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Regulation of the Fasting Enterohepatic Circulation of

Bile Acids by the Migrating Myoelectric Complex in Dogs

R. B. SCOTT, S. M. STRASBERG, T. Y. EL-SHARKAWY, and N. E. DIAMANT,
Departments of Medicine, Surgery, Physiology, and Institute of Medical
Science, University of Toronto, Toronto, Ontario, Canada

ABSTRACT The purpose of this study was to cor-
relate the fasting enterohepatic circulation (EHC) of
bile acids with the migrating myoelectric complex.
Four dogs were surgically provided with a functional
cholecystectomy, a duodenal cannula for direct vision
cannulation of the common bile duct, and 12 bipolar
electrodes implanted from stomach to terminal ileum.
Bile was collected in equal-volume, timed aliquots
over 6 to 10 h. Aliquots were sampled and either re-
turned to the duodenum for study of the intact EHC,
or collected and retained in order to study the time
course of the bile acid pool washout. In the washout
experiments boluses of radiolabeled taurocholic acid
were instilled into the duodenum before and after
duodenal phase I11 of the migrating motor or myoelec-
tric complex (MMC). In another group of experiments
the bile acid pool was washed out and during a con-
tinuous duodenal infusion of taurocholic acid bile was
collected to study the pattern of hepatic secretion.
Results: (a) In all experiments, a single broad peak of
bile flow and bile acid secretion occurred at 35-55%
of the MMC migration time. At this time the MMC
had migrated to a point 70-85% of the distance along
the small intestine. (b) During bile acid pool washout
the peak of bile flow and bile acid secretion occurred
with the distal migration of the first MMC and then
bile flow and bile acid secretion rates decreased to a
minimum and stabilized. (¢) In bile acid pool washout
experiments the radiolabeled bile acids instilled into
the duodenum prior to duodenal phase III were se-
creted and peaked with peak endogenous bile acid
secretion. The secretion of radiolabeled bile acids in-
stilled into the duodenum after duodenal phase III was
delayed until the subsequent cycle of the MMC. 88%
of the bile acid pool collected over 6 h was secreted
during the distal migration of the first MMC
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(2.4%0.4 h). (d) After bile acid pool washout and dur-
ing continuous duodenal infusion of taurocholic acid,
hepatic bile flow and bile acid secretion continued to
fluctuate with the same pattern observed with the EHC
intact. Conclusions: (a) In the fasting state, the trans-
port of intestinal bile acids to the liver is pulsatile
rather than continuous and is determined by the MMC.
Maximum hepatic secretion occurs when phase III of
the MMC propels the intraluminal bile acid pool to its
site of absorption in the distal small bowel. (b) The
“housekeeping” action of the MMC is very efficient
and clears 88% of the 6-h washout bile acid pool in
one pass.

INTRODUCTION

The enterohepatic circulation (EHC)' of bile acids is
dependent on intestinal motor activity for the trans-
port of bile acids from the site of their release into the
proximal duodenum to the site of their active absorp-
tion in the terminal ileum (1). Variation in the rate of
hepatic bile acid secretion, and in the rate of delivery
of bile acids to the duodenum are related to the con-
dition of fasting or feeding (2-7). In the fed state the
gallbladder contracts (8) and a continuous pattern of
intestinal motor activity is induced (9). This results in
a continuous circulation of the entire bile acid pool,
high rates of hepatic bile acid secretion, and maximal
rates of delivery of bile acids into the duodenum. Dur-
ing fasting, basal rates of hepatic bile acid secretion
are present, and it has been shown that there is a con-
tinuing enterohepatic circulation of that portion of the
bile acid pool not sequestered by the gallbladder (10-
13). Intestinal motor activity in the fasted state is not
continuous, but is characterized by a cyclic pattern of
motor activity termed the ‘“migrating myoelectric

complex,” or MMC. An MMC is a recurring band of

! Abbreviations used in this paper: EHC, enterohepatic
circulation; MMC, migrating motor or myoelectric complex;
TLC, thin-layer chromatography.
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excitatory myoelectric (14), and associated contractile
activity (15), progressing distally along the gut from
lower esophageal sphincter to terminal ileum (14, 16,
17). The MMC is responsible for the efficient but
largely intermittant propulsion of intraluminal con-
tents (18-22), and is cyclically correlated with pulsatile
delivery of bile acids to the duodenum (23-26), and
with gallbladder contraction (27). The MMC has been
identified in all species of mammals investigated (14,
19, 20. 28-30), including man (9, 31).

The purpose of this study was to determine if fasting
rhythmic fluctuations in hepatic bile flow and bile acid
secretion occur as a result of the cyclical transport of
intestinal bile acids by the MMC to terminal ileum.
If this is so, maximum hepatic secretion should occur
when the MMC propels the intraluminal bile acid pool
to its site of active absorption in the terminal ileum.
Hepatic bile acid secretion could not be studied in
relation to myoelectric activity along the entire length
of small bowel in man, and we therefore utilized a
canine animal model. Portions of this work have pre-
viously been published in abstract form (32, 33).

METHODS

Animal preparation

Four healthy female mongrel dogs weighing 15-22 kg
were used in this study. The experimental protocol was ap-
proved by the Toronto Western Hospital Animal Care Com-
mittee and conformed with the “Guiding Principles in the
Care and Use of Animals” proposed in the Declaration of
Helsinki.

Dogs were dewormed and preconditioned for 1 wk before
surgery. Each animal was premedicated with atropine 0.6
ml i.v. Anesthesia was induced with sodium thiopental 10
mg/kg i.v., and then maintained with nitrous oxide and hal-
othane. Using sterile technique, a midline abdominal inci-
sion was made and the following three surgical procedures
performed: (a) A functional cholecystectomy; (b) insertion
of a modified Thomas duodenal cannula to allow visualiza-
tion of the opening of the common bile duct; (c) implantation
of electrodes for monitoring intestinal myoelectric activity.

The gallbladder, cystic duct, cystic artery, and common
bile duct were identified and isolated. The cystic duct was
ligated in two places with chromic cat gut sutures, and then
divided between the sutures. All bile was then aspirated from
the gallbladder.

Insertion of the duodenal cannula utilized standard ex-
perimental surgical techniques (34). Between experiments
the cannula was closed with a screw-on cap.

The total length of the small intestine was measured and
recorded. A teflon cannula bearing 12 pairs of electrodes was
brought out through a stab incision made in the right lower
quadrant of the abdominal wall and secured in place. Pairs
of electrodes were implanted into the subserosal musculature
at measured distances along the antimesenteric border of the
small bowel, beginning at a site 1 cm beyond the pylorus
and extending to a site 10 cm proximal to the ileocecal valve.
The electrodes of each pair were placed 0.5 cm apart for
bipolar recording. Before closure the small bowel length and
electrode position were checked a second time.

MMC and the Enterohepatic Circulation of Bile Acids

Animals were given maintenance total parenteral nutri-
tion for the first 5 d postoperatively, and then gradually ad-
vanced to standard solid laboratory chow and water ad lib.
All dogs were allowed at least 2 postoperative wk to recover
prior to recording intestinal myoelectric activity.

Experimental design

After the postoperative recovery period, animals were
studied conscious, unrestrained, and after an 18-h fast. Stud-
ies were performed a minimum of 5 d apart to allow equil-
ibration of the bile acid pool between experiments. Fasting
intestinal myoelectric activity was recorded throughout each
expeiriment. There were three separate experimental pro-
tocols.

Protocol 1. Two 10-h experiments were performed in
each of two dogs. In each experiment the common bile duct
was cannulated and bile flow was returned to the duodenum
until at least one MMC had completed a migration from
duodenum to terminal ileum. Then equal-volume, timed
aliquots were collected, sampled for bile acid assay, and re-
turned to the duodenum; thereby maintaining an intact
EHC. The small (50 ul) samples taken from each aliquot for
bile acid assay represented <5% of bile flow, and thus did
not constitute a significant interruption of the EHC (85).

Protocol 2. A total of 12 separate 8-10-h experiments
were performed on three dogs. In each experiment the com-
mon bile duct was cannulated and bile flow returned to the
duodenum while one control migration of an MMC was re-
corded. Then, equal-volume, timed aliquots of bile were
collected, sampled for bile acid assay, and retained; thus
interrupting the EHC. In eight experiments, 2-uCi radio-
labeled [*C] sodium taurocholate was instilled into the duo-
denum prior to a period of intense duodenal electric spike
activity (phase III of the MMC), and in seven experiments,
2 puCi radiolabeled [*H}sodium taurocholate was instilled into
the duodenum just after termination of a period of intense
duodenal electric spike activity (phase III of an MMC). In
all cases, the time of instillation of the isotope coincided with
the time at which bile collection began.

Protocol 3. Two 10-h experiments were performed in
each of two dogs, after drainage of the bile acid pool. During
each experiment the animals received a continuous duodenal
infusion of sodium taurocholate in a solution of 5 g/liter
dextrose in water. The infusion was regulated at 0.5 ml/min
by a microvolumetric infusion pump (IMED Canada Inc.
model 965) and contained 40 umol/ml of sodium taurocho-
late. Sodium taurocholate (96% pure by thin-layer chro-
matography, TLC) was obtained from Calbiochem-Behring
Corp., La Jolla, CA.

Recording of intestinal myoelectric activity

A cable connected the bipolar electrodes to bioelectric
amplifiers (Hewlett Packard Co., Palo Alto, CA, model
8811A) with lower and upper cutoff frequencies of 0.05 and
300 Hz, respectively. The electrical signals were simulta-
neously recorded on an eight-channel direct writing pen
chart recorder (Hewlett-Packard Co., model 7858A) and on
an eight-channel FM instrumentation tape recorder (Hew-
lett-Packard Co., model 8868A) for later replay and analysis.

To analyze fasting intestinal myoelectric activity, the
taped records were played back at eight times the recording
speed, high pass filtered to preferentially amplify spike po-
tentials and recorded on a pen chart recorder running at
0.25 mm/min. This yielded a time-condensed recording
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from which the features of the migrating myoelectric com-
plex were identified by visual inspection. Fig. 1 illustrates
the typical condensed tracings of fasting electrical activity
recorded from eight electrodes in one dog. Electrode loca-
tions are expressed as distance from the pylorus. The three
MMC shown are recognized as cyclically recurring periods
of spiking activity that migrate from duodenum to terminal
ileum. The period of intense spiking activity (phase III) is
identified as a dense segment of higher amplitude. Phase 111
is preceded by a period of irregular spiking activity (phase
II), and followed by a phase of absent spike activity (phase
I). The end of phase III is easily identified, and was chosen
as a reference point. The time between the end of duodenal
phase 111 activity of successive cycles was defined as the cycle
period. The time required for progression of the MMC from
the pylorus to ileocecal junction was defined as the migration
time.

Determination of bile flow and bile acid
secretion rate

The screw cap on the duodenal cannula was removed to
visualize the opening of the common bile duct into the duo-
denum. The duct was cannulated with a 5-French polyvinyl
chloride catheter. A rubber cork with side slot was then used
to close the lumen of the duodenal cannula and fix the cath-
eter in place. The free end of the catheter drained by gravity
into a graduated pipette, accurate to 0.1 ml.

The experiments were intended to relate the hepatic bile
acid secretion rate to the aboral migration of the MMC. For
bile collections to accurately represent hepatic bile secretory
rates, a correction for transit time down the biliary tree and
collection tubing was necessary. The estimated “dead space”
volume of the biliary tree and collection tubing was deter-
mined by the method of Haaki and Paumgartner (36), which
was later validated in larger animals (dogs) by Barnhart and
Combes (37). The technique depends upon the biliary clear-
ance of an intravenous bolus of radiolabeled sodium tauro-
cholate. A dead space correction technique described pre-
viously (38) was then used. To reduce sampling errors due
to dead space, sample volumes were twice the estimated
dead space. Bile flow was calculated as the fixed volume of
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FIGURE 1 Fasting intestinal electrical activity recorded
from eight electrodes in one dog. Three MMC, the duodenal
and ileal cycle periods, and the MMC migration time are
illustrated.
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each sample divided by the time period taken to collect the
sample. Each sample consisted of the second dead space
volume in any period plus the first dead space volume of the
next period. This meant that the first dead space volume of
the first sample was discarded and that sampling was con-
tinued after the final sample period to collect the second
dead space volume of the last sample. The accuracy of the
collections as a representation of the bile produced by the
liver in a particular period is related to the error of the
estimated dead space by: sampling error = estimated dead
space error/2. Using this technique hepatic bile flow and
bile acid secretion rates were determined at brief intervals.
The duration of the interval was dependent on flow rate and
ranged from 5 to 25 min.

Total bile acid concentration in bile was measured using
a modification of the enzymatic method of Talalay (39). The
conversion of diphosphopyridine nucleotide (DPN) to its
reduced form (DPNH) was measured in a spectrophotometer
(Beckman model 35, Beckman Instruments, Inc., Fullerton,
CA) at 340 nm.

Radiolabeled [*H(G)] sodium taurocholate (97% pure by
TLC) and [24-*C] sodium taurocholate (99% pure by TLC),
both of which were used for bolus duodenal instillation, were
obtained from New England Nuclear; Lachine, Quebec,
Canada. 50 ul of bile from each sample period was added
to 15 ml Multisol (Isolabs) and counted in a liquid scintil-
lation counter (Beckman Instruments model LS9000). [*H]
DPN and ["*C] DPN were determined using an external stan-
dard and quench correction factor.

In each experiment, the bile flow in milliliters per minute,
bile acid secretion rate in micromoles per minute and ra-
diolabeled bile acid secretion rate in disintegrations per
minute were calculated for each aliquot of bile collected.
These values were then plotted in relationship to the motility
recording with the vertical coordinate representing magni-
tude, and the horizontal coordinate representing the mid-
point of the collection interval.

The mass of bile acid secreted per collection interval is
the product of volume collected times bile acid concentra-
tion. In the bile acid pool washout experiments the mass of
bile acid secreted per collection interval was expressed as
a percentage the total bile acid pool collected over 6 h. The
cumulative percentage of the bile acid pool excreted during
the migration time of the first MMC was calculated for each
washout experiment.

Analysis

In each experiment the time at which peak bile flow, bile
acid secretion, or radiolabeled bile acid secretion occurred
was recorded as a percentage of the MMC migration time.
The mean*]l SD of the time of peak secretion was then
calculated for each variable in each protocol. A Wilcoxon
rank sum test was used to determine if the maximum and
minimum values of bile flow or bile acid secretion during
each migration time were significantly different within a
protocol, or if the times of peak bile flow and bile acid se-
cretion were significantly different within a protocol. The
Kruskal Wallis test (the nonparametric equivalent of one-
way analysis of variance) was used to determine if the time
of peak bile flow, bile acid secretion, or radiolabeled bile
acid were significantly different in the bile acid pool washout
experiments.

To plot bile flow or bile acid secretion against time and
in relation to the MMC, the migration time of each MMC
cycle in which bile was sampled was used as a time base of
100% length. The midpoints of the collection intervals dur-
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ing which bile flow and bile acid secretion were measured
were plotted as percentile locations on this standard time
base. During each migration time the magnitude of each
variable in each collection interval was plotted on the ver-
tical axis as a normal variate [normal variate = (x — mean
of x)/standard deviation of x]. The curve obtained was in-
terpolated (using the method of linear interpolation) at 5%
intervals and the values obtained at each interpolation point
for all the experiments in each protocol were combined as
a mean+l SD to yield a composite curve. The results were
graphed. This data transformation allowed precise compar-
ison of fluctuating values during the migration of different
MMC unbiased by the variable range of absolute levels en-
countered in different experiments.

In the three experimental protocols there were 39 MMC
during which bile was sampled. We used a previously val-
idated technique (40) to define the distal propagation in time
of the MMC within each protocol, and for all MMC com-
bined. Briefly, for any MMC a logarithmic function relates
location of end phase III activity to elapsed migration time.
This relationship can be plotted with horizontal axis units
of elapsed percent migration time, identical to the horizontal
axis units against which bile flow and bile acid secretion rates
were plotted. When plotted on the same graph it is possible
to make precise temporal comparison of bile flow and bile
acid secretion rates with the distal migration of MMC despite
variability in the gut length and migration times.

Statistical analysis was done using the Statistical Analysis
Systems Package of the University of Toronto Computing
Services.

RESULTS

There was no significant difference (P > 0.05) between
the three protocols with regard to the slopes of the
regression lines defining the distal propagation of the
MMC with time. Therefore, the data for all 39 MMC
was combined. Fig. 2 shows the line that defines the
distal propagation of MMC as they travel from 0 to
100% of gut length in 100% of the migration time. The
equation of the line is:
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FIGURE 2 Regression line defining the distal propagation of
the MMC. Percent distance migrated along the small bowel
is plotted vs. elapsed percentage of the migration time.
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where In is the natural logarithm, T is elapsed % MMC
migration time, D is the % distance end phase III of
the MMC had traveled down the small bowel. The
correlation coefficient of the relationship was 0.98
(P < 0.0001).

Intact enterohepatic circulation. Fig. 3 shows a 5-
h record of fasting myoelectric activity in one dog.
Electrode position along the gut is expressed on the
vertical axis as a percentage of the distance along the
small bowel, and time in hours is on the horizontal
axis. The figure demonstrates the cyclic appearance
of MMC in the duodenum and their sequential mi-
gration past more distal electrodes. During the re-
cording, aliquots of bile were collected, sampled, and
returned to the duodenum, thus leaving the entero-
hepatic circulation intact. Bile flow and bile acid se-
cretion show repetitive fluctuations with peaks occur-
ring in each case as phase III of the MMC passes the
electrode located 83% of the distance along the small
bowel, as highlighted by the arrowheads. There is one
MMC whose distal migration stopped before reaching
the electrode located 83% of the distance along the
small bowel. Note that the peak bile acid secretion
associated with that MMC is of lower amplitude.

In four experiments on two dogs in which the EHC
was intact, bile flow, and bile acid secretion were mon-
itored during the aboral migration of 14 MMC. During
the distal migration of the MMC bile flow varied be-
tween a minimum of 0.17+0.04 and a maximum of
0.38+0.07 ml/min (n = 14). Bile acid secretion varied
between a minimum of 15.1+3.9 and a maximum of
40.4+10.7 uM/min (n = 14). The minimum and max-
imum values of either bile flow or bile acid secretion
that occurred during each migration time were sig-
nificantly different from each other (P <0.01). The
times at which peak bile flow and bile acid secretion
occurred were 53.6+11.0 and 49.8+11.8% (n = 14),
respectively of the migration time. The times of peak
bile flow and bile acid secretion were not significantly
different (P > 0.05). In Fig. 4, the data on bile flow
and bile acid secretion during the aboral migration of
these 14 MMC is combined and presented graphically.
A separate line shows the propagation of MMC from
0 to 100% of gut length during 100% of the migration
time. The maximum value of both bile flow and bile
acid secretion occurs at 50-55% of elapsed migration
time, the time at which the MMC had migrated ~80%
of the distance along the small bowel. The increases
of mean bile flow and mean bile acid secretion on
either side of the central peak are due to the flow
associated with MMC occurring before and after the
index MMC.

Interrupted EHC with bile acid pool washout. Fig.
5 shows a recording of fasting small intestinal myoelec-
tric activity during which the EHC was interrupted
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FIGURE 3 Bile flow and bile acid secretion with the enterohepatic circulation intact. Bile flow
and bile acid secretion show repetitive fluctuations with peaks occurring (arrowheads) when
the intense spiking activity of an MMC passes the electrode located 83% of the distance along

the small bowel.

by collecting and retaining all hepatic biliary secretion
for at least two complete MMC cycles and for a min-
imum of 6 h. After bile collection commences, note
that there is a peak of bile flow and bile acid secretion
as phase III of the first MMC migrates from duodenum
to terminal ileum; with the maximum secretion rates
occurring as phase III of the MMC passed the electrode
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FIGURE 4 Bile flow and bile acid secretion during the aboral
migration of 14 MMC with the EHC intact. Bile flow and
bile acid secretion (mean+1 SD of the normal variates) are
plotted against elapsed percent migration time. The regres-
sion line showing propagation of MMC from 0 to 100% of
gut length during 100% of migration time is superimposed.
Peak mean bile flow and bile acid secretion occur at 50-55%
of elapsed migration time, the time at which the MMC has
migrated ~80% of the distance along the small bowel.
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site 83% of the distance along bowel. This represents
the bile secreted into the duodenum during the pre-
vious MMC and up to the time the EHC was inter-
rupted. There was no subsequent peak of bile flow or
bile acid secretion. After the intraluminal bile acid
pool was delivered to the terminal ileum, by the first
MMC, bile flow dropped to a steady state and bile acid
secretion decreased to a minimum. The intraluminal
bile acid pool was effectively cleared from the intestine
after one passage of the MMC.

In Fig. 5 we further characterize the transport func-
tion of the MMC by instilling a bolus of radiolabeled
sodium taurocholate into the duodenum at the same
time bile collection began, just before phase III of the
MMC passed through the duodenum. This was per-
formed in 8 of the 12 bile acid pool washout experi-
ments. In all cases, peak endogenous and exogenous
radiolabeled bile acid secretion occurred together in-
dicating that both were delivered to the terminal ileum
simultaneously by the first MMC. In addition, both
were cleared from the intestine by the first passage of
an MMC.

In the 12 experiments in which the EHC was in-
terrupted and the bile acid pool collected over 6 h, bile
flow varied between a minimum of 0.08+0.02 and
maximum of 0.32+0.08 ml/min (n = 12). Bile acid
secretion varied between a minimum of 0.9+0.3 and
a maximum of 39.4+13.5 uM/min (n = 12). The min-
imum and maximum values of either bile flow or bile
acid secretion that occurred during each 6-h collection
were significantly different from each other (P < 0.01).

R. B. Scott, S. M. Strasberg, T. Y. El-Sharkawy, and N. E. Diamant
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FIGURE 5 Bile flow and bile acid secretion after interruption of the EHC. A bolus of radio-
labeled Na taurocholate was instilled into the duodenum at the same time bile collection began,
just before the spiking activity of an MMC passed through the duodenum. Peak bile flow,
endogenous bile acid, and radiolabeled bile acid secretion occur as phase III of that MMC pass
the electrode site 83% of the distance along the bowel. Bile flow and bile acid secretion (en-
dogenous and radiolabeled) then decrease to minimum constant levels.

The time at which peak bile flow and bile acid secre-
tion occurred were 32.7+13.9 and 33.1+16.5% (n
= 12), respectively, of the migration time. The times
of peak bile flow and bile acid secretion occurred were
not significantly different (P = 0.81). In the eight bile
acid pool washout experiments in which radiolabeled
sodium taurocholate was instilled into the duodenum
prior to the passage of a duodenal MMC the time of
peak isotope excretion was 29.6+18.4% of the migra-
tion time and was not significantly different from the
time of peak bile flow or bile acid secretion (P > 0.05).
The times of peak bile flow, bile acid secretion, and
radiolabeled bile acid secretion corresponded to the
time at which the MMC had migrated 70% of the dis-
tance along the small bowel. During the bile acid pool
washout studies 88% of the bile acid pool collected was
secreted during the passage of the first MMC, and this
occurred within the first 2.4+0.4 h.

The transport function of the MMC is further de-
fined in Fig. 6. Here, the bolus of radiolabeled sodium
taurocholate was instilled into the duodenum just after
phase III of an MMC passed through the duodenum.
Bile collection and interruption of the EHC began at
the same time. As in the previous experiment, bile flow
and endogenous bile acid secretion appear highly cor-
related and peak as phase III of the first MMC passes
beyond the electrode located 75% of the distance along
the small bowel. This first MMC again clears the en-
dogenous bile acid pool in one pass. However, the bolus
of radiolabeled sodium taurocholate was not secreted
with the endogenous bile acid pool. It was secreted
separately, and later, at a time when passage of the

MMC and the Enterohepatic Circulation of Bile Acids

succeeding cycle of the MMC delivered it to the distal
small intestine. In all seven experiments in which bo-
luses of radiolabeled sodium taurocholate were in-
stilled into the duodenum just after passage of the
duodenal MMC the time of peak radiolabeled bile acid
secretion occurred significantly later than the peak
endogenous bile acid secretion (P < 0.01), and in re-
lation to motor activity of the subsequent MMC. This
indicates that the endogenous pool had been moved
down the intestine with the first MMC; however, the
radiolabeled bile acid instilled just after phase III of
this MMC remained in the proximal small bowel and
was not cleared to the ileal site of absorption until the
subsequent MMC started in the duodenum and passed
aborally down the intestine.

Interrupted EHC with continuous duodenal infu-
sion of sodium taurocholate. Fig. 7 is another re-
cording of fasting intestinal myoelectric activity. In
this experiment, the enterohepatic circulation was in-
terrupted, and during the study, the bile acid sodium
taurocholate was infused into the duodenum at a con-
stant rate of 20 umol/min. Despite the constant entry
of bile acid into the duodenum biliary secretion again
fluctuated. Peak bile flow and bile acid secretion oc-
curred as phase III of each MMC passed beyond the
electrode located 83% of the distance along the small
bowel, as indicated by the arrowheads.

In four experiments on two dogs in which the EHC
was interrupted during the continuous constant duo-
denal infusion of sodium taurocholate, bile flow, and
bile acid secretion were monitored during the aboral
migration of 13 MMC. During the distal migration of
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FIGURE 6 Bile flow, endogenous bile acid secretion, and radiolabeled Na taurocholate secretion
in a 6-h bile acid pool washout experiment. A bolus of radiolabeled bile acid was instilled into
the duodenum at the same time that bile collection began, just after the spiking activity of an
MMC had passed through the duodenum. The endogenous bile acid pool was cleared by the
first passing MMC, however, the radiolabeled Na taurocholate was secreted in relation to motor
activity of the subsequent MMC.

the MMC bile flow varied between a minimum of = 13). The minimum and maximum values of either
0.12+0.04 and a maximum of 0.29+0.08 ml/min (n bile flow or bile acid secretion that occurred during
= 13). Bile acid secretion varied between a minimum each migration time were significantly different from
of 7.0+2.7 and a maximum of 27+6.3 uM/min (n each other (P < 0.01). The times at which peak bile
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FIGURE 7 Bile flow and bile acid secretion with an interrupted EHC and continuous duodenal
infusion of Na taurocholate. Despite the constant entry of bile salt into the duodenum, bile
flow and bile acid secretion fluctuated, with peaks occurring (arrowheads) when the intense
spiking activity of the MMC passed beyond the electrode located 83% of the distance along
the small bowel.
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flow and bile acid secretion occurred were 50.9+9.9
and 49.1+8.7% (n = 13) of migration time, respec-
tively. The times of peak bile flow and bile acid se-
cretion were not significantly different (P > 0.05).

In Fig. 8 data from the 13 MMC are presented graph-
ically as before. Mean bile flow and mean bile acid
secretion show similar fluctuation and peak at 45% of
elapsed MMC migration time, the time at which the
MMC had migrated 75-80% of the distance along the
small bowel.

The mean time at which peak bile acid secretion
occurred in the experiments with an intact EHC
(49.8+11.8% of migration time) or an interrupted
EHC and continuous duodenal infusion of bile acids
{49.1£8.7% of migration time) were not significantly
different (P > 0.05). However, the mean time at which
peak bile acid secretion occurred in the bile acid pool
washout experiments (33.1+16.5% of migration time)
was significantly different (P < 0.01) from the other
two protocols. The peak of bile acid secretion occurred
earlier in the bile acid pool washout experiments. This
was also the case for the mean times of peak bile flow
(P < 0.01).

DISCUSSION

These experiments have demonstrated that in the fast-
ing state the transport of intestinal bile acids to the
liver is rhythmic rather than continuous, and that the
major determinant of these cyclical fluctuations is the
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FiGure 8 Bile flow and bile acid secretion during the aboral
migration of 13 MMC with the EHC interrupted and during
the continuous constant duodenal infusion of sodium tau-
rocholate. Bile flow and bile acid secretion (mean+1 SD of
the normal variates) are plotted against elapsed % of the
migration time. The regression line showing propagation of
MMC from 0 to 100% of gut length during 100% of migration
time is superimposed. Peak mean bile flow and bile acid
secretion occur at 45% of elapsed migration time, the time
at which the MMC had migrated 70-80% of the distance
along the small bowel.

MMC and the Enterohepatic Circulation of Bile Acids

periodic transport function of the MMC. Bile acids
delivered into the duodenum prior to duodenal phase
III of the MMC are transported aborally to their distal
site of absorption by the first passing MMC. Bile acids
delivered into the duodenum after passage of a duo-
denal phase III await the motor activity of the suc-
ceeding duodenal MMC for distal transport and ab-
sorption. This is true for endogenous bile acids in an
intact EHC, and for exogenous bile acids delivered
into the duodenum by a constant or bolus infusion. In
all three experimental protocols, maximum bile flow
and hepatic bile acid secretion occurred when phase
III of the MMC propelled the intraluminal bile acid
pool into the distal small bowel. The remarkable trans-
port efficiency of this aborally propagating band of
contractions is demonstrated by the first pass clearance
from the small bowel of 88% of a 6-h washout bile acid
pool. Interruption of the EHC and removal of the bile
acid pool resulted in nonfluctuating basal rates of bile
flow and bile acid secretion.

It is well accepted that the circulation and localiza-
tion of the bile acid pool within the EHC is determined
by two active metabolic transport systems, two smooth
muscle pumps, and the sphincter of Oddi (1). The
metabolic transport systems in the hepatocyte and the
terminal ileum are responsible for the obligate, effi-
cient, and rapid, transfer of bile acids from the portal
blood to bile canaliculus, and from the intestinal lumen
to portal blood stream, respectively. The gallbladder
is the only portion of the EHC with a significant ability
to sequester and store bile acids, and during fasting
part of the hepatic bile secreted is diverted into the
gallbladder (41), while approximately one-half of the
bile acid pool continues an enterohepatic circulation
(10-18). The coordinated activity of the sphincter of
0Oddji, and the gallbladder pump regulates delivery of
bile acids to the duodenum (41, 42). The motor pump
of the small intestine controls delivery of intestinal bile
acids to their site of absorption in the terminal ileum.
In our experiments we removed the gallbladder pump
and sphincter of Oddi from the system and dealt with
the remaining small intestinal pump and the two met-
abolic transport systems. Transfer of bile acids through
the two metabolic transport systems is extremely rapid.
Bile acids instilled into the terminal ileum of experi-
mental animals cause an increase in hepatic bile flow
within minutes, and the t,,, for plasma disappearance
of tracer doses of major conjugated and unconjugated
bile acids injected intravenously in man is <3 min (43).
These times are small and constant compared to the
longer and variable times for migration of the MMC
from duodenum to the distal site of bile acid absorp-
tion. Thus, the metabolic transport systems do not
themselves create fasting fluctuations in bile acid se-
cretion, and in our animal model any variation in bile
flow and bile acid secretion must be attributed to the
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fasting small intestinal pump, i.e. the migrating motor
complex.

During fasting there are cyclical fluctuations in the
rate of delivery of bile acids to the duodenum. In the
intact fasting dog and human the peak delivery of bile
acids into the duodenum is consistently associated with
late phase II, or initial phase III of the duodenal MMC
(23-26). Our results demonstrate that hepatic secretion
and bile flow increased consistently with delivery of
intestinal bile acids to the site of absorption in the
distal small bowel. There was, however, no consistent
relation of the increases in hepatic secretion to the
duodenal phases of the MMC. Therefore, the delivery
of bile acids to the liver and the subsequent rate of
hepatic secretion is a function of the intestinal pump;
but in the intact animal, delivery of bile acids into the
duodenum must be dictated by the gallbladder and
sphincter of Oddi, which also coordinate the time of
delivery with the duodenal phases of the MMC.

Gallbladder contractions have been proposed as a
possible cause of the fluctuations in fasting delivery
of bile acids to the duodenum (24). Using a canine
animal model, Itoh et al. demonstrated that cyclic
tonic contraction of the gallbladder with a force ~80%
of postprandial contractions occur briefly during early
duodenal phase II of the MMC (27). However, Peeters
et al. have demonstrated fasting fluctuation of bile acid
delivery into the duodenum in cholecystectomized
patients (25). Thus gallbladder contractions may con-
tribute to the fasting fluctuation of bile acid delivery
to the duodenum, but they are not essential for such
fluctuations. The sphincter of Oddi function is a major
factor regulating gallbladder filling and emptying (44,
45), and several authors have proposed that the sphinc-
ter of Oddi also plays a major role in determining the
fasting pattern of delivery of bile acids into the duo-
denum (24, 25). Ashkin et al. demonstrated that during
fasting the sphincter of Oddi exerts a retarding influ-
ence on hepatic bile secretion and delivery of bile into
the duodenum (44); however, no one has yet explored
the relationship between sphincter of Oddi motility,
the rate of delivery of bile acids to the duodenum, and
the MMC.

As reported by Keane et al. the peak duodenal de-
livery of bile acids is quite discrete and has a duration
of only ~12 min (24). In our experiments, the fluc-
tuations in hepatic biliary secretion were not as dis-
crete as those associated with delivery into the duo-
denum, but took place over the entire migration time,
an interval that was always >100 min. There are a
number of reasons for the gradual, more prolonged
fluctuation of hepatic secretion. Firstly, the fasting gut
is not quiescent between aboral passages of phase 111
of the MMC. Prior to each phase III, there is a long
interval of irregular contractions (phase II) that propel
intraluminal contents, although not as effectively as
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phase III (22). This motor activity would gradually
transport bile acids delivered into the duodenum to-
wards the distal site of absorption, and thus splay out
the peak secretion. Secondly, the site of active bile acid
absorption in the terminal ileum is of considerable
length (46). Absorption would begin as the MMC trans-
ported intraluminal bile acids into that segment, and
would continue as the MMC completed its migration
through the segment. Thirdly, bile acids may be pas-
sively absorbed from any segment of the intestinal
tract (47). This is particularly true for the glycine-con-
jugated bile acids and those with higher pKa values
(46, 47). For example, after total ileectomy, there is
complete interruption of the EHC with respect to so-
dium taurocholate (48), a bile acid which at intestinal
pH remains in an ionized form and therefore requires
the active transport system of the terminal ileum for
absorption. However, if the normally constituted bile
acid pool is studied, even a two-thirds resection of
distal small bowel is still associated with significant
absorption of bile acids (35).

In the bile acid pool washout experiments, the time
of peak of bile acid secretion occurred significantly
earlier than in the other two protocols. The difference
in results is not due to any alteration of the aboral
migration with time of the MMC since there was no
significant difference (P < 0.05) between the three
protocols with regard to the distal propagation of the
MMC with time. There was also no consistent differ-
ence in the mass of bile acids secreted during the mi-
gration time of MMC in the three protocols that might
explain the results. The bile washout experiments were
done in three dogs, two of which were different than
the two dogs used for the intact and interrupted EHC
experiments. It is possible that the site for active ab-
sorption of bile acids in the terminal ileum varied in
the different groups of animals.

In the bile acid pool washout experiments the mean
duodenal cycle period prior to interruption of the EHC
was significantly shorter than the mean succeeding
duodenal cycle period (118.7+34.8 min. vs. 170.9+71.0
min, P < 0.05), and the increased duration of the suc-
ceeding duodenal cycle period appeared to be due to
a prolongation of phase II activity. During these ex-
periments the common bile duct was cannulated and
bile flow was returned to the duodenum during one
control migration of an MMC. Then the EHC was in-
terrupted by collecting and retaining all bile for a 6-
h period. Thus the prolongation of the duodenal cycle
period was associated with the interrupted delivery of
bile acids to the duodenum. The possibility that the
cyclic delivery of bile into the duodenum is a factor
modulating fasting intestinal motor activity needs to
be explored.

Fasting activity of the EHC is much more dynamic
than previously suspected. The results of our paper
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have demonstrated the role of the MMC (the fasting
intestinal pump) in producing fasting fluctuation in
hepatic bile acid secretion. The normal individual
spends a significant portion of each 24-h day in the
fasted state, and during this time the MMC determines
the enterohepatic cycling frequency of the nonseques-
tered bile acid pool. The return to the liver of bile
acids reabsorbed from the intestine has a regulatory
role in bile acid synthesis, through feedback inhibition
on the rate of transformation of cholesterol to bile acids
(85, 49-54). Therefore, the periodicity of the MMC
may be an important factor modulating the 24-h bile
acid secretion rate, bile acid pool size, and bile acid
synthesis rate. The effect of the periodicity of the
MMC upon these parameters has implications with
regard to the pathophysiology of cholesterol choleli-
thiasis. Further experiments are required to document
the specific effects of fasting motility of the gallbladder
and sphincter of Oddi upon the EHC and its function.
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