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bile flow in the isolated rat liver. Am. J. Physiol. 264 (Gastrointest. Liver Physiol. 27): G1103-Gllll, 1993.-The importance of acinar heterogeneity in ursodeoxycholic acid (UDCA)induced bile flow was assessedin isolated rat livers that
underwent restricted acinar damageby antegrade(A; 50 nmol)
or retrograde (R; 500 nmol) digitonin infusion, as confirmed by
histological evaluation. Stability of reduced (-40%) bile flow
and perfusion flow (-25%) at constant pressureand potassium
and lactate dehydrogenasereleaseindicated similar viability of
A and R preparations. They also showed similar abilities to
secreteincreasingdosesof taurocholate (TC, maximal secretion
rate - PO5nmol mine1 g liver-l). TC-induced bile flow wasnot
reduced by digitonin. In contrast, UDCA-induced choleresis
was sensitive to zonal injury. Moreover, increasesin bile flow
and bicarbonate secretion observedunder UDCA infusion (1.5
pmol/min) were lower in R than in A (-33 and -5l%, respectively). No significant difference was observed in UDCA amidation or glucuronation between A and R preparations. With
the use of single-passperfusion on intact isolated livers that
received 1 or 10 pmol UDCA, an early peak in bile acid output
wasobservedto occur before the appearanceof the major secretory peak. This wasnot found when 1 pmol of chenodeoxycholic
acid bolus or trace amounts of [‘*C]TC were given. High-performance liquid chromatographic analysis of the early peak revealedit to be mainly due to unconjugatedUDCA. This suggests
the existence of a diffusional pathway for protonated bile acids
and hencethat the exit of lipophilic UDCA from bile during its
way through the intra-acinar canaliculi acrossthis pathway is
also possible.Taken together, these results indicate that liver
parenchyma microanatomy plays an important role in UDCAinducedhypercholeresis,which may be due in part to the existence of a diffusional flux of protonated UDCA moleculesfollowing a yet unknown intra-acinar circuit.
ursodeoxycholic acid; liver parenchyma
l

l

of ursodeoxycholic acid (UDCA) to induce
hypercholeresis has been studied by several groups during the last decade (11, 24, 33, 39, 40). Despite many
important
data reported in a large number of papers
published on the mechanism by which UDCA induces
hypercholeresis,
the overall process is poorly understood. Nevertheless,
some interesting
hypotheses, recently reviewed (12), have been proposed to explain the
hypercholeretic
phenomenon.
In brief, two major lines
of thought can be considered. Dumont et al. (11) first
proposed bicarbonate
secretion by the hepatocytes in
response to UDCA stimulation
as the mechanism responsible for the very high choleresis found in experimental animals under UDCA infusion. The existence of
Cl--HCO;
(30) and Na+-H+
(2) exchangers in the
plasma membrane of the hepatocyte and the sensitivity
of Na+-H+ exchange to UDCA in plasma membrane
preparations (32) are consistent with the fact that UDTHE ABILITY
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CA-induced bile flow and bicarbonate secretion are inhibited by amiloride
and its analogues (24, 35); this
seems to support the hypothesis of a process taking
place at the cellular level (38). However, some results on
UDCA-induced
modifications
in intracellular
pH and
Na+-H+
exchange activation
are controversial
when
studied in isolated hepatocytes (1, 39). An alternative
hypothesis suggests the existence of a cholehepatic
shunting (33), according to which the unconjugated
form of UDCA would be secreted into bile as an anion
but, once there, would undergo protonation
due to its
relatively high pK, value. The sequestration of H+ by
UDCA induces the hydration of COB to H&OS, which is
rapidly dissociated into H+ and HCO,. This reaction, if
occurring within the biliary lumen, may be catalyzed by
carbonic anhydrase, which has been reported to play a
role in UDCA-induced
bicarbonate secretion into bile
(28) and which is located on the plasma membrane of rat
hepatocytes (26). Protonation
of the bile acid molecule
markedly changes its physicochemical
properties, making the UDCA more lipophilic
and enabling it to be
passively reabsorbed from the biliary lumen (13). Recycling of UDCA from the peribiliary
capillary plexus to
the sinusoids and subsequent resecretion into the canaliculus would generate an additional bile flow, resulting
in a bicarbonate-rich
hypercholeresis.
In agreement
with this hypothesis, it has been reported that UDCAinduced biliary bicarbonate secretion is due to H+ extrusion from bile rather than to the transport of bicarbonate itself (27). Recently, this point of view has been
supported by other authors using different experimental
approaches (39). However, even if the cholehepatic
shunt pathway does exist, the recirculation
of unconjugated UDCA back to the sinusoids does not seem to be
mandatory for UDCA-induced
bicarbonate-rich
hypercholeresis (34), and hence additional mechanism(s) may
be operating. Among these, the formation
of UDCAglucuronide has been reported (40). This compound behaves as a strong choleretic bile acid in part because of
its ability to stimulate bicarbonate secretion (40). This
could partly be due to the presence of UDCA-glucuronide in bile as a divalent anion that is presumably
secreted together with two counterions (12). However,
the quantitative
contribution
of UDCA-glucuronide
secretion to the choleretic effect of UDCA is unclear, because other authors have found 4% of the total bile
acid infused present in bile as the 3-ether glucuronide
derivative of UDCA (23).
Acinar heterogeneity
in hepatic functions has been
reported to affect processes involved in bile acid transport (18)) metabolism (4,42), and the effect of bile acids

0 1993 the American

Physiological

Society

G1103

Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (129.186.138.035) on January 16, 2019.

G1104

URSODEOXYCHOLATE-INDUCED

on bile formation
(3, 19). However, the role of parenchymal microanatomy
on UDCA-induced
choleresis has
only recently been explored (34, 39). Digitonin-collagenase perfusion is a useful tool for separating periportal
and perivenous hepatocytes from rat livers (25). This
technique is based on initial selective destruction of one
acinar region by the cholesterol-complexing
properties
of digitonin, administered
through the portal or the hepatic vein, followed by isolation of the cells from the
opposite intact acinar zone. The dose of digitonin
reported in most papers on rats is ~35 pmol. This is a
convenient dose when destruction, as complete as possible, of one of the acinar zones is desired. Nevertheless,
this procedure causes considerable damage that renders
the liver useless for steady-state perfusion s. In this
work, we first selected an experimen tal model of isolated
“in situ” rat liver perfusion with restricted damage to the
periportal or perivenous area of the acinus but able to
maintain a functional steady state for performing perfusion experiments.
We then infused UDCA into the
portal vein to gain information
on the relative contribution of hepatocytes from acinar 1 zone 1 or 3 to the
hyperc Nholeretic response to UDCA. A sim .ilar attempt to

MATERIALS

AND

METHODS

Materials.
Sodium taurocholate (TC), UDCA, chenodeoxycholic acid (CDCA), 3a-hydroxysteroid dehydrogenase,,&glucuronidase,dimethyl sulfoxide (DMSO), trypan blue, and digitonin (50% pure) were purchasedfrom Sigma (St. Louis, MO).
[14C]TC (sp act 46.7 mCi/mmol) was obtained from New
England Nuclear (Itisa, Madrid, Spain). Bile acids were >95%
pure by thin-layer chromatography. TC, CDCA, and UDCA
weredissolvedin 0.15 M NaCl and 0.1 M Na,CO, (l:l, vol/vol).
The pH of the solution containing bile acid wasadjustedto 8.3
with 5 M HCl. The enzymesusedin bicarbonate measurements
were supplied by Beckman (Dri-STAT Reagent, Beckman,
Madrid, Spain). NADH wasfrom Boehringer (Mannheim, Germany).
Experimentalprotocols.
Nonfasting maleWistar rats (Faculty
of Pharmacy, Salamanca,Spain) weighing 240-270 g were used
as donors. They were fed ad libitum on commercial rat food
(Panlab, Madrid). The animals were anesthetized intraperitoneally with 5 mg/lOO g body wt pentobarbital sodium (Nembutal, Abbot, Madrid). Cannulation of the common bile duct,
portal vein, and inferior vena cava wascarried out as described
previously (28). The hepatic artery was ligated in all preparations. The isolated in situ liver wasthen moved to a prewarmed
(38°C) cabinet and connected to the perfusion apparatus. The
system permitted rapid shifting from forward perfusion in a
recirculating systemto forward or backward single-passperfusion to deliver the digitonin bolus.
The perfusion medium was a modified erythrocyte-free
Krebs-Henseleitsolution similar to that usedin previous studies (28). Oxygen consumption was determined as reported elsewhere (28) from the oxygen partial pressure (POT) difference
betweenpre-liver and post-liver samplesof perfusion medium.
Bile was collected in preweighedtubes, for lo-min periods,
except in some samplesin which part of the collection was
carried out anaerobically under mineral oil for subsequentbicarbonate measurements.
After a 20-min basal period, the perfusion was shifted to
single-passperfusion, and a pulseof 10 ml of perfusatecontain-
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ing digitonin was given into the portal vein (antegradepulse,A
protocol) or into the inferior cava vein (retrograde pulse, R
protocol) for -15 s. Digitonin was first dissolved in 2 ml
DMSO, and the desiredamount of this solution wasthen added
to 10 ml of prewarmed preoxygenated perfusion medium just
before digitonin-pulse perfusion. In control experiments, only
the digitonin vehicle wasadministered.The livers were washed
with 150ml of perfusion mediumby single-passperfusion before
return to recirculating antegradeperfusion with a fresh perfusionmedium.The time required from setting the digitonin pulse
to resetting the recirculating perfusion was <5 min. Bile acids
were then infused into the portal vein from min 30, i.e., 10 min
after the digitonin pulse. Some livers received stepwiseTC infusion at the following increasing doses:50, 100, 200, 400, and
600 nmol/min for 10 min each. In separateexperiments, these
valueswere increasedup to 1,800nmol/min to reach the maximal secretion rate (SR,,, ). Other livers received UDCA from
min 30 at 1.5 pmol/min. In someexperiments on intact isolated
livers, a single bolus of UDCA (1 or 10 pmol/l5 s), CDCA (1
pmo1/15s), or trace amounts (16 nCi/l5 s) of [14C]TC were
given during single-passperfusion, and bile sampleswere collected every minute for the next 35 min.
Analytical methods. Bile flow wasdeterminedgravimetrically.
3cu-hydroxybile acid concentrations in bile were measuredenzymatically using 3a-hydroxysteroid dehydrogenase(41). In
someexperiments, total 3ar-hydroxy bile acids were measured
before and after incubation of bile samples(10 ~1) for 4 h at
37°C in the presenceof 1,000 sigmaunits of ,&glucuronidase
dissolvedin 50 mM sodium acetate buffer, pH 5.0, and subsequent extraction in methanol (40). Lactate dehydrogenase
(LDH) activity in the perfusatewasmeasuredby the method of
Gutmann and Wahlefeld (21). Bicarbonate concentrations in
bile were determined by an enzymatic method based on the
conversion of phosphoenolpyruvic acid and bicarbonate into
phosphateand oxalacetate in the presenceof phosphoenolpyruvate carboxylase. Consumption of NADH in the generation of
malic acid from oxalacetate in the presenceof malate dehydrogenase was recorded spectrophotometrically (14). Measurements of PO, values in the perfusion media were carried out
with the useof a pH blood-gasanalyzer (Corning 168,Halstead,
UK). Chloride concentrations were determined by titration
with a silver electrode (Analytical Control 106, Turin, Italy).
Sodium and potassiumconcentrations were measuredby flame
photometry (Meteor NAK II, Madrid). Radioactivity in bile
samplesobtained after [14C]TC administration was measured
in a liquid scintillation counter (LS-1800, Beckman) with the
use of the Ready Safe Scintillation Cocktail, also from Beckman, as scintillant. Reverse high-performance liquid chromatography (HPLC) was carried out using a modification of the
method describedby Rossi et al. (37) using an octadecylsilyl
Ultrasphere ion-pair column (5 ,um,4.6 mm x 25 cm, Beckman
Instruments, Madrid) with a gradient pump module(Beckman)
and a Diode-Array detector (model 168, Beckman) set at 205
nm. Integration was carried out with an IBM computer (model
30286, IBM, Portsmouth, UK) using System Gold software
from Beckman. The elution protocol was the following: O-20
min, from 50% water-50% solvent A [methanol-KH,PO, (0.01
M), 76:24 vol/vol, pH 5.451 to 100% solvent A; 20-40 min,
isocratic solvent A; 40-90 min, from 100% solvent A to 100%
methanol. The solvent rate was 1 ml/min.
Histology. In somepreparations, once the experimental period had ended, the livers were perfused with trypan blue (0.2
mM in 150 mM NaCl) for 10 min at 2.5 ml/min. After being
washedwith perfusion medium for 10 min, the livers were perfusedwith Bouin fixative (picric acid-formaldehyde-glacialacetic acid; 75:30:2,vol/vol/vol) for 10 min. Several 5- to 7-mmthick blockswere cut from both superficial and deepparts of all
lobesand postfixed in the samefixative for an additional 4 h.
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The blocks were then dehydrated in ethanol series and embedded in Paraplast (Merck, Darmstadt, Germany). Sections were
cut (lo-pm thick) and stained with eosin or with hematoxylineosin and were photographed with the use of a Zeiss III photomicroscope (Oberkochen, Germany). Additionally, in a second set of preparations the livers were perfused, after washing,
with 1% paraformaldehyde and 1% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.25). After postfixation in the same mixture for 4 h, 3-mm-thick sections were dehydrated in ethanol
(block stained with 1% uranyl acetate in 70% ethanol) and
embedded in Araldite (Emscope, Ashford, UK). Semithin (0.8-l
pm) and ultrathin (40-60 nm) sectionswere cut in a Reichert
Jung Ultracut E ultramicrotome. The semithin sections were
mounted on slidesand stained with 1% toluidine blue. The thin
sections were mounted on Formvar-coated slot grids, stained
with lead citrate, and studied in a Zeisselectron microscope.A
Quantimet-500 ImageAnalysis System (Leica, Cambridge,UK)
was usedto measuredamagedzones of livers treated with digitonin and observedwith the photomicroscope.
Digitonin-induced
restricted damage. To selectan experimental model,preliminary studieson dosedependenceof the reduction in bile formation vs. the amount of digitonin infused
through the portal or the hepatic vein were carried out (Fig. 1).
We found that a dosefourfold lower than that usedby Strazzaboscoet al. (39) causeda reduction in bile flow below 10% of the
control values, together with a continuous lossof viability during the perfusion period. In our laboratory, viable preparations,
with a steady-state bile flow of -60% of pre-digitonin-pulse
values (Fig. 2), were obtained with far lower dosesof digitonin
(0.50 and 0.05 pmol, in R and A experiments, respectively). The
different sensitivity of the acinar zonesto digitonin treatment,
despitesimilar ultrastructural changes(36), is probably dueto a
larger dead spacewhen perfusion was carried out through the
hepatic vein, as suggestedby the longer time required for hepatocyte destruction observed by others in retrograde experiments involving digitonin infusion (25). The combination of
zone-specific damageand trypan blue exclusion was used to
evaluate liver integrity (5). With the useof dosesof digitonin
>20-fold higher than those used in the present work, a net
coloring of the permeabilizedcellsup to acinar zone 2, regardless
of the direction of digitonin administration, has been reported
(15), and it has also been shown that the percentageof cells
stained with dye correlates with the releaseof LDH into the
perfusate (6). Therefore, this procedure was selectedby us and
others (39, 43) to confirm whether periportal or perivenous
hepatocytes are sparedafter damageto the contralateral acinar
zone.However, our resultsindicate that the trypan blue staining
test understimatesthe boundariesof the functionally impaired
zone. This test revealed that histological damageis indeed restricted to zone 1 or zone 3 hepatocytes, depending on the
100

r

A 120

I&p!

u

40

-

20

0’

0

I

V

1

2
Digitonin

(pmol)

Fig. 1. Dose-response
study
of digitonin-pulse
perfusion-induced
cholestasis
in isolated
rat liver. Digitonin
was administered
either
through
the portal (antegrade,
A) or hepatic (retrograde,
R) vein at dose
indicated
on figure.
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Fig. 2. Time course of bile flow (A) and perfusion
flow (B) in isolated rat
livers after digitonin-pulse
perfusion.
Perfusion
pressure was kept at 12
cmH20.
Digitonin
was administered
either through
the portal (50 nmol,
antegrade,
A, n = 10) or hepatic (500 nmol, retrograde,
R, n = 11) vein.
Values are means t SE. No significant
difference
between
A and R
experiments
was found.

direction of the digitonin-pulse perfusion. In both preparations,
the oppositezone of the acinuswasessentiallyspared.Likewise,
in both casesthe proportion of the acinar areaunableto exclude
the trypan blue was ~5% of the acinus length, which was not
proportional to the more important functional impairment observed. In fact, larger injured areaswere observedby studying
semithin sectionsof liver that were stainedwith toluidine blue.
Theseobservationsrevealedthe presenceof relative homogeneity in shapeand size of injured zones both in A and R preparations whosemean area was 42.3 t 3.2 pm2 (~10~) when digitonin wasadministeredthrough the hepatic vein and 39.2 t 2.7
pm2 (~10~) when the injury was located in acinar zone 1 (P >
0.05; in both cases16 measurementswere carried out on 8
different slides). Electron microscopy confirmed the observations in toluidine blue-stained preparations, showing a sharp
limit between injured and apparently unaffected hepatocytes.
Similar ultrastructural changeswere confirmed in both the A
and R experiments.
Viability of preparations.
Per&sate concentrations of potassium and LDH activity in the perfusate were measuredat the
end of the experiments, i.e., 60 min after the digitonin pulsein
both the A and R experiments. The results wereas follows. The
potassium concentration (in mM) for A experiments (n = 4)
was6.4 & 0.2 and for R experiments (n = 4) was6.4 t 0.4. LDH
activity (in mu/ml) in A experiments (n = 10) was 0.92 ,t 0.17
and in R experiments (n = 10) was0.96 t 0.15. The absenceof
significant differences in the releaseof potassium and LDH
betweenboth types of preparationssuggestsa restricted damage
of similar magnitude. The stability in bile flow (Fig. 2A) and in
perfusion flow (Fig. 2B) at constant perfusion pressure (12
cmH,O) together with the oxygen consumption during this period (- 1.6 pmol min-’ g liver-‘) provide evidence of steady
state in the viability of the preparations despitethe initial loss
of hepatic functional mass.Similar biliary responseto the TC in
A and R preparations, which will be discussedin RESULTS,
also
supports this concept.
StatisticaL analysis. Unless otherwise indicated, values are
given asmeanst SE. The Bonferroni method of multiple-range
testing was used for calculating the statistical significance of
l
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y-1.74+0.007x; r=0.85; p<O.Ol

differences. Single comparisons of two means were performed
with the use of a paired or unpaired Student’s t test. Regression
lines were calculated by the least-squares method. Statistical
analyses were performed using a Macintosh SE Computer (Apple Computer, Cupertino, CA).

Control

RESULTS

Choleretic effect of TC or UDCA infusion. Infusion of
the A or R preparations with increasing doses of TC
(from 0 to 600 nmol/min)
induced increases in the bile
acid secretory rate of similar magnitude to that of the
infusion rate (Fig. 3). When the relationship between bile
acid output and bile flow was plotted (Fig. 4), similar
slopes in the regression lines were obtained for the control
and A and R livers, which suggests that the choleretic
capability of TC was not significantly
modified by digitonin. Nevertheless, compared with the controls, both A
and R preparations showed similar decreases in the value
of the y-intercept, which is usually considered to represent the bile acid-independent
fraction of bile flow. In
separate experiments in which the TC infusion rate was
increased to attain a toxic effect, the SR,,, was calculated to be similar i n the A and R preparations (104 t 5
nmol min-l l g liver-‘, n = 6), which was significantly
lower than that found in intact livers (125 t 7
nmol mine1 .g liver-‘, n = 3). Despite the similarity
of
the biliary response of A and R preparations to TC infusion, a statistically significant difference in the response
to UDCA was found (Fig. 5). After digitonin treatment,
the UDCA-induced
bile flow was dramatically reduced in
both A and R. Figure 5 shows that the accumulated increase in bile flow, measured over 50 min under UDCA
infusion, was markedly reduced in both A and R compared with control livers. This reduction was significantly
higher in R (-70%) than in A (-55%). As expected based
on previous studies (34), the more marked effect on UDCA-induced bile formation found when the damaged area
was acinar zone 3 was consistent with changes in bile
electrolyte composition
(Table 1). Thus UDCA-induced
biliary bicarbonate secretion in R preparations was only
49% of that found in A livers.
Biotrcmsformation
of infused UDCA. In contrast to the
difference in UDCA-induced
bile flow, bile acid output
l

l

800
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Acid

Infusion

Rate (nmol/min)

Fig. 3. Relationship between taurocholate infusion dose and bile acid
output in isolated rat livers after digitonin-pulse perfusion. Digitonin
was administered either through the portal (antegrade, A, to 7 livers) or
hepatic (retrograde, R, to 5 livers) vein. Taurocholate was infused at the
following increasing doses: 50, 100, 200, 400, and 600 nmol/min for 10
min each.

A(y=1.00+0.007x; d.55;
R(y=0.92+0.007~; r=0.64;
0
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Fig. 4. Relationship between bile flow and bile acid output in control
isolated rat livers (dashed line, data obtained in 6 preparations) and
after digitonin-pulse
perfusion. Digitonin was administered either
through the portal (antegrade, A, to 7 livers; open circles) or hepatic
(retrograde, R, to 5 livers; filled circles) vein. Taurocholate was infused
at the following increasing doses: 50, 100, 200, 400, and 600 nmol/min
for 10 min each.

determined by 3a-hydroxysteroid
dehydrogenase analysis
was not significantly different in A and R (Table 2, Fig.
6). This value was ~35% of the infused dose. HPLC
analysis of bile samples revealed that almost all of the bile
acids detected in fresh bile as 3cw-hydroxy bile acids by
that method were amidated forms of UDCA. Negligible
amounts of unconjugated UDCA were secreted into bile
both in A and R. Addition of tauro-UDCA
and glycoUDCA as detected by HPLC accounted for almost the
entire amount of bile acids as measured by Scr-hydroxysteroid dehydrogenase. Moreover, unconjugated-UDCA
was usually below the sensitivity of the HPLC detector.
The digitonin pulse did not induce significant changes in
the conjugation pattern of UDCA (Table 3). Treatment of
the bile samples with P-glucuronidase
followed by 3cuhydroxysteroid dehydrogenase analysis indicated that an
additional 15% of the UDCA dose infused was secreted as
glucuronide derivatives (Table 2). The proportion of bile
acids found to be biotransformed
in this way was not
significantly different in A (29.8 t 2.9% of total bile acid
output) compared with R (25.9 t 2.2%).
Effect of UDCA, CDCA, or labeled TC bolus in singlepassexperiments in intact isokzted hers. Results obtained
in these experiments are shown in Figs. 7 and 8. After 1

pmol UDCA but not CDCA bolus, a rapid increase in bile
acid output was observed to occur before the appearance
of the major secretory peak. The size of this early peak
increased when the liver received 10 pmol UDCA bolus.
This amount was also assayed for a CDCA bolus, but this
was found to be cholestatic. We interpret this first peak
as being due to a rapid flux of lipophilic
molecules of
protonated unconjugated UDCA into bile. To assess this
possibility,
HPLC analysis was carried out on samples
collected before 10 pmol UDCA bolus (basal bile) and at
the maximum of the first and second secretory peaks (Fig.
9). Taurocholate was the major bile acid secreted in basal
bile. Conjugated UDCA was ~27% of total basal bile acid
output, but unconjugated UDCA was not detected. At the
maximum of the first peak a net increase in unconjugated
UDCA was found. At this time, bile acid output was
increased by 85% with no marked changes in bile acid
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Table 1. Basal values and UDCA-induced increase
in bile electrolyte concentration and output
output,
nmol - mine1 - g liver-l

Na+

193.0t3.21
Basal
138.9t2.3
135.8t26.8
Increase A
29.3t2.8
73.2t21.4
Increase R
25.3t4.4
7.01*0.15
8.46t 1.33
K+
Basal
1.19t0.26
7.55t1.24
Increase A
4.81t1.04
Increase R
1.20t0.23
lOO.lt2.6
140.6t9.4
ClBasal
-5.Bt2.2
39.5t9.0
Increase A
-3.4t6.4
22.7t5.9
Increase R
22.0t0.6
29.3t0.8
HCO,
Basal
14.7t3.7
30.3t5.5
Increase A
5.7tl.2”
14.8t2.6”
Increase R
Values are means t SE. Basal values are average values obtained
from minute 0 to minute 20. Increase values were calculated by subtracting the basal value from the average value obtained from minute 30
to minute 60 in each single experiment. UDCA, ursodeoxycholic acid. A
(n = 5) and R (n = 5) were experiments with antegrade and retrograde
digitonin-pulse perfusion, respectively; they were compared by an unpaired t test; * P c 0.01.

Table 2. Bile concentration and output of glucuronated
and nonglucuronated bile acids under UDCA infusion

A, mM
R, mM

Total

Nonglucuronated

Glucuronated

38.4t4.4
44.Ok4.7

26.9A3.3
32.8k3.9

11.5-tl.6
11.9tl.l

46.6t7.4
19.9t3.4
A, nmol mine1 g liver-l
66.4t 10.1
42.2t6.7
13.9t1.7
R, nmol min-l 0g liver-l
56.1t8.2
Values are means t SE from analysis of pooled samples collected
from minute 30 to minute 60. Glucuronated bile acid concentrations
were calculated from the subtraction between 3cu-hydroxy bile acid measurement before and after incubation with fi-glucuronidase. UDCA, ursodeoxycholic acid. A (n = 5) and R (n = 6) were livers with antegrade
and retrograde digitonin-pulse perfusion, respectively; they were compared by an unpaired t test. No significant difference was found.
l

Fig. 5. Time course (A) of bile flow in control isolated rat
livers (C, n = 5) and after digitonin-pulse perfusion, administered when indicated on figure, either through the
portal (antegrade, A, n = 5) or hepatic (retrograde, R, n =
5) vein, and comparison of accumulated ursodeoxycholic
acid (UDCA)-induced increase in bile flow from minute 30
to minute 60 (B). UDCA was infused into portal vein at
1.5 pmol/min from minute 30. Values are means t SE. * P
< 0.05 compared with A by a multiple-range test.

lkl
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l

l

output other than UDCA. Conjugated forms of UDCA
accounted for ~30% of the increase. By contrast, at the
major secretory peak biotransformed
UDCA accounted
for almost 99% of bile acids secreted.
Before secretion into bile, CDCA has to undergo conjugation with glycine or taurine, whereas the secretion of
UDCA in unconjugated form indicates that a small fraction of UDCA molecules does not enter the conjugation
pathway, appearing earlier in bile. If this effect is due only

A

R

to metabolic mechanisms, conjugated bile acids should
reach bile more or less at the same time as that found for
the early peak of UDCA. Therefore, the time course of
bile output was investigated after infusing together both
10 pmol unlabeled UDCA and a tracer dose of labeled TC.
Figure 8 shows that labeled TC was collected earlier than
most UDCA molecules which may be explained by the
time required for UDCA conjugation. However, an early
peak in UDCA secretion appeared even before TC output,
which suggest the existence of a faster pathway for unconjugated UDCA than for TC to cross from the perfusate to bile.
DISCUSSION

Three major findings are outstanding in this paper. One
shows the importance of the integrity of the hepatic parenchyma microanatomy
for UDCA-induced bicarbonaterich hypercholeresis; another suggests that perivenous
hepatocytes have a higher contribution
to this process;
and finally evidence is provided for the existence of a fast
pathway for unconjugated UDCA molecules between the
perfusate and bile. The flux of these molecules toward bile
was faster than that of the less lipophilic unconjugated
CDCA or even of bile acid molecules that do not have to
undergo conjugation, such as TC. Possible explanations of
these findings are discussed below.
At physiological doses of bile acid load, the main agents
responsible for portal clearance of bile acids are the hepatocytes located at acinar zone 1 (19). However, all acinar
regions are able to efficiently carry out bile acid uptake
and secretion. Thus the relative quantitative
contribution of each zone to bile formation is determined by the
gradient of bile acid concentration within the sinusoids
(7). This does not exclude the possibility that peculiarities in the transfer of bile acids from blood to bile might
exist when comparing hepatocytes from acinar zone 1 or
3 (7, 19). An interesting question arises as to whether,
once secreted into the canaliculi, bile acid molecules are
able to induce a similar bile flow at zone 1 or 3 of the
acinus, i.e., whether their osmotic activity is similar, regardless of the differences in the architecture of the canalicular network in the periportal and perivenous regions
(22). In agreement with the results obtained by Gonzalez
et al. (‘17) in anesthetized rabbits, the findings reported in
this article show the absence of a significant difference in
the choleretic capability of secreted bile acid molecules,
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Fig. 6. Time course (A) of bile acid output in control isolated rat livers (C, n = 5) and after digitonin-pulse perfusion, administered when indicated in the figure, either
through the portal (antegrade, A, n = 5) or the hepatic
(retrograde, R, n = 5) vein, and comparison of accumulated UDCA-induced increase in bile acid output from
minute 30 to minute 60 (B). UDCA was infused into portal
vein at 1.5 pmol/min from minute 30. Values are means t
SE. * P < 0.05 compared with A by a multiple-range test.
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Table 3. Bile concentration and output
of amidated UDCA
Concentration,
mM

output,
nmol - min- l- g liver-’

A
26.3k6.6
16.5t4.5
22.06-8.9
R
15.5t5.7
27.1t7.3
TUDCA
A
15.4t3.2
28.9k10.9
R
17.4t6.3
Values are means & SE from high-performance liquid chromatographic analysis of pooled samples collected from minute 30 to minute
80. TUDCA, tauroursodeoxycholic acid; GUDCA, glycoursodeoxycholic
acid; A (n = 4) and R (n = 4) were livers with antegrade and retrograde
digitonin-pulse perfusion, respectively; they were compared by an unpaired t test. No significant difference was found.
GUDCA

A

R

of UDCA concentration
within the sinusoids was not
expected, because, in this study, the livers were perfused
in the prograde mode under large doses of UDCA infusion
to avoid such gradients.
Biotransformation
of UDCA has been proposed as one
of the causes of hypercholeresis (40). Glucuronide derivatives escape the 3a-hydroxysteroid
dehydrogenase
method traditionally
used to measure bile acid concentrations, and hence the choleretic ability of the detected
molecules would be overestimated if the amount of glucuronated bile acids was large enough. Indeed, we found
that a considerable amount of UDCA was secreted in
glucuronated form, but no marked differences were found
between the proportions
of this compound, independently of whether the damage was induced in acinar zone
1 or 3. Including glucuronated bile acids, the relationship
between UDCA-induced
bile flow and bile acid output
was -4 and 7 pl/pmol in R and A, respectively. These
values are not higher than those found for TC. We have
previously reported that a selective increase in UDCA
amidation with glycine vs. taurine may be one of the
factors involved in the modification
of UDCA-induced

500
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3500
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Time

(min)

15

Fig. 7. Time course of bile acid output by isolated rat livers that received
portal administration of bile acid bolus when indicated on figure. Chenodeoxycholic acid (CDCA, 1 pmol) or UDCA (1 or 10 pmol) was infused
(15 s) into portal vein. Only the period preceding the maximum secretory peak (see Fig. 8) is shown. Values are means & SE from 4 different
preparations. Data were compared with those obtained just before bile
acid administration by a paired t test. * P < 0.05.

regardless of the acinar zone considered. Therefore, differences in both the ability to secrete an exogenous load
of bile acid or in the choleretic effect of secreted molecules
can be reasonably ruled out as explanations for the lower
UDCA-induced
choleresis observed in R compared with
A preparations. The existence of an intra-acinar gradient

101
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Fig. 8. A: time course of bile acid output by isolated rat livers that
received portal administration of bile acid bolus when indicated by
arrows. Both [ 14C]taurocholic acid (TC) and UDCA (10 pmol) were
infused (15 s) together into the portal vein. B: only the period preceding
the maximum secretory peak is shown. Values are means t SE from 4
different preparations.

Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (129.186.138.035) on January 16, 2019.

URSODEOXYCHOLATE-INDUCED

A
0.80

.

23
1

k

4

I

0.75

.

I

0.70

0.85

0.70

10 15 20

25 30

10.

0.5

1

I

.

1

1

1

1

10 15 20 25 30
Elution Time (min)
Fig. 9. High-performance liquid chromatography of bile samples collected before (basal bile) and after portal administration of 10 pmol
UDCA as a bolus to an intact isolated perfused rat liver. Results obtained after injection of 3 samples are shown. A: 8 ~1 basal bile containing 17 nmol total bile acid (measured by 3a-hydroxysteroid dehydrogenase in a separate aliquot); B: lo-p1 bile sample collected 4 min after
bolus, containing 26.7 nmol total bile acid; C: 5~1 bile sample collected
15 min after bolus, containing 81.2 nmol total bile acid. Elution times
for tauroursodeoxycholate (1)) glycoursodeoxycholate (2)) taurocholate
(3), and UDCA (4) are indicated in each chromatogram.

hypercholeresis during the prereplicative phase of the regenerating rat liver (29). Moreover, acinar heterogeneity
in bile acid biotransformation
has been reported (4).
However, our results indicate that a different amidation

CHOLERESIS

G1109

pattern cannot account for the changes observed in
UDCA-induced
hypercholeresis under UDCA infusion to
A and R preparations, in agreement with previously published evidence for the absence of a marked zonal localization of enzymes involved in bile acid conjugation (10).
Taken together, the studies on bile acid biotransformation suggest that UDCA metabolism does not play a major role in the different acinar contribution
to UDCAinduced choleresis.
Acinar heterogeneity in carbonic anhydrase activity as
a possible explanation for observed reduction in UDCAinduced bile flow cannot be ruled out. Preliminary
findings (9) do, in fact, point to higher expression of carbonic
anhydrase III in perivenous hepatocytes. Moreover, carbonic anhydrase, which is partly located on the plasma
membrane of hepatocytes (26), has been reported to play
an important
role in UDCA-induced
bicarbonate secretion and hence bile flow (28).
After considering several of the possibilities discussed
above, an additional explanation can be proposed. Prior
to doing so, however, certain aspects should be remembered. 1) Both the lack of UDCA hypercholeretic ability
in hepatocyte couplets (16) and the importance of the
direction of perfusion in UDCA-induced
hypercholeresis
(34) suggested that the microanatomy
of the liver parenchyma is important for the effect of UDCA on bile flow.
The results on restricted acinar damage reported here
support this point of view. 2) There exists some experimental evidence that the escape of protonated UDCA
from the canalicular and/or ductular lumen rather than
the recycling of these molecules to the sinusoidal pole of
the hepatocyte is a determinant
process in bicarbonate
generation under UDCA infusion (27,39). 3) The need of
additional exposure of hepatocytes to recycling UDCA
seems unlikely because UDCA hypercholeresis is only
observed at large doses of UDCA infusion (11, 23). 4)
UDCA-induced
hypercholeresis
correlates with the
amount of unconjugated UDCA measured in bile (20). 5)
Using a similar experimental protocol to that described in
this article and a lo-pmol dose of bile acid bolus, Gurantz
et al. (20) have shown that UDCA is almost completely
amidated (-99%)
by the isolated perfused rat liver.
These authors reported that during the first few minutes
after its injection amidated forms of UDCA were only
80% of secreted UDCA, which suggests a more rapid
transfer into bile of the protonated form of UDCA. In the
present work, a shorter collection time (1 min) allowed us
to better observe this effect. The existence of an early
appearance of UDCA but not of CDCA in bile after bile
acid bolus before the major secretory peak occurred indicates a faster flux between the sinusoids and the canaliculi for UDCA than for CDCA. Therefore, a possible
explanation for this effect may be the existence of a nonionic diffusional pathway between the sinusoid and the
canaliculus for relatively lipophilic
protonated UDCA,
i.e., by a process similar to that reported for cholic acid
incorporation
into liposomes (8). The anatomic location
of this pathway within the liver parenchyma is unclear,
but if it does exist, the quantitative
role of this pathway
may be much more important in the bile-sinusoid direction, because UDCA is concentrated in the canaliculi.
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Nevertheless, it should be kept in mind that alternative
explanations for this finding cannot be ruled out, such as
diffusion across the peribiliary vascular plexus into bile if
UDCA reaches the arterial vessel via arterioportal
anastomoses (31). Bearing all of the aforementioned
in mind,
the results obtained in this work can be interpreted according to a new hypothesis, which covers most of the
concepts already included in the cholehepatic shunt hypothesis but in which UDCA recycling also includes the
hepatic acini. The model assumes that secretion of
UDCA may partly occur in unconjugated
(lipophilic)
form. After accumulation downstream by the continuous
supply of hepatocytes located in the pathway of bile from
zone 3 to zone 1 and protonation
within the biliary lumen, protonated UDCA may then undergo subsequent
passive backdiffusion. The proposed hypothesis suggests
that the escape of protonated UDCA would generate a
bicarbonate ion that would appear in bile instead of the
missing bile acid molecule. Moreover, if UDCA diffusion
occurs at zones 2 and 1 reaching the sinusoid, reuptake
and resecretion of these molecules by zone 3 would generate an additional bile flow. The fact that UDCA infusion causes hypercholeresis only if it is given above a
certain dose may be due in part to the necessity of overloading the conjugation machinery but also of recruiting
hepatocytes from locations farther away than acinar zone
1, which would enlarge the diffusional surface. It is important to note that the existence of an intra-acinar recycling of UDCA does not exclude, but rather supports,
the existence of an additional
cholehepatic
recycling,
which would occur, because of similar driving forces, at
different anatomic locations. Both hypotheses are fairly
complementary when one attempts to understand most of
the available experimental data.
To what extent is this hypothesis consistent with the
results obtained on restricted damage preparations? In
experiments where periportal hepatocytes were damaged,
UDCA secretion processes can occur at the spared zone 3.
UDCA secreted upward into the canalicular tree may undergo subsequent passive diffusion. Thus, although impaired, intra-acinar
recycling would be possible even
though the functional integrity of periportal hepatocytes
was not preserved. By contrast, when zone 3 is damaged,
a UDCA-insensitive
dead space is created, because actively secreting hepatocytes are only those located in zone
1 and 2; hence, the effective path length along the acinar
canaliculi is presumably shortened. Extension of the possible area for diffusion of protonated UDCA is reduced to
the periportal branches of the canalicular tree. Contribution of the biliary epithelium via the cholehepatic shunt
is expected to be similar in both preparations.
In summary, these results indicate that digitonin-pulse
perfusion is a useful model to investigate the selective
role of acinar zone 1 or zone 3 hepatocytes in the metabolic and biliary response to bile acid infusion. These
studies provide evidence indicating
that liver parenchyma microanatomy
plays an important role in UDCAinduced hypercholeresis. They also suggest the existence
of a different contribution
of periportal
and perivenous hepatocytes to UDCA-induced
bicarbonate-rich
hypercholeresis.

CHOLERESIS
The authors thank Dr. A. F. Hofmann
for helpful comments,
S. Rossi
for advice concerning
the use of the enzymatic
method
for bicarbonate
measurements
and the HPLC analysis of bile, N. Skinner
for revision of
the manuscript,
A. Escobar for secretarial
help, M. C. Gonzalez
Mesonero for technical
assistance,
and J. Villoria
Terron for excellent
care of
the animals.
This work was supported
in part by the DGICYT,
Spain (Grant
PB87-0674).
Address for reprint
requests: J. J. G. Marin,
Departamento
de Fisiologia y Farmacologia,
Facultad
de Farmacia,
Universidad
de Salamanta, Campo Charro
s/n, 37007-Salamanca,
Spain.
Received

7 July

1992; accepted

in final

form

30 January

1993.

REFERENCES
1. Anwer,
M. S., M. K. Hondalus,
and J. M. Atkinson.
Ursodeoxycholate-induced
changes in hepatic Na+-H+
exchange
and biliary HCO;
excretion.
Am. J. Physiol.
257 (Gastrointest.
Liver
Physiol.
20): G371-G379,
1989.
2. Arias,
I. M., and M. Forgac.
The sinusoidal
domain
of the
plasma membrane
of rat hepatocytes
contains
an amiloride-sensitive Na+/H+
antiport.
J. BioZ. Chem. 259: 5400-5408,
1984.
3. Baumgartner,
U., W. G. M. Hardison,
and K. Miyai.
Reduced cholestatic
potency
of taurolithocholate
during
backward
perfusion
of the rat liver. Lab. Invest. 56: 576-582,
1987.
4. Baumgartner,
U., K. Miyai,
and W. G. M. Hardison.
Greater
taurodeoxycholate
biotransformation
during
backward
perfusion
of rat liver. Am. J. Physiol.
251 (Gastrointest.
Liver
Physiol.
14): G431-G435,
1986.
5. Belinsky,
S. A., J. A. Popp,
F. 6. Kauffman,
and R. G.
Thurman.
Trypan
blue uptake as a new method
to study zonal
hepatotoxicity
in the perfused
liver. J. PharmacoZ.
Exp. Ther. 230:
755-760,
1984.
6. Bradford,
B. U., M. Marotto,
J. J. Lemasters,
and R. G.
Thurman.
New, simple models to evaluate
zone-specific
damage
due to hypoxia
in the perfused
rat liver: time course and effect of
nutritional
state. J. Pharmacol.
Exp. Ther. 236: 263-268,
1986.
7. Buscher,
H. P., U. Schramm,
S. MacNelly,
G. Kurz,
and W.
Gerok.
The acinar location
of the sodium-independent
and the
sodium-dependent
component
of taurocholate
uptake.
A histoautoradiographic
study of rat liver. J. Hepatol.
13: 169-179,
1991.
8. Caflisch,
C., B. Zimmerli,
J. Reichen,
and P. J. Meier.
Cholate
uptake in basolateral
rat liver plasma membrane
vesicles
and in liposomes.
Biochim.
Biophys.
Acta 1021: 70-76,
1990.
9. Chen,
L., M. Mei,
and L. Lumeng.
Zonal expression
of carbonic anhydrase
III gene in liver and the effect of chronic alcohol
feeding (Abstract).
Gastroenterology
102: A920, 1992.
10. Clayton,
L. M., D. Gurantz,
A. F. Hofmann,
L. R. Hagey,
and C. D. Schteingart.
Role of bile acid conjugation
in hepatic
transport
of dihydroxy
bile acids. J. PharmacoZ.
Exp. Ther. 248:
1130-1137,
1989.
11. Dumont,
M., S. Erlinger,
and S. Uchman.
Hypercholeresis
induced by ursodeoxycholic
acid and 7-ketolithocholic
acid in the
rat: possible
role of bicarbonate
transport.
GastroenteroZogy
79:
82-89,
1980.
12. Erlinger,
S. Hypercholeretic
bile acids: a clue to the mechanism?
Hepatology
11: 888-890,
1990.
13. Farges,
O., M. Corbic,
M. Dumont,
M. Maurice,
and S.
Erlinger.
Permeability
of the rat biliary tree to ursodeoxycholic
acid. Am. J. Physiol.
256 (Gastrointest.
Liver Physiol.
19): G653G660, 1989.
14. Forrester,
R. L., L. J. Wataji,
D. A. Silverman,
and K. J.
Pierre.
Enzymatic
method
for determination
of CO2 in serum.
CZin. Chem. 22: 243-245,
1976.
15. Gascon-Barre,
M., N. Benbrahim,
and C. Tremblay.
Hepatic zonation
of drug metabolizing
enzymes.
Studies on hepatocytes isolated from the periportal
or perivenous
region of the liver
acinus. Can. J. Physiol.
PharmacoZ.
67: 1015-1022,
1989.
16. Gautam,
A., and J. L. Boyer.
Ursodeoxycholate
(U) does not
induce hypercholeresis
at the canalicular
(C) level in isolated
rat
hepatocyte
couplets
(Abstract).
GastroenteroZogy
92: 1734, 1987.
17. Gonzalez,
J., and A. Esteller.
Heterogeneity
of rabbit hepatocytes for bile secretion
after acinar zone 3 damage
induced
by

Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (129.186.138.035) on January 16, 2019.

URSODEOXYCHOLATE-INDUCED
18.

bromobenzene. Biochem. Pharmucol.
34: 507-514,
1985.
Groothius,
G. M. M., M. J. Hardonk, K. P. T. Keulemans,
F. Nieuwenhuis,
and D. K. F. Meijer. Autoradiographic
and
kinetic demonstration
of acinar heterogenity of taurocholate
transport. Am. J. Physiol. 243 (Gastrointest.
Liver
Physiol.
6):
G455-G462,

91: 350-362,
20.

21.

22.
23.

24.

663,

1987.

252 (Gastrointest.

Liver

Physiol.

15): G163-G169,

Biochim.

Acta

945: 17-22,

Physiol.

12): G335--G341,

248 (Gastrointest.

Liver

Physiol.

165-171,

15): G219-G228,

1987.

1990.

G241,

1988.

36. Romert, P., M. E. Matthiessen,
and B. Quistorff. Ultrastructural changes of liver parenchyma following digitonin-pulse perfusion of rat liver. CeZZTissue Res. 261: 423-430,
1990.
37. Rossi, S. S., J. L. Converse, and A. F. Hofmann. High pressure liquid chromatographic analysis of conjugated bile acids in
human bile: simultaneous resolution of sulfated and unsulfated
lithocholyl amidates and the common conjugated bile acids. J.
Lipid

Res. 28: 589-595,

1987.

38. Scharschmidt,
B. F., and J. R. Lake. Hepatocellular bile acid
transport and ursodeoxycholic acid hypercholeresis. Dig. Dis. Sci.
34, Suppl.:

S5-S15,

1989.

39. Strazzabosco,
M., S. Sakisaka, T. Hayakawa,
and J. L.
Boyer. Effect of UDCA on intracellular and biliary pH in isolated
rat hepatocyte couplets and perfused livers. Am. J. Physiol. 260
Liver

Physiol.

23): G58-G69,

1991.

40.

Takikawa,
H., N. Sano, T. Narita, and M. Yamanaka. The
ursodeoxycholate dose-dependent formation of ursodeoxycholateglucuronide in the rat and the choleretic potencies. Hepatology
11:

41.

Talalay,

743-749,

11): G20-G27,

Physiol.

35. Renner, E. L., J. R. Lake, E. L. Cragoe, R. W. Van Dyke,
and B. F. Scharschmidt.
Ursodeoxycholic acid choleresis: relationship to biliary HCO; and effect of Na+-H+ exchange inhibitors. Am. J. Physiol. 254 (Gastrointest.
Liver Physiol.
17): G232-

1985.

Biochem.
42.

1985.

29. Marin, J. J. G., P. Regueiro, J. C. P. Antona, G. R. Villanueva, and F. P. Barriocanal.
Pre-replicative phase-related
changes in bile acid-induced choleresis in the regenerating rat
liver. Clin. Sci. Lond. 78: 55-62, 1990.
30. Meier, P. J., R. Knickelbein,
R. H. Moseley, J. W. Dobbins,

Liver

Perez-Barriocanal,
F., J. J. G. Marin, M. Dumont, and S.
Erlinger.
Influence of backward perfusion on ursodeoxycholateinduced choleresis in isolated in situ rat liver. J. Hepatol.
11:

(Gustrointest.

Marin, J. J. G., M. Dumont, M. Corbic, G. De Couet, and S.
Erlinger.
Effect of acid-base balance and acetazolamide on ursodeoxycholate-induced
biliary bicarbonate secretion. Am. J.
Physiol.

252 (Gastrointest.
34.

1988.

Marin, J. J. G., M. Corbic, M. Dumont, G. De Couet, and S.
Erlinger.
Role of H+ transport in ursodeoxycholate-induced
biliary HCO; secretion in the rat. Am. J. Physiol. 249 (Gustrointest.
Liver

28.

Biophys.

33. Palmer, K. R., D. Gurantz, A. F. Hofmann, L. M. Clayton,
L. R. Hagey, and S. Cecchetti. Hypercholeresis induced by
norchenodeoxycholate
in biliary fistula rodent. Am. J. Physiol.

1987.

25. Lindros, K. O., and K. E. Penttila. Digitonin-collagenase
perfusion for efficient separation of periportal or perivenous hepatocytes. Biochem. J. 228: 757-760,
1985.
26. Marin,
J. J. G., F. P. Barriocanal,
A. Garcia, M. A. Serrano, P. Regueiro, and A. Esteller. Evidence for the presence
of carbonic anhydrase in plasma membrane of rat hepatocytes.
27.

1966.

32. Moseley, R. H., N. Ballatori,
D. J. Smith, and J. L. Boyer.
Ursodeoxycholate stimulates Na+-H+ exchange in rat liver basolateral plasma membrane vesicles. J. Clin. Invest. 80: 684-690,

1978.

Gurantz, D., C. D. Schteingart,
L. R. Hagey, J. H. Steinbath, T. Grotmol, and A. F. Hofmann. Hypercholeresis induced by unconjugated bile acid infusion correlates with recovery
in bile of unconjugated bile acids. Hepatology
13: 540-550,
1991.
Gutmann, I., and A. W. Wahlefeld. L-(+)-lactate. Determination with lactate dehydrogenase and NAD. In: Methods of Enxymatic Anulysis,
edited by H. U. Bergmeyer. Weinheim: Verlag
Chemie, 1974, chapt. 3, p. 1464-1468.
Jones, A. L., D. L. Schmucker,
R. H. Renston, and T. Murakami. The architecture of bile secretion. A morphological perspective of physiology. Dig. Dis. Sci. 25: 609-629,
1980.
Lake, J. R., E. L. Renner, B. F. Scharschmidt,
E. J. Cragoe, L. R. Hagey, K. J. Lambert, D. Gurantz,
and A. F.
Hofmann. Inhibition of Na+-H+ exchange in the rat is associated
with decreased ursodeoxycholate hypercholeresis, decreased secretion of unconjugated ursodeoxycholate, and increased ursodeoxycholate glucuronidation. Gastroenterology
95: 454-463,
1988.
Lake, J. R., R. W. Van Dyke, and B. F. Scharschmidt.
Effects of Na+ replacement and amiloride on ursodeoxycholic acid-stimulated choleresis and biliary bicarbonate secretion. Am. J.
Physiol.

and J. L. Boyer. Evidence for carrier-mediated
chloride/
bicarbonate exchange in canalicular rat liver plasma membrane
vesicles. J. Clin. Invest. 75: 1256-1263,
1985.
31. Mitra,
S. K. The terminal distribution of the hepatic artery with
special reference to arterio-portal anastomoses. J. Anat. 100: 651-

1982.

19. Gumucio, J. J., C. Balabaud, D. I. Miller, L. J. Demason,
H. D. Appelman,
T. J. Stoecker, and D. R. Franzblau.
Bile
secretion and liver cell heterogeneity in the rat. J. Lab. Clin. Med.

Gllll

CHOLERESIS

P. Enzymatic
Anal.

analysis of steroid hormones. Methods

8: 119-143,

1960.

Ugele, B., H. J. M. Kempen, R. Gebhardt, P. Meijer, H. J.
Burger, and H. M. G. Princen. Heterogeneity of rat liver parenchyma in cholesterol 7a-hydroxylase and bile acid synthesis.
Biochem.

43.

1990.

J. 276: 73-77,

1991.

Wals, P. A., M. Palacin, and J. Katz. The zonation of liver
and the distribution of fructose 2,6-biphosphate in rat liver. J.
Biol.

Chem.

263: l-6,

1988.

Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (129.186.138.035) on January 16, 2019.

