicarbonate t ranspo~ [13-15]. A positive J~ is confi~ent with 
H C O 3 -  secretion or H + absorption. In these studies, J~ was 0.1 l,equiv/h per c m  2 in 
control tissue and was + 1.4 ~equiv/h per cm ~ in thej~unal  mucosa exposed to tauro- 
chenodeoxycholic acid. 

Addition of theophylline 
The addition of 10 mM theophylline to j~unal  mucosa bathed in Ringer solu- 

tion also resuRed in a ~gnificant increase in ~c (Fig. 1 ), but when added to the HCO~ --  
free, CI--free solution, only a minimal increase in ~c was noted (Table 1). Furthe~ 
the addition of  dibutyryl cyc!ic AMP to mucosa bathed in Ringer solution also re- 
sulted in an increase in ~c of  1 9 + 4  ~A/cm 2. The addition of  bile salts prior to the 
addition of  theophylline or the addition of  theophylline prior to the addition of  bile 
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Fi~  1. Effect o f  10 m M  theophyll ine on 1~¢ in rabbit j ~ u n u m .  The  I~¢ remained relatNeO stable 
d u 6 n g  the inRial 80 min  of  incubat ion.  The increase in ls~ produced by the addit ion o f  either bile 
salts or theophyl l ine  at 20 and 50 min was determined by the difference b~ween  the peak ~ 
observed i m m e d i a t d y  after and the ~ present  just  prior to the addit ion.  This  figure demon~ra t e s  
the effect o f  theophyHine added to both mucosM and serosal solut ions bathing j~una l  mucosa  
not  previouMy exposed to any  bile salt. 

salts markedly affected the increase in ~¢ produced by theoph~line and bile salts, 
respectivN~ As shown in Table 1, when the mucosa was exposed to theophylline 
before 2 mM taurochenodeoxycholic acid or 6 mM taurocholic acid was added, no 
increase in ~¢ was observed. The prior addition cf  bile salts fimilarly decreased by 
approx. 50 S~; the increment in ~ observed following the addkion of theophylline 
(Table 1). Finally, the addition of taurochenodeoxycholic acid to mucoso pre~ou~y 
exposed to dibutyryl cyclic AMP resulted in an increase in ~¢ of only 4_! 1 pA/cm 2. 

T A B L E  Ill 

E F F E C T  OF  BILE SALTS A N D  T H E O P H Y L L I N E  ON S H O R T - C I R C U I T  C U R R E N T  IN 
RABBIT  J E J U N U M :  I N F L U E N C E  OF P H O S P H O L 1 P I D S  

Mean ±S .E .  All r esM~ expressed as H A r m  2 represent  the increase in [,¢ calcMmed by the di f fe~nce 
b~ween  peak 1~ observed after the addh ion  o f  eRher bile salt or t h e o p h ~ l ~ e  and  that  recorded 
i m m e ~ e ~  prior to the addhion .  Both the bile salt at approx.  20 rain and theophy l l~e  30 rain 
later were added to mucosal  and  serosal s o l m ~ n s ,  n r e p r e ~ n U  the number  o f  tissues studied. 

Bile salt n Increase in ~ Increase in I~ produced 
produced by bile salt by t h e o p h ~ l ~ e  after 

exposure to bile salt 

None  30 -- 3 6 ± 3  
2 m M  tau rochenodeoxycho l~  acid 17 18±3  18±3  
2 m M  tau rochenodeoxycho l~  acid 10 4 ± 2  3 7 ± 4  

~ l  m M  lec~hin 
6 m M  t a u r o c h o l ~ a c i d  13 1 9 ± 4  17~5  
6 m M  taurochol ic  acid~ 3 mM  

lec~hin 11 6 ± 3  2 9 ± 9  
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E{]kc! of mixed m~el~s 
Although perfusion of human jejunum with dihydroxy bile salts results in water 

and Na + secretion, Wingate [5] has recently reposed  that absorption of waler and 
ekctrolytes from a mixed micelle solution contNning bik salts and phospholipids did 
not differ ~om non-bile salt-cont~ning control sclutions. Therefore, additional 
studies were performed to determine the effect of bile salts, when added as mixed mi- 
celles, on the dectfical properties of intesfinN mucosa. The results shown in Table II! 
demon~rate the effect of the addition of bik salts with and without ~d th in  to j~unal  
mucosa. Although the addition of 2 mM taurochenodeoxycholic acid or 6 mM tauro- 
cholic acid to j~unal tissue increased ~ and partiNly inhibited the subsequent in- 
crease in ~ produced by the addition of theoph~lin~ the addition of 2 mM tauro- 
chenodeoxycholic acid plus 1 mM lecithin or 6 mM taurochol~ a~d plus 3 mM ledthin 
produced significantly smat~r increases in L~ and failed to inhibit the increase in ~ 
caused by theophylline. 

H&m~y.~ 
Hematoxylin and eosin stain sections of j~unal  mucosa incuba~d with tauro- 

chenodeoxychefic acid, ~ u r o c N ~  acid or theoph~line did not reveal any significant 
morphNoNcM M~r~ions compa~d to mucosa exposed to Ringer solution. 

D ~ C U S S I O N  

Forth et al. [1 ] i~tiM~ demons~a~d that bile salts affect j~unal water and 
d e ~ r O y ~  absorption. In these studies, unco~uga~d  but not co~ugawd bile salts 
dimin~hed absorption: net secretion was not observed. Several subsequent studies 
have consis~ntly demons~ated n~ secretion of fluid and sodium. Fu~he~ dihydroxy 
bile salts appear more potent than trihydroxy bile salts in their aReration of sodium 
movement but conflicting evidence exists concerning the effect of co~uga~d  bile 
salts on ~ e ~ r o ~  ~anspo~.  

Teem and Phillips ~ ]  repor~d that, during continuous peffus~ns of hams~r 
j~unum, co~ugated deoxychol~ acid and uncoNugawd chenodeoxycholic acid and 
deoxycholic acid produced wa~r secretion. Co~ugated forms of chenodeoxycholic 
acid and cholic acid and unco~ugated cholic acid did not N~r  water absoptiom No 
~gn~cant  N~oloNc damage was produced by co~ugated bile salts. Sladen and 
Ha~ies [3, 4] have observed similar r e s ~  in expefimen~ of rat j~unum with both 
closed loop and continuous perfusion methods. 

Observations ~milar to those found in rodent j~unum have aNo been observed 
du6ng human perfusion studies by Wingate ~]  and Russel et M. [7]. In ad~t iom 
Wingate ~ ]  ~ u ~ e d  the effects of N~  salt and mixed m~N~ solutions on fluid absorp- 
tion. Net fluid and e ~ r N y t e  sec~fion occurred duNngjejunN perfusion with a 2 mM 
~ycodeoxychM~ acid sMution. In contrasL when a solution contNNng mixed mi- 
celles of ~ycodeoxychMic add  and ~Nthin was perfused, net absorpt~n was demon- 
strated. These findings are con~stent with the net f l~d absorption that does occur in 
the proximal small intestine po~prandial~ when bile sNts and phospholipids are 
both present. 

Our present in vitro studies confirm that bile sNts alter j~unN e~ctrolyte 
transpo~. Net secretion of both Na + and C1- was observed in the presence of tauro- 
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chenodeoxychol~ acid. The addition of taurochenodeoxycholic acid resulted in 
an increase in ~ .  Although an increase in ~c may represent eRher an increase 
in cation movement from mucosa to serosa or an increase in anion movement from 
serosa to mucosm the results in Tables ! and Ii suggest that the increase in ~ is 
secondary to increased movement of CI-  or HCO 3- or both from serosa to mucosm 
RemovM of H C O 3 -  and CI prevented the bile sMbinduced increase in ~ ,  and flux 
studies demon~rated  that taurochenodeoxycholic acid produced Na* and CI secre- 
tion. Equimolar amounts of  dihydroxy bile salts produced larger increments of ~c 
than trihydroxy bile salts: chenodeoxychol~ acid and deoxychohc acid are more 
potent inhibitors of fluid absorption in vivo than cholic acid. AdditionM correlation 
of in vivo and in vitro results was observed when the effects of addition of bile sMts as 
either pure micdles or mixed micelles were compared. 2 mM taurochenodeoxycholk 
acid added alone increased ~ by 18 BA/cm 2 but the addition of taurochenodeoxy- 
cholic acid and lecithin minimMly increased ~c (Table I11). 

Although in vivo studies have consistently demons~ated altered fluid and 
eMctrolyte movement n the presence of bile salts, they have not provided insight into 
the mechanism of bile salt action. Much emphasis has been placed on bile salt inhibi- 
tion of sodium absorption. These in vitro studies demon~rate  t h a ,  in the presence of 
taurochenodeoxychol~ acid, net Na ÷ and CI-  secretion is present. The methodology 
employed excludes increased hydrostat~ or osmotic pressure, a change in intestinM 
motility or Mteration in mucosal permeabihty as explanations for these events. These 
results are compatible with bile salt stimulation of NaC1 secretion or bile salt inhibi- 
tion of NaCI absorption assoNated either with a p r e - e ~ i n g  secretory process or 
with st im~ation of a secretory process. It is not completdy possible to distinguNh 
between these two possibili:ies. Howeve~ indirect evidence would favor bile salt 
stimulation of a secretory process. 

Our previous observations in rat colon have sugge~ed that bile salt Mteration 
of ion t ranspo~ is mediated by mucosal cyclic AM P [11, 12]. In these present ~udies, 
theoph#line increased ~ .  More impo~ant ,  the presence of either theoph~line or 
dibutyryl cyclic AM P inhibited the increase in ~ produced by taurochenodeoxycholic 
acid. Conversely, the presence of taurochenodeoxycholic and  inhibited the increase in 
~ normMly produced by theophyl~ne (Table I). These observations are con~stent 
with an increase in j~unM mucosal cyclic AMP by taurochenodeoxycholic acid al- 
though they do not prove that bile sMt alteration of ion ~anspo~  is directly secondary 
to bile salt augmentation of mucosM cyclic AMP. 

Bile salts are surface active agents and the effect of bile sal~ on eMctrolyte 
~anspo~  may represent bile salt action at a surface membrane locus. The difference 
between dihydroxy and trihydroxy bile salts may be a manife~ation of surface events: 
tNhydroxy bile salts are more polar than dihydroxy bile salts and, therefore, mucosal 
entry of dihydroxy bile salts occurs more rapidly than that of trihydroxy bile salts. 
Enlargement of the micelle by the addition of lecithin results in a decrease in bile sMt 
absorption. Schiff et M. [16] have suggested that the rate of diffusion across the un- 
stirred water layer is rate limiting for mixed micdle absorption. Our results can be 
explained if the diminished diffusion of the enlarged mixed micdle results in a lower 
concentration of bile sMts at the water-lipid interface and if this site is the locus of bile 
salt action. 

We have already reviewed the evidence to support the concept that bile salts 
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may increase mucosal cyclic AMP. Mucosal cyclic AMP production is catalyzed by 
aden~ate cyclase, a mucosN enzyme, and cholera enteroto~n which is also known to 
stimulate secretion by increasing mucosal cyclic AMP, interacts with a receptor of the 
cell membrane [I 7, 18]. These studies, therefore, are con~sWnt with, but do not prove 
that, bile salts stimulate adenylate cydase which then increases mucosal cyclic AMP. 
These studies demon~rate that bile salts produce secretion in vitro and provide in- 
direct evidence that this secretion g secondary to bile sNt stimulation of a c y d ~  AMP- 
medhmd process. 
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