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Abstract

Certain dihydroxy bile acids cause secretory diarrhea when
present in the colonic lumen at inappropriately high concen-

trations. However, the mechanism underlying the secreta-
gogue activity has not been fully elucidated. Experiments
were performed to test whether mast cells and one of their
major mediators, histamine, might contribute to the secre-

tory effect. Chenodeoxycholic acid, a secretory bile acid, and
ursodeoxycholic acid, a nonsecretory, hydrophilic bile acid,
were compared for their ability to induce chloride secretion
across segments of mouse colon mounted in Ussing cham-
bers. Chenodeoxycholic acid, but not ursodeoxycholic acid,
induced dose-dependent, biphasic chloride secretion that
was greater after serosal than mucosal addition and was

greater in distal versus proximal colonic segments. The se-

cretory effect of chenodeoxycholic acid was inhibited by H1
histamine receptor antagonists and modified by the cycloox-
ygenase inhibitor indomethacin. However, it was unaffected
by an H2 histamine receptor antagonist or by atropine. Se-
cretory effects of chenodeoxycholic acid were diminished in
magnitude and delayed in colonic tissues from mice with
a genetic deficiency of tissue mast cells. Concentrations of
chenodeoxycholic acid inducing secretion also released his-
tamine from tissue segments. These data indicate that mast
cells and histamine-mediated processes contribute signifi-
cantly to the secretory effects of dihydroxy bile acids in the
murine colon. (J. Clin. Invest. 1995. 95:2831-2839.) Key
words: mast cells * bile acids * secretory diarrhea * inflam-
mation * chloride secretion

Introduction

Bile acids are water-soluble end products of cholesterol metabo-
lism that participate in fat digestion in the gastrointestinal tract.
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A pool of bile acids is stored in the gallbladder and secreted
with meals. In the small intestinal lumen, bile acids are present
at millimolar concentrations during digestion. In health, the vast
majority of the bile acid pool is efficiently absorbed via both
active and passive mechanisms by the small intestine. Only
a small fraction of the bile acid pool, therefore, escapes the
enterohepatic circulation to enter the colon ( 1). The aqueous
concentration of bile acids in the cecum is therefore likely to
be in the micromolar range (2). However, in patients who have
lost normal ileal absorptive function, bile acids are malabsorbed.
A compensatory increase in bile acid biosynthesis in the liver
results in a new steady state in which increased fecal loss is
balanced by increased hepatic biosynthesis. Bile acids pass into
the colon in greatly increased amounts, and in patients with
diarrhea, markedly elevated concentrations of bile acids (in the
millimolar range) in the aqueous phase of feces have been
reported to be present (2-4).

The increased concentration of bile acids in colonic contents
has been considered to play a contributory role in the pathogene-
sis of diarrhea, because the commondihydroxy bile acids induce
a concentration-dependent secretion when infused into the colon
(5-8) and because administration of cholestyramine, a poly-
meric bile acid sequestrant, lowers the concentration of bile
acids in the aqueous phase of feces and ameliorates the diarrhea
(9). Bile acid-induced diarrhea has also been induced by ad-
ministration of chenodeoxycholic acid to patients with gall-
stones; the incidence and magnitude of diarrhea are dose depen-
dent ( 10). Bile acid-induced diarrhea is thought to have several
causes. Among these, active chloride secretion can be induced
by bile acids in the colon (6-8). An additional contributory
mechanism may be due to the loss of ileal function. This can
result in decreased absorption, providing an increased load of
fluid and electrolytes to the colon (11).

Only two natural bile acids have been found to induce co-
lonic secretion in perfusion studies (7, 12). These are cheno-
deoxycholic acid (CDCA),1 one of the two major primary bile
acids in man, and deoxycholic acid (DCA), a secondary bile
acid formed in the colon by bacterial 7-dehydroxylation of cho-
lic acid and the predominant fecal bile acid in man (1). Both
of these bile acids have two a-hydroxyl groups on the steroid
nucleus, are surface active, and are cytotoxic (13). Both uncon-
jugated and glycine- or taurine-conjugated bile acids induce
secretion, but for a given bile acid, secretion is induced by
the unconjugated bile acid at a lower concentration than its
corresponding conjugated derivative (6, 14). Ursodeoxycholic
acid (UDCA), the 7/3-epimer of CDCA(a bile acid that is used
therapeutically for gallstone dissolution and cholestatic liver

1. Abbreviations used in this paper: CDCA, chenodeoxycholic acid;
DCA, deoxycholic acid; DPH, diphenhydramine; I, short circuit cur-
rent; PD, potential difference; TIX, tetrodotoxin; UDCA, ursodeoxy-
cholic acid.
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disease), does not induce colonic secretion (8, 15). UDCA
differs from CDCAand DCAin being less surface active and
noncytotoxic.

Multiple mechanisms have been postulated for the stimula-
tory effects of bile acids on intestinal electrolyte and water
transport. These include direct mucosal injury (7, 12); enhance-
ment of mucosal permeability (7, 16, 17); and stimulation of
cAMPproduction ( 16, 18, 19), mucosal prostaglandin synthesis
(20, 21), calcium influx and calcium release from intracellular
stores in epithelial cells (22-24), and local neural enteric re-
flexes (25). A secretory effect of conjugated bile acids when
applied mucosally is observed only in association with an in-
crease in permeability (26, 27), suggesting that enhancement
of mucosal permeability may be necessary to permit access for
these large, charged molecules to the basolateral membrane
and/or to the subepithelium, where they then can exert their
secretory effect. Indeed, most studies have shown evidence for
direct mucosal injury (7, 12) or enhancement of mucosal per-
meability (7, 16, 17) during experiments in which secretion
was induced by elevated concentrations of bile acids in colonic
perfusates. The final common path for the secretory effect of
bile acids is considered to be increased chloride secretion by
the enterocyte. However, a component of bile acid-induced
secretion has also been proposed to be initiated by stimulation
of local neural enteric reflexes (25) that in turn induces secre-
tion by the enterocyte. Thus the precise mechanism by which
dihydroxy bile acids exert their effects remains unresolved.

Elucidation of the mechanisms by which bile acids or other
agents induce chloride secretion in colonic perfusion studies is
complicated by the intrinsic complexity of this tissue, which
is made up of many different but interacting cell types. The
enterocytes themselves differ in function, as secretion is thought
to be mediated predominantly by crypt enterocytes and absorp-
tion by villus (or surface) enterocytes (28). Electrolyte and
water transport by epithelial cells is further modulated by medi-
ators secreted from underlying nonepithelial cells, as well as
by enterochromaffin cells and by intramural and extrinsic neural
pathways (28).

Among the nonepithelial cells present in the small and large
intestinal mucosa are mast cells, which are now widely recog-
nized as effectors of the intestinal secretion induced by antigenic
challenge of sensitized tissues (29). Their role in secretory
responses to nonimmune agonists has been less well studied.
However, previous studies from our laboratory have shown that
bile acids are capable of activating mast cells both in vitro and
in vivo (13). Wehave therefore performed experiments using
mouse colonic segments examined in vitro to test whether mast
cells are involved in bile acid-induced secretion.

Methods

Experimental design. Colon segments from normal or mast cell-defi-
cient mice were mounted in Ussing chambers, and electrogenic chloride
secretion was assessed by quantifying changes in short circuit current
(Ihc). After the addition of tetrodotoxin (TTX) to abolish local neural
reflexes, the response to bile acids applied to the serosal or mucosal
compartment was measured without and with the prior addition of puta-
tive antagonists. Histamine release from tissues induced by bile acids,
as well as unreleased tissue histamine, was measured by immunoassay.

Chemicals. CDCA(3a,7a-dihydroxy-5,/-cholan-24-oic acid) and
UDCA(3a,7,/-dihydroxy-5/3-cholan-24-oic acid) of 99% purity (by
HPLC [30]) were supplied by the Pharmazell Division of Diamalt
(Raubling, FRG; courtesy of Dr. Thilo Messerschmidt). TTX, diphen-

hydramine (DPH), pyrilamine, cimetidine, atropine, and indomethacin
were purchased from Sigma Chemical Co. (St. Louis, MO). All other
chemicals used were of at least analytical grade and were obtained
commercially.

Animals. C57BL/6J mice were obtained from Simonsen Lab-
oratories (Gilroy, CA). Mast cell-deficient mice (WB/ReJ-W/+
x C57BL/6J-Wv/+)Fl-(W/Wv) and their congenic normal littermates
(+/+) were obtained from The Jackson Laboratories (Bar Harbor,
ME). All mice were housed in separate quarters under filter hoods and
were allowed free access to food and water. Experiments were conducted
when the mice were 12-18 wk of age.

Transport studies in isolated mouse colon. Mice were killed by
cervical dislocation. The colon was removed and opened along the
mesenteric border, and full-thickness segments were mounted in Ussing
chambers. The chambers used in these studies had an aperture of 0.28
cm2. Both sides of the tissue segments were bathed with 10 ml of
Ringer's solution (140 mMNa', 5.4 mMK+, 1.2 mMCa2+, 1.2 mM
Mg2 , 119.8 mMCP, 25 mMHCO3, 0.4 mMH2PO4-, 2.4 mM
HPO42-, 10 mMglucose). The Ringer's solution was maintained at
37TC, pH 7.4 and was gassed with 95% 02/5% CO2. In some studies,
chloride-free solutions were madeby replacing chloride with isethionate.
The transmural potential difference (PD) was monitored using calomel
electrodes connected to the bathing solutions via 3 MKCl-filled agar
bridges. Current was passed across the tissues via Ag/AgCl electrodes
connected to the chamber with short, Ringer's-filled agar bridges. The
current necessary to nullify the PDwas supplied by an automatic voltage
clamp (Physiologic Instruments, San Diego, CA) and recorded continu-
ously as I., via an interface to a personal computer fitted with custom
software (Acquire and Analyze; Physiologic Instruments). The tissue
conductance was calculated from the change in 4, observed upon impos-
ing a bipolar 5-mV step in PD, using Ohm's law.

For experiments with antagonists, only the distal half of the colon
was used. The studies were performed in a paired fashion so that antago-
nist-treated tissues could be compared with control tissues from the
same animal. Tissues were allowed to equilibrate under short circuited
conditions for at least 15 min, at which time TTX (3 X I0-7 M) was
added to the serosal side of all tissues to eliminate neuronal activity
(see Results). Antagonists were added to either the serosal, the mucosal,
or both bathing solutions after TTX treatment and at least 15 min before
addition of CDCAfrom the serosal or mucosal side.

Histamine assay. Histamine release from buffered 0.9% saline- or
bile acid-treated colonic tissue was measured by a commercially avail-
able ELISA assay (AMAC, Westbrook, ME). Briefly, tissues were
incubated with the indicated solutions for 30 min at 37°C, at which time
supernatants were harvested and frozen at -20°C until analysis. Residual
histamine was released into a fresh aliquot of saline solution by boiling
for 10 min, and the saline containing released histamine was again
separated from the tissue segment and frozen until required.

Statistical analyses. Data are presented as mean±SEMfor a given
number of experiments. In all figures in which the time course of re-
sponses is depicted, the x axis represents the time elapsing after short
circuiting the tissue in the Ussing chamber. Statistical significance was
determined by Student's t test for paired and unpaired samples, as
appropriate. P < 0.05 was considered to represent a significant effect.

Results

Secretory response induced by CDCA: features of the response
in the colon as a whole. In pilot experiments, conducted without
TTX, tissues from C57BL/6J mice exhibited very unstable and
oscillatory baseline IS. values. Because of this, consistent re-
sponses to bile acid addition could not be obtained. Pretreatment
of tissues with TTX eliminated the spontaneous oscillatory IS,
attributable to neuronal activity presumably induced by mount-
ing the colon segments, and abruptly reduced IS. values to a

uniform and stable baseline in all tissues (Fig. 1).
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Figure 1. Effect of CDCA(1 mM) on the time course of changes in
4,c across segments of mouse colonic tissue mounted in Ussing cham-
bers. All tissues were studied in the presence of TTX (0.3 MM) added
serosally at the time indicated; CDCAwas also added to the serosal
side as indicated by the arrow. Tissues were studied in regular, chloride-
containing Ringer's solution, or in chloride-free Ringer's solution. Val-
ues are means±SEM for four experiments.

Previous experiments with epithelial cell monolayers have
shown that bile acids induce secretion mainly by acting on the
basolateral side of the cell. We therefore first examined the
response to CDCAadded to the serosal side of the colonic
tissue. As shown in Fig. 1, 1 mMCDCAinduced a biphasic
secretory response. The secretion started within a few minutes
after addition of CDCA. The first I4 peak was observed within
10 min, followed by a prolonged second secretory phase, maxi-
mal at - 40-50 min, that was sustained for at least 2 h (Fig.
1). Addition of 1 mMCDCAto the serosal compartment had
no effect on transepithelial conductance other than that consis-
tent with the extent of active secretion, indicating that serosal
CDCAat 1 mMdoes not alter the integrity of the tight junctions
(Fig. 2 B). To examine the dependence of I4C changes induced
by CDCAon active chloride transport, the chloride in the Ring-

200 200
- Distal colon

TTX - - - - -Proximal colon TTX
150 150 \ CDCAM

E 1
100 100 1

er's bathing solution was substituted by isethionate. Under these
conditions, the 4s, response to serosal CDCAwas completely
abolished (Fig. 1).

Addition of CDCA(1 mM) to the mucosal side of colonic
tissues also resulted in a biphasic increase in Is4. However, this
change was accompanied by the gradual appearance of a marked
increase in tissue conductance. The findings suggest that muco-
sal CDCAinitiated a secretory response in colonic tissue, but
that this response was eventually abolished by damage to the
epithelium. Thus, to test viability of tissues after treatment with
CDCA, 1 mMtheophylline was added to both sides of the tissue
at the end of the experiment (-' 2 h). Exposure of colonic tissue
to 1 mMserosal CDCAdid not affect its subsequent ability to
display a secretory response to theophylline (1 mM). However,
tissues treated with mucosal CDCAdid not respond to theophyl-
line, consistent with the view that their elevated conductance
indicated cell injury (data not shown).

Comparison of distal and proximal tissues. Proximal and
distal colon segments differed in their response to CDCA. When
CDCA(1 mM) was added to the serosal bathing solution, the
maximal change in I4, (observed during the second peak of the
response) was markedly greater in the distal two thirds of the
colon than in the proximal one third of the colon (Fig. 2 A;
Fig. 3, left panel) (114.7± 16.8 MA/cm2 versus 42.1±15.9 IiA/

2cm , respectively, P < 0.05, n = 4).
Addition of 1 mMCDCAto the mucosal bathing solution

also induced a biphasic secretory response in distal colon seg-
ments. The first peak was similar to that observed with serosal
addition, but the second peak was abbreviated and diminished,
probably owing to delayed cytotoxic effects as indicated by the
rise in conductance during this second phase of the response
(Fig. 2, C and D). For mucosal addition, there was no signifi-
cant difference in the magnitude of the response between proxi-
mal and distal tissues. However, the first peak was significantly
later, and the response was mainly monophasic in the proximal
colon compared with the biphasic response in the distal colon
(Fig. 3, right panel). In aggregate, because of the differences
between responses of proximal and distal colon, all subsequent
comparisons of ion transport were made between tissues from
distal colon segments.

- Distal colon
...- Proximal colon

0 25 50 75 100 125 150

Time (min)

Figure 2. Comparison of the effects of CDCA(1
mM) on the time courses of ion transport (A and
C) and tissue conductance (abbreviated as G; shown
in B and D) of mouse colon after addition to either
the serosal (A and B) or mucosal (C and D) aspect
of the tissue. Results obtained with distal and proxi-
mal colonic tissue segments are shown. CDCAwas
added at the time indicated. Each trace depicts the
data from a single experiment, representative of at
least four similar experiments.
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Figure 3. Summary of the effects
LIIU~r LrT~~ of CDCA(1 mM) on the time

course of I., responses across

mouse proximal and distal colon
after either serosal (left panel) or

mucosal (right panel) addition.
120 140 Values are means±SEM for four

experiments in each case.

Dose dependency of CDCA-induced secretion and cell in-
jury. Addition of 2 mMCDCAto the serosal side of distal
colon caused a prompt rise in Is, with a peak increase of - 200
pA/cm2 (Fig. 4 A). However, with this concentration of serosal
CDCA, the second phase of the response was associated with
a marked increase in conductance, suggesting an effect on tight
junction integrity (Fig. 4 B). 2 mMCDCAadded to the mucosal
bathing solution caused an even faster increase in conductance
that began even before the resolution of the first peak of secre-

tion (Fig. 4 B).
Addition of 0.5 mMCDCAto the serosal side of distal

colon induced a biphasic secretory response, with a first peak
of similar magnitude to that evoked by 1 mMCDCA, but with
a smaller and later second phase. The changes in 4., induced by
mucosal addition of 0.5 mMCDCAwere very similar to those
observed with 1 mMCDCA, but without an associated signifi-
cant rise in conductance (Fig. 4, C and D).

Effect of UDCAon transport responses. Serosal addition of
UDCAat concentrations of < 2 mMhad no effect on I., or

conductance of distal colon. The prior addition of UDCAto the
serosal compartment also did not influence the secretory re-

sponse to subsequently added CDCA(data not shown). Muco-
sal addition of 1 or 2 mMUDCAdid induce a small monophasic
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effect on 4., across distal colon (maximal increase of 11.7±2.9
,MA/cm2 and 34.0±10.6 MA/cm2, respectively) (Fig. 5), but
there was no effect of mucosal UDCAon the conductance of
the tissue (Fig. 5) or its responsiveness to subsequently added
theophylline (data not shown). However, when CDCAwas

added to the mucosal side after the secretory response to 1

mMmucosal UDCA, the conductance rose rapidly without an

increase in 4,, suggesting that toxic effects of CDCAwere

potentiated in the face of prior exposure to UDCA(Fig. 5).
Effect of pharmacological antagonists. To examine the

mechanisms responsible for bile acid-induced secretion, we

tested the effect of antagonists of candidate mediators. In previ-
ous studies, we showed that bile acids are able to activate mast
cells (13). One likely mast cell-derived secretagogue is hista-
mine, which is known to activate epithelial chloride secretion
primarily via its actions on epithelial HI histamine receptors
(31 ). Colonic tissue was pretreated with the Hi histamine recep-

tor antagonists pyrilamine or DPH before stimulation with
CDCA. Both antagonists markedly inhibited the secretory re-

sponse induced by serosal addition of 1 mMCDCA. In tissues
pretreated with pyrilamine (200 MM), CDCAincreased I4, by
40.6±7.2 MA/cm2 compared with 133.0±12.9 MA/cm2 in con-

trol tissues (Fig. 6 and see Fig. 8). This inhibitory effect of

D
0 25 50 75 100 0 25 50 75 100

Time (min) Time (min)

Figure 4. Effect of either 2 mM(A and B) or 0.5
mM(C and D) CDCAon the time courses of ion
transport responses (A and C) and tissue conduc-
tance (B and D) across mouse colonic tissue
mounted in Ussing chambers. CDCAwas added to
either the serosal or mucosal side of distal colonic
tissues. Each trace depicts data from a single experi-
ment, representative of at least four such experi-
ments.
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Figure 5. Effect of mucosal addition of UDCAat either 1 or 2 mMon
the time course of ion transport responses (upper panel) or conductance
(lower panel) of mouse distal colon. For the tissue treated with 1 mM
UDCAonly, CDCA(1 mM)was added subsequently at the time indi-
cated by the arrow and appeared to result in an increase in conductance.
Each trace depicts data from a single experiment, representative of at
least three similar experiments.

pyrilamine was reproduced by pretreatment of tissues with DPH
(200 ,uM) (see Fig. 8).

DPHor pyrilamine also inhibited secretion induced by mu-
cosal addition of 1 mMCDCA. The response to mucosal bile
acid was either absent or reduced to a small monophasic re-
sponse in the presence of the antagonists compared with the
biphasic response observed in paired control tissues (data not
shown). In some settings, histamine HI antagonists may display
anticholinergic effects, particularly at high doses (32, 33). To
determine whether the ability of DPHand pyrilamine to inhibit
CDCA-induced chloride secretion is likely due to their antihista-
minic or anticholinergic actions, we tested the effect of atropine.
However, atropine was without effect on CDCA-induced chlo-
ride secretion (see Fig. 8), indicating that cholinergic mecha-
nisms were likely not involved. In addition, the histamine HI
antagonists, at the concentration used in our studies, had no
effect on the secretory response to theophylline (see Fig. 9).
This finding makes it unlikely that histamine HI antagonists
exert nonspecific inhibitory effects on the chloride secretory
response. In contrast to the inhibition induced by the HI hista-
mine receptor antagonists, treatment of colonic tissue with ci-
metidine, an H2 receptor antagonist, before stimulation with
CDCAwas without effect on changes in I. (see Fig. 8).

Prostaglandins are also known to be potent agonists of intes-
tinal chloride secretion (28). Indomethacin, an inhibitor of pros-
taglandin synthesis, altered the pattern of the IC response to
either serosal or mucosal CDCAin that the first (smaller) peak
of the secretory response was abolished by this agent. However,
the maximal increase in I4 induced by serosal CDCAand the
overall duration of the secretory response were unaffected by
indomethacin (Figs. 7 and 8). In the presence of indomethacin,
ongoing secretion could be markedly inhibited by subsequent

60 80 100

Time (min)

120 140

Figure 6. Effect of serosal addition of CDCA(1 mM) on the time
course of I., across mouse distal colon in the absence (Control) or
presence of pyrilamine (200 ,M, added to the serosal side of the tissue
15-20 min before CDCA). Values are means±SEMfor five experi-
ments.

addition of 100 ,M DPHand could be completely reversed by
200 jM DPH(Fig. 9).

Experiments with mast cell-deficient W/WVmice. Mast
cells are thought to be the major cellular repository of histamine
outside of the stomach and the central nervous system of ro-
dents. Experiments with mast cell-deficient mice (W/WV) and
their mast cell-replete littermate mice ( + / + ) were performed
to confirm the likely involvement of mast cells in CDCA-in-
duced colonic chloride secretion. As before, tissues were pre-
treated with TTX. Although not apparent from the single time
course shown in Fig. 10, the addition of TTX had, on average,
a similar inhibitory effect on basal I4 in tissues derived from
either W/W' or +/+ mice (n = 7; data not shown). In colonic
tissue derived from WIWVmice, the I4, response induced by
serosal addition of CDCA(1 mM) had a time course and am-
plitude different from those of the secretory response in
+ / + mice (Fig. 10). The second peak of secretion was signifi-
cantly delayed in W/W' compared with + / + mice (P < 0.01 ),
and its area under the curve was smaller. In addition, the first
peak of the I4C response was significantly lower in WIW' mice
compared with +/+ mice (P < 0.01), as was its area under
the curve (Fig. 10). The I4, responses in the second phase of
CDCA-induced secretion were also less in mast cell-deficient
mice than in + / + controls, although this did not reach statistical
significance, probably owing to the limited number of animals
that could be studied (Fig. 10).

The second peak of CDCA-induced chloride secretion in
both W/W' and + / + mice could be promptly and completely
reversed by addition of pyrilamine (200 MM) (Fig. 10). The
results with the HI receptor antagonist suggest the presence of
histamine in non-mast cell stores in WIWVmice (see the fol-
lowing sections).

Histamine release induced from normal mouse colon by
CDCA. The results with the HI histamine receptor antagonists
in C57BL/6J mice suggested that histamine is a key mediator
of bile acid-induced colonic chloride secretion. We therefore
tested whether CDCAwas able to release colonic tissue hista-
mine stores, as demonstrated previously with isolated mast cells
(13). Incubation of colonic tissue with 1 mMCDCAcaused a
significant release of histamine into the supernatant compared
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Figure 7. Effect of indomethacin
(50 MM)on the time course of ion
transport responses induced by ei-
ther serosal (left panel) or muco-

sal (right panel) addition of
CDCA(1 mM) to mouse distal
colon. Results for tissues studied
in the absence (Control) or pres-

ence of indomethacin are shown.
Values are means±SEMfor four
experiments.

with tissue incubated in saline alone. Furthermore, the amount
of histamine released from distal colon segments was consider-
ably greater than that released from proximal colon segments.
In the distal colon, CDCA(1 mM) released 328±60 pg of
histamine per mg of tissue into the supernatant, compared with
the spontaneous release of histamine in saline of 153 ±24 pg/mg
(P < 0.05). In the proximal colon segments, CDCAreleased
164±23 pg/mg, compared with a spontaneous release of 82±13
pg/mg (P < 0.01) (Fig. 11).

Wealso measured residual histamine in tissues exposed to
CDCA, which would represent histamine that was still con-

tained in intracellular stores after bile acid treatment. In control
distal colonic tissue the histamine content was 750±146 pg/
mg. In tissues treated with 1 mMCDCA, this was significantly
reduced to 106±10 pg/mg residual histamine. In the proximal
colon, the corresponding values were 126±17 pg/mg versus

59±7 pg/mg (Fig. 11).
From these data, it is apparent that total tissue histamine

(i.e., that released into the supernatant plus residual) is mark-
edly lower in CDCA-treated distal colon samples compared
with equivalent controls, whereas total histamine in proximal
samples was similar for controls and tissues treated with the
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Figure 8. Maximal changes in I4, induced by serosal addition of CDCA
( 1 mM)across mouse distal colon in the presence of various antagonists
(closed bars), as noted on the x axis. DPHand pyrilamine were added
to the serosal side of the tissue; the other named inhibitors were added
to both sides. All antagonists were added to the tissues 15-20 min
before CDCA. Parallel control data obtained in the absence of antagonist
treatment are depicted by the open bars. Data are means±SEM for at
least three experiments for each case.

bile acids (Fig. 11 ). The most likely explanation for the hista-
mine deficit in the distal colon is degradation of released hista-
mine to a nonimmunoreactive metabolite.

Histamine release from colonic tissue of mast cell-deficient
mice. Wemeasured histamine in the supernatant of W/WVco-

lonic tissue and the residual histamine in the tissue after incuba-
tion in 1 mMCDCAor saline. The tissue was taken from the
middle of the colon in order to obtain an average value for
colonic histamine. CDCA(1 mM) released 18.6±0.3 pg of
histamine per mg of tissue into the supernatant compared with
7.5±0.5 pg/mg for tissue exposed to saline (P < 0.001, n

= 3). The residual histamine in the tissue treated with CDCA
was 31.9±0.1 pg/mg compared with 97±8 pg/mg in control
tissue (P < 0.01, n = 3). The residual histamine content of
control tissue in W/W' mice was comparable to the amount of
residual histamine we measured in the proximal colon of normal
C57BL/6J mice (126±17 pg/mg). However, the histamine re-

leased into the supernatant by CDCAwas markedly less in
W/WVmice than in C57BL/6J mice.

Discussion

The goal of this study was to examine mechanisms mediated
by subepithelial cell types that might contribute to the secretory

Time (min)

Figure 9. Effect of the sequential addition of indomethacin (50 JAM)
and DPH(100 and 200 yIM) on the time course of the secretory response
evoked by 1 mMCDCAadded to the serosal aspect of mouse colon.
Theophylline (1 mM) was added at the conclusion of the experiment
as indicated, to confirm tissue integrity. The data are from a single
experiment, representative of at least three similar experiments.

2836 Gelbmann et al.

CDCAS

200

180

160

140
cm 120

i 100

, 80
60

40
20

0



*.... +1+
w/wv -*wwv 14(

12(

10C
c

0
E

_

60 80 100 120 140 160 180

Time (min)
Ipeak 2.peak

Figure 10. (Left panel) Time course of the effect of serosal
addition of CDCA(1 mM) on ion transport response of
colonic tissues obtained from either WIW' or +/+ mice.

D Pyrilamine (200 AsM) was added at the end of the experi-
ment, as indicated. The data are from a single experiment,

} representative of seven such experiments. (Right panel)
% Time elapsed after CDCAaddition until the maximums of

the biphasic I4, response (A Time) and magnitude of the
two phases of the response (AI,) in +/+ and W/WVmice.
Values are means±SEMfor seven experiments. Asterisks
denote responses in WIW' mice that are significantly differ-
ent from those in +/+ mice (** P < 0.01, Student's t
test).

effect of bile acids in the mammalian colon. The starting point
for the study was twofold: our previous observations that bile
acids are capable of causing mast cell activation both in vivo
and in vitro, and the growing appreciation of the role played
by immune and inflammatory cell types, including mast cells,
in regulating intestinal secretion. Wehypothesized, based on
these prior findings, that mast cells and their mediators might
contribute to the secretory response evoked by colonic exposure
to pathophysiological concentrations of bile acids. The findings
reported in this paper are in support of such a hypothesis. These
experiments show that CDCA, a common biliary bile acid in
man, induces electrogenic chloride secretion in the mouse colon
and that a major component of this secretion appears to be
attributable to histamine. The source of this histamine is likely
to be predominantly mast cells. Other cell sources are also
possible, but unlikely, except in the case of the mast cell-
deficient animals. Chloride secretion was induced at concentra-
tions of CDCA(0.5 and 1 mM) that are well within those
reported to be present in the aqueous phase of colonic content
in patients with bile acid malabsorption and diarrhea. They are

T- issue

Supernatant

+

: +

NO

Control CDCA Control CDCA

Proximal Distal

Figure 11. Histamine release (Supernatant) and residual tissue hista-
mine (Tissue) from mouse proximal and distal colon in the presence

of either buffer alone (Control) or 1 mMCDCA. Values are

means±SEMfor at least seven experiments. Values designated by aster-
isks are significantly different from the corresponding control values
(* P < 0.05, ** P < 0.01, *** P < 0.001, Student's t test). Values
designated by plus signs are significantly different from the correspond-
ing values in proximal tissue (+P < 0.05, ++P < 0.01, +++P < 0.001,
Student's t test).

also in the range that we have reported to activate cultured
mast cells in vitro (13). CDCAalso released histamine when
incubated with colonic segments, although the current data do
not allow us to conclude definitely that this ability to release
histamine is directly responsible for the observed effects of
CDCAon transport. The work extends studies from a number
of laboratories in showing that both enterocytes and nonepithe-
lial cells are involved in bile acid-induced secretion. UDCA,
in agreement with studies in other species including humans,
did not have secretory or toxic effects.

Mice were chosen for the present study because of the avail-
ability of strains that display genetically determined deficiencies
in tissue mast cells. The secretory effect of CDCAin W/W'
(mast cell-deficient) mice was attenuated and delayed com-
pared with that in normal littermate controls, suggesting that
mast cells are involved in the response to CDCAin the normal
animals. However, secretory responses to CDCAwere not ab-
sent in the mutant mice, and the colonic tissue of such animals
were shown to contain histamine at an undefined site that was
released by incubation with CDCA.

The chloride secretory response induced by either serosal
or mucosal application of CDCAwas biphasic, suggesting that
the total response was caused by more than one secondary
mediator and/or by more than one cell type capable of produc-
ing secretagogues. Studies using pharmacological antagonists
indicated that not only histamine (acting through HI receptors),
but also cyclooxygenase products contribute to the secretory
effects of CDCAin the mouse colon. Treatment with histamine
HI antagonists (but not with the H2 antagonist cimetidine or
with atropine) markedly inhibited both phases of secretory re-
sponses or abolished them once initiated. A role for histamine
in mediating the secretory effect of CDCAwas further substan-
tiated by the ability of CDCAto release histamine from mouse
colonic tissues and the finding that CDCA-induced secretion
and histamine release were both greater in distal than in proxi-
mal colon segments. Indomethacin, a cyclooxygenase inhibitor,
reduced the first, transient phase of the secretory response to
CDCA, but had little effect on the magnitude of the later compo-
nent. These data suggest that prostaglandins are likely to be
involved in only the early phase of responses and that histamine
is the quantitatively more important mediator in the model sys-
tem examined in these studies.

Of note, the studies reported here were all conducted in the
presence of a neurotoxin, 1TX. This treatment provided a stable
baseline of ion transport and abolished the frequently high levels
of spontaneously oscillatory ion transport that occurred upon
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mounting the mouse colonic tissue in the Ussing chamber. In
one respect, this experimental strategy is useful because it
allows the isolation of effects that are independent of the enteric
nervous system. On the other hand, it excludes examination of
the interrelationship between mast cell activation and neural
control of ion transport in this model. The use of TTX may
have led to an underestimation of the contribution of mast cells,
since it is known, from a number of models of immune-related
chloride secretion, that the effects of mast cell activation and
released mediators on chloride secretion can be amplified by
effects on the enteric nervous system (29).

The serosal addition of CDCAhad a greater effect on chlo-
ride secretion than did mucosal addition for both proximal and
distal tissues. CDCAmolecules will flip-flop rapidly across the
lipid domains of all membranes (34), suggesting that the bio-
chemical mechanism of CDCA-induced secretion is initiated by
interaction with signal transduction mechanisms present on the
basolateral membrane. When CDCAis added to the mucosal
side, it can reach only the basolateral membrane by passing
transcellularly, and such transcellular transport is likely to in-
volve binding to intracellular proteins, if transport through co-
lonic enterocytes is similar to that through small intestinal en-
terocytes (35). Were such binding to occur, the basolateral
membrane might be exposed to a much lower intracellular con-
centration than that present when CDCAwas added to the sero-
sal compartment. The entry of CDCAinto the colonic entero-
cyte is likely to cause acidification of the cell (36), as well as
calcium mobilization (22-24), and both of these might contrib-
ute to an increase in paracellular permeability. If this occurs,
CDCAwould also enter the mucosa via the paracellular pathway
and interact directly with the basolateral membrane of the en-
terocytes, as well as with mast cells. In conditions of intestinal
inflammation, in which both intestinal permeability and the
number of mucosal mast cells might be expected to be elevated
(37-40), the tissue might be expected to respond to much
lower concentrations of CDCApresent in the colonic contents.

In the person without bile acid malabsorption, the aqueous
concentration of CDCAin the cecum is extremely low because
of its intrinsic insolubility at the acidic pH of cecal content as
well as its rapid conversion by bacterial 7-dehydroxylation to
lithocholic acid, which is also extremely insoluble (2, 41).
DCA, the other secretory bile acid, also has an extremely low
aqueous concentration in the cecum because of its insolubility
(2). Thus the effects described here are unlikely to occur in
the healthy individual with neither bile acid malabsorption, nor
changes in colonic permeability and/or mast cell numbers, un-
less CDCA is ingested orally in large amounts. The effects
might also be induced by the continuous ingestion of cathartic
agents.

In summary, we present evidence in this paper that mast
cells and, in particular, one of their major mediators, histamine,
contribute to the ability of bile acids such as CDCAto induce
colonic secretion when present at that site at inappropriately
high concentrations. Wecertainly do not mean to suggest that
release of mediators from mast cells is the only mechanism
underlying bile acid-induced chloride secretion. However, the
clinical relevance of these findings is reinforced by the prelimi-
nary observation that histamine apparently also contributes to
the secretory effects of CDCAin surgical specimens of human
colon mounted in Ussing chambers (Gelbmann, C. M., et al.,
unpublished observations). Thus, a consideration of the mecha-
nisms discussed here might have therapeutic implications for

the management of patients with secretory diarrhea caused by
bile acid malabsorption. This would be particularly true in the
setting of a concurrent increase in colonic bile acid concentra-
tions, mucosal permeability, and expansion of the mucosal mast
cell population, such as might be expected to occur in inflam-
matory bowel disease (37-40, 42).
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