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Hepatic versus gallbladder bile composition: in vivo
transport physiology of the gallbladder in rainbow trout

M. GROSELL, M. J. ODONNELL, AND C. M. WOOD
Department of Biology, McMaster University, Hamilton, Ontario, Canada L8S 4K1

Grosell, M., M. J. O'Donnell, and C. M. Wood. Hepatic
versus gallbladder bile composition: in vivo transport physiol-
ogy of the gallbladder in rainbow trout. Am J Physiol
Regulatory Integrative Comp Physiol 278: R1674-R1684,
2000.—Ilon and water transport across the teleost Oncorhyn-
chus mykiss gallbladder were studied in vivo by comparing
flow and composition of hepatic bile, collected by chronic
catheter, to volume and composition of terminally collected
gallbladder bile. Differences in composition were comparable
with those of other vertebrates, whereas bile flow (75
pl-kg=t-h=1) was below values reported for endothermic
vertebrates. The gallbladder concentrates bile acids five- to
sevenfold and exhibits higher net CI- than Na* transport in
vivo, in contrast to the 1:1 transport ratio from gallbladders
under saline/saline conditions. Transepithelial potential (TEP)
in the presence of bile, at the apical surface, was —13 mV (bile
side negative) but +1.5 mV in the presence of saline. Bile acid
in the apical saline reversed the TEP, presumably by a
Donnan effect. We propose that ion transport across the
gallbladder in vivo involves backflux of Na* from blood to bile
resulting in higher net Cl~ than Na* flux. This Na* backflux
is driven by a bile side negative TEP and low Na™ activity in
bile due to the complexing effects of bile acids.

transepithelial potential; teleost freshwater fish; hepatic bile
flow; ion and water reabsorption; bile acid

BILE IS A HEPATIC SECRETION that functions to promote
digestion and absorption of lipids from the intestine via
the action of bile acids or bile salts. Bile also acts as the
medium for excretion of many endogenous and exog-
enous substances from the blood and liver that are not
excreted through the kidneys. Excretory functions in
fish have been described in detail (see Ref. 35 for
review). The mechanisms of hepatic bile production in
fish, however, have received much less attention.
Notable exceptions are certain components of the
enterohepatic bile salt circulation. Bile acid composi-
tion (7) and mechanisms of hepatic uptake of bile salts
(25) in the teleost rainbow trout as well as several
elasmobranchs (3, 11, 21, 26, 31, 32) are well character-
ized. Furthermore, carrier-mediated intestinal bile salt
absorption has been reported in teleost fish (17). These
studies reveal some differences among elasmobranchs,
teleosts, and higher vertebrates in the mechanisms of
basolateral membrane bile salt uptake. Reports on

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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hepatic bile flow and composition (i.e., the result of
canalicular membrane transport mechanisms) in lower
vertebrates are limited to one study of bile flow and
composition in elasmobranchs (2) and two studies on
hepatic bile flow rates in teleost fish (12, 30). Conse-
guently, one aim of the present study was to refine a
technique to continuously collect hepatic bile in vivo for
the characterization of bile flow and composition in the
teleost rainbow trout (Oncorhynchus mykiss).

The role of the gallbladder in storing and concentrat-
ing bile in fish is not well described. By contrast, the
gallbladder epithelia of various amphibians and mam-
mals have been studied in great detail; this tissue has
become a model for epithelia that transport salt and
water at high rates and in isosmotic proportions (“leaky
epithelia”). The structural simplicity, i.e., a monolay-
ered epithelium with an exclusive or predominant cell
type, only a few basic transport processes, and, for some
species, large cell size facilitating electrophysiological
studies, makes it an appealing model system (for
comprehensive reviews, see Refs. 27 and 28). Some of
the early, classical work describing the transport pro-
cesses of this epithelium was conducted on a teleost fish
(8—10). Isolated gallbladder epithelia of roach (Rutilus
rutilus) exhibited a 1:1 Na*- to Cl~-transport ratio (9).
Later, this was also reported for Japanese eel (Anguilla
japonica) (16) and seems to also apply to isolated
gallbladder epithelia of higher vertebrates in general
(reviewed by Reuss in Refs. 27 and 28). However, when
comparing the composition of hepatic bile with gallblad-
der bile in several teleosts and one elasmobranch,
Diamond (8) observed that the Na* concentration of
gallbladder bile was higher than the corresponding
concentration in the hepatic bile, whereas the opposite
was true for Cl-. This phenomenon also applies to
amphibians and mammals (8). Indeed Hunn (18) re-
ported much higher Na* than Cl~ concentrations in the
gallbladder bile of 25 different teleost fish species.
These findings suggest that the gallbladder epithelium
in vivo has a higher net Cl~ transport rate than Na*
transport rate and not a 1:1 Na*- to Cl~-transport ratio
as observed in vitro.

Surprisingly, considering that this discrepancy has
been evident for almost four decades, no studies on ion
transport of the gallbladder epithelium in vivo have
been reported, to our knowledge. In the present study,
we refined a technique for continuously collecting he-
patic bile for several days in rainbow trout. By compar-
ing the hepatic output of bile acids and major electro-
lytes, as well as bile volume, with the gallbladder bile

http://www.ajpregu.org
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IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

volume and composition at the same times, ion and
water transport of the gallbladder epithelium was
analyzed in rainbow trout during progressive starva-
tion. Starvation was employed as a tool to ensure that
bile collected in the gallbladder.

MATERIALS AND METHODS

Rainbow trout, Oncorhynchus mykiss, were obtained from
Humber Springs Trout Farm, Ontario. The fish were held in
400-I fiberglass tanks (up to 100 fish/tank), each supplied
with a flow-through of dechlorinated aerated Hamilton city
tap water (in mM: 0.6 Na*; 0.7 Cl~; 1.0 Ca?*; and 1.9 HCOg,
pH 7.9-8.2) at a rate of at least 5 liters/min. The fish were
held at 14.0 = 1.0°C and were fed a maintenance ratio of dry
trout pellets (Martin’'s Feed Mill, Ontario) at a rate of 1% of
their body mass per day.

Experimental design. Bile was collected via chronic cannu-
lation of the hepatic bile duct for 9 successive 12-h intervals
(n = 9 fish in all cases) and via terminal sampling from the
gallbladder of noncannulated fish at 24, 48, 72, 96, 144, 168,
and 240 h after last feeding (n = 10 at each sampling point).
Gallbladder surface area was determined in 10 fish. In
addition, transepithelial potential (TEP) across the gallblad-
der (bile-to-blood fluid) was measured in vivo in seven fish,
and in vitro in 13 excised preparations. In the latter, the
influence of exchanging the mucosal bile for isotonic saline
and supplementing the saline with bile acids was also evalu-
ated.

Surgical procedure. Our surgical procedure is the product
of extensive testing. The anatomy of the gallbladder and bile
duct system, and the common hepatic bile duct cannulation
technique are illustrated in Fig. 1. The ideal size of experimen-
tal animals for this surgical procedure was ~225 g. Thirty-six
hours of starvation were found to provide the ideal conditions
for the cannulation of the common hepatic bile duct; the
overall success rate of this procedure was just under 50%. A
total of 15 experimental animals (average weight 232 g; range
179-278 g), out of 34 originally cannulated, contributed data
to this experiment. The remaining fish were not included in
the experiment, because no bile was obtained via the catheter
in some or all of the 9 successive 12-h intervals.

Fish were anesthetized in 0.1 g/l neutralized MS-222 for
surgery. Throughout surgery, the gills were constantly irri-
gated with aerated MS-222 solution (0.08 g/l). A single
midline incision of ~40 mm was made in the anterior
direction, starting from just posterior to the pelvic fins. The
common bile duct was ligated without damaging the hepatic
portal vein (Fig. 1). The gallbladder was held in place for
surgery by two sets of silk thread secured by hemostatic
forceps. One ligature (not shown in Fig. 1) was made 8 mm
from the point at which the hepatic bile duct enters the
gallbladder, preventing leakage of the gallbladder contents
into the celomic cavity, and a cut was made in the gallbladder
wall 4—6 mm from the cystic bile duct. The tip of the catheter
(60 cm PE-10 tubing filled with a 140 mM NacCl solution) was
inserted through the gallbladder wall, into the cystic bile
duct/common hepatic bile duct. Care was taken not to insert
the catheter too far into the common hepatic bile duct and
thereby interfere with bile flow from the hepatic bile ductules
(see Fig. 1). The catheter was held in place by two silk
ligatures (Fig. 1); the last ligature was placed as close to
the catheter tip as possible, eliminating contact between the
gallbladder epithelium and the hepatic bile. Externally,
the catheter was anchored by two silk ligatures posterior to
the body wall incision. The wound was powdered with oxytet-
racycline and tightly closed by silk ligatures.

R1675

A

Liver

Blle ductules

Common hepatic Q\\ /ﬁ

Hepatic
portal vein

Common
! bileduct
Intestine Qq

Fig. 1. A: diagram of the hepatobiliary anatomy in the freshwater
rainbow trout. B: cannulation technique used in the present study.
Acatheter is inserted in the cystic bile duct/common hepatic bile duct.
The common bile duct is ligated preventing bile flow to the intestine.
PE-10, polyethylene tubing.

After surgery, the fish were placed in individual 4-1 fish
boxes. Each fish box consisted of black Plexiglass and was
supplied with a flow-through of aerated, dechlorinated tap
water at a rate of 200 ml/min.

Continuous collection of hepatic bile. The fish were allowed
to recover from surgery for 3—12 h in the fish boxes. The
catheter end was then placed in preweighed Eppendorf tubes,
which were kept on ice in styrofoam containers. At 12-h
intervals, the Eppendorf tubes and ice were replaced. The
volumes of bile collected were determined gravimetrically for
all 9 12-h intervals (i.e., 96 h). The samples were stored at
—70°C. For the last eight collection periods, the bile samples
were analyzed for the concentration of bile acid, Na*, Cl-,
Ca?*, Mg?*, total CO,, and osmolality as described in Analyti-
cal techniques. Bile from the first collection period was not
analyzed for composition, because it was contaminated with
the 140 mM saline initially present in the catheter.
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Sampling of gallbladder bile. Fish in a single large holding
tank (400 liters) were fed to satiation, and then groups of 10
fish were netted out of the holding tank and anesthetized
individually at 24, 48, 72, 96, 144, 168, and 240 h after
feeding. A blood sample was drawn from the caudal artery
with a heparinized syringe, and plasma was obtained immedi-
ately by centrifugation. The fish was then killed by a blow to
the head, weighed, and the gallbladder exposed by dissection.
The gallbladder bile was obtained by a 1-ml syringe fitted
with a 26-gauge needle, and volume was determined by
weight using preweighed Eppendorf tubes. Samples of plasma
and gallbladder bile were frozen in liquid nitrogen as soon as
possible after sampling and stored at —70°C for later analysis
of bile acid. All bile samples and 10 randomly selected plasma
samples were analyzed for Na*, Cl—-, Ca2*, Mg?*, total CO,,
and osmolality.

Determination of gallbladder surface area. Ten fish were
netted out of the holding tank, anesthetized, killed by a blow
to the head, and weighed. The entire gallbladder from each fish
was obtained by dissection, opened with a longitudinal incision,
and the surface area was determined using graph paper.

Determination of transepithelial potential in vivo and in
vitro. For the determination of gallbladder TEP, “free flowing
bridges” (23) connected via AgCI electrodes to a high-impedance
voltmeter (Radiometer pHM84) were employed. The substan-
tial difference in Cl~ concentration between gallbladder bile
and plasma creates a significant junction potential and thus
inaccurate TEP measurements when AgCl electrodes are
used in combination with standard KCl-agar bridges (23).
Free-flowing bridges were constructed from barrels of dispos-
able 1-ml plastic syringes that were heated over a gas flame
and pulled to form very thin and flexible capillaries (~50 pum
ID and 100 pm OD and ~50 cm long). The modified syringe
barrels were subsequently filled with 3 M KCI, and a pressure
of ~10 cmH,0 was used to force the KCI solution through the
capillaries, resulting in a constant and similar Cl~ concentra-
tion at the tip of the free-flowing bridges. Because TEP record-
ings were performed within 30 s, the low flow rate (<1 pl/min)
negligibly altered the CI~ concentration in the bath or the
gallbladder (>500 pl). The AgCl electrodes were connected to
the KCI solution in the modified syringe for recording of potential
difference. Tests demonstrated that the junction potential was
reduced to <0.4 mV when the tip of the free-flowing elec-
trodes were bathed in asymmetrical solutions ranging from
1.5 to 150 mM NacCl. As an additional check, when one
free-flowing electrode was placed in saline and the other one
in gallbladder bile connected to the saline via a KCl-agar
bridge, there was no junction potential arising from differ-
ences in composition between saline and gallbladder bile.

Trout were prepared for surgery as described in Surgical
procedure, and the TEP was measured while the fish were
lightly anesthetized on the operating table. To gain access to
the blood stream, a catheter was inserted into the dorsal
aorta as described elsewhere (15). The gallbladder was ex-
posed, and a PE-50 catheter was inserted into the gallbladder.
The electrode was inserted into the gallbladder through the
PE-50 catheter, and in vivo TEP was recorded with the blood
in the dorsal aorta catheter as reference. Recordings were
made from seven fish.

For in vitro recordings of gallbladder TEP, fish were killed
by a blow to the head, and the gallbladder was obtained by
dissection. The isolated gallbladder was cannulated with a
length of PE-50 tubing while the bile was still in the
gallbladder, and the electrode was inserted into the gallblad-
der using the surrounding Cortland (34) saline as a reference.
The bile was subsequently removed from the gallbladder.
After thorough rinsing, the gallbladder was filled with Cort-

IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

land saline and the TEP under symmetrical conditions was
recorded. Recordings were made from eight preparations. In
several preparations, the procedure was then reversed so as
to replace the saline in the gallbladder with the original bile.

To test the direct effect of bile acid on TEP, the TEP across
the gallbladder of an additional five fish was measured, first
under saline/saline conditions, and then the saline in the lumen
was supplemented with 100 and 200 mM hydrocholic acid (Na
salt, Sigma). The procedure was then reversed so as to replace
the bile acid-containing saline with bile acid-free saline.

Analytical techniques. The Cl~ concentration of bile samples
was determined using the colorimetric assay of Zall et al. (37).
Cations were analyzed using a Varian 1275 atomic absorption
spectrophotometer (AAS) with methods as documented by the
manufacturer. The total concentration of bile acids was deter-
mined using Sigma kit 450-A modified for microtitre plate use.
Osmolality of bile was measured using a Wescor 5100C vapor
pressure osmometer. The total CO, concentration of the bile
was analyzed using a Corning 965 carbon dioxide analyzer.

Sodium ion activity of randomly selected sample fluids was
measured using ion-selective microelectrodes based on so-
dium ionophore I1, cocktail A (Fluka), as described previously
(24), and compared with total Na* concentration measured by
AAS in the same samples. Samples of fluids (0.2—0.3 ml) were
placed under paraffin oil. Droplets of calibration (150 and 15
mM NaCl, 135 mM LiCl) solutions were placed adjacent to
each sample. Na™ activities in the calibration solutions were
determined using tabulated activity coefficients (29); the
response of the electrode was close to Nernstian (53—-57 mV
per 10-fold increase in Na* activity). Na* activity in bile,
saline, and plasma samples was calculated from the mea-
sured slope and the change in electrical potential recorded
when the reference and Na*-selective electrodes were moved
between the sample and the 150 mM NacCl calibration
solution. Na* activity was also measured in Cortland saline
before and after the addition of 100 mM hydrocholic acid (Na
salt) to evaluate the effect of bile acid on Na* activity.

Na* activity was measured immediately in freshly col-
lected bile and plasma of six fish and then again after freezing
the same samples to —70°C to establish that freezing did not
influence Na* activity.

Calculations, data presentation, and statistical evaluation.
Hepatic bile flow (expressed as ml-kg~t-h~1) was calculated
by relating the volume of bile collected over time to the weight
of the individual fish and the time elapsed. The summed bile
flow over time (Hepoutrow) Was calculated as follows

T1
HePoutriow (T1) = 20 (VIW)

where T1 is the time elapsed since the start of the period in
question (T0), V is the volume of bile collected during the time
from TO to T1, and W is the weight of the fish.

Hepatobiliary output of solutes [Hepouput (X)] Summed over
time was calculated as follows

T1

HePautmiow(X) = >, [IV()]/W]

TO

where [X] is the concentration of the biliary solute in question.
Gallbladder bile volume (GBV) is expressed as milliters per

kilogram throughout, and the gallbladder [GB(x)] pool of solutes

at any time (expressed as mol/kg) was calculated as follows

GB(X) = Vgg/[X]

where Vgg is the volume of bile present in the gallbladder.
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IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT R1677

Fig. 2. Hepatic bile flow (A; pl-kg=1-h~1) and con-
centrations of bile acid (B), CI~ (C), Na* (D), Ca2*

(E), Mg?* (F), total CO, (G), and osmolality (H; mM
or mOsm) in hepatic bile of freshwater rainbow
trout for up to 108 h after cannulation. Means + SE.
n, Number of subjects: 12 h; n = 9 (only bile flow), 24
and 36 h;n=12,48h;n=11,60,72,and 84 h; n =
13, 96 h; n = 11, 108 h; n = 9. Bile acid, Na*™ and
T Ca?* concentrations were significantly decreased
over time (P < 0.05).

A B
= S 60
S, 100 A l g 50 T T
& 80 IIr+e < w
I 604 B 30
© 40 8 20 r T
E 20- o 10
E 0 L @ 0 - T T
C D
175 ~f 175 .
=~ 150 B 3150 =
=S 1254 g 120
& 100 - S 100
~ 754 +CU gg
— 50 —
O 25 2 25
0 ] | 1 ] 1 1 1 0 1 ] 1
=~ 97 . 301
S 4 T S 254
2.0
é 3 T T T § 15 - -
& 2 5 1.0
R S 054
0 ] 1 ] 0.0 ] i 1 ]
G H
—_
S 400 -
S 6- X
S S 300 -
Rl 4 - %)
> Q 200
O 24 £ 4004
® &
3 0 T 1 %} 0 r———TT"1T
8 1 1 ) 1 1 1 O

0 12 24 36 48 60 72 84 96 108

0 12 24 36 48 60 72 84 96 108

Time (hours) Time (hours)

Reabsorption of solutes by the gallbladder epithelium in
vivo was calculated under the assumption that no bile was
leaving the gallbladder via the cystic bile duct in these fasted
animals (see REsULTS). Thus GB(x) at time T1 was subtracted
from Hepouipui(X) (over time TO to T1). Similarly, the reabsorp-
tion of water was calculated by subtracting GBV at time T1
from Hepoyutriow (OVer time TO to T1).

Data are presented as means = SE with one exception:
reabsorption rates are presented just as means, because they
were calculated from the mean hepatic output and mean
gallbladder pool data.

Simple comparisons between means (P < 0.05) were per-
formed by student’s paired or unpaired t-test, as appropriate.
The effect of time on gallbladder bile volume, solute concentra-
tion, and osmolality was tested using one-factor ANOVA with
time as the main variable. The effect of time on hepatic bile
flow, solute concentration, and osmolality was tested using
repeated-measures ANOVA with time as the main variable.
In cases of statistically significant effect of time (P < 0.05), a
best-fit regression analysis was applied to test for general
trends as a function of time. Cases in which the slope of the
best-fit regression was significantly different from zero
(P < 0.05) are noted in figure legends.

RESULTS

Hepatic bile flow and composition. The mean bile flow
rate in the common hepatic bile duct was constant at
~75 ul-kg=1-h~1 during the entire 108 h of experimen-
tation (Fig. 2A). There were significant declines in the
concentration of both bile acids (Fig. 2B) and Na* (Fig.

2D), which were complete by 60—72 h. Over the same
period, the Cl- concentration rose (Fig. 2C), although
for Cl—, the overall effect of time was not significant.
Osmolality of the hepatic bile remained constant
throughout (Fig. 2H). Concentrations of both Mg?* (Fig.
2F) and total CO, (Fig. 2G) were low and constant,
whereas Ca?" levels declined significantly by 60-72 h
(Fig. 2E). Note that for all biliary constituents except
bile acids, concentrations in hepatic bile were generally
comparable with those in blood plasma (Table 1). Bile
acid levels in plasma were below the detection limit of
the assay (20 uM) in contrast to 15-50 mM in hepatic
bile. This difference was associated with a small but
significant elevation in osmolality in hepatic bile (Fig.
2H) relative to plasma (Table 1).

Table 1. Cl-, Na*, Ca?*, Mg?*, CO,, bile acid
concentrations, and osmolality of rainbow trout plasma

Plasma
Cl- 133.9*+1.1mM
Na* 152.01.9 mM
Ca?* 2.06=0.06 mM
Mg2+ 1.01+£0.03 mM
CO; 7.89*0.51 mM
Osm 297.1+3.25 mOsm
Bile acids <20 uM

Values are means + SE; n = 10.
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Gallbladder bile volume and composition. Total vol-
ume of bile in the gallbladder increased from 0.36 = 0.14
ml/kg at 24 h after feeding to a maximum of 2.46 = 0.14
ml/kg 120 h after feeding and stayed more or less constant
thereafter at ~2 mi/kg for up to 240 h (Fig. 3A).

The composition of gallbladder bile was very different
from that of hepatic bile. The mean bile acid concentra-
tion of the gallbladder bile ranged from 101 to 359 mM
and was thus two to seven times higher than the
maximum bile acid concentration in bile collected from
the hepatic common bile duct. The bile acid concentra-
tion tended to increase with time, and the highest
concentrations of bile acid in gallbladder bile were
found after 168 and 240 h of starvation (Fig. 3B).

As for bile acids, the Na* concentration was also
much higher in the gallbladder bile than in the bile
collected from the hepatic common bile duct. The mean
Na* concentration, measured by atomic absorption,
ranged from 243 to 374 mM in the gallbladder bile,
approximately twice as high as the Na* concentrations
of the hepatic bile, and was apparently little affected by
the duration of starvation (Fig. 3D).

Similarly, the CI~ concentration of the gallbladder bile
did not change over time. However, in contrast to Na*, the
mean CIl~ concentration in the gallbladder bile was
much lower (18—31 mM) than the corresponding concen-
tration in the bile collected from the hepatic common
bile duct (~140 mM; Figs. 3C and 2C, respectively).

IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

The mean Ca?* concentration in the gallbladder bile
increased gradually with time after feeding (Fig. 3E).
Thus by the latter half of the experiment, the Ca?*
concentration of the gallbladder bile was substantially
higher than the corresponding concentration of the bile
collected from the hepatic common bile duct (Fig. 2E).
The mean Mg?* concentration in the gallbladder rose in
a similar manner to values substantially higher than
the corresponding values from the hepatic bile (Figs. 2F
and 3F).

Total CO, concentration in the gallbladder bile was
gradually reduced during 240 h of starvation (Fig. 3G)
and was much lower than the corresponding concentra-
tion in the hepatic bile (Fig. 2G). Surprisingly, the
osmolality of the gallbladder bile remained much lower
than might be expected from the concentrations of the
main constituents in the gallbladder bile (Fig. 3H). Na*
and bile acid, the two major constituents in the gallblad-
der bile together amounted to between 400 and 700 mM
total concentration throughout the entire 240 h of
starvation. The corresponding osmolality, however, re-
mained constant and much lower at around 305 mOsm
(Fig. 3H), slightly lower than that in bile collected from
the common hepatic bile duct (~320 mOsm; Fig. 2H),
but slightly higher than in blood plasma (Table 1).
These differences in osmolality are consistent with a
reduction in Na* activity by conjugate formation be-
tween Nat and bile acids (see DISCUSSION).
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IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

Fluid and ion reabsorption by the gallbladder epithe-
lium. By relating the accumulated hepatic bile output
of fluid (Hepyumow) and solutes [Hepgupu(X)] to the
corresponding gallbladder pools [GBV and GB(x), re-
spectively] at any given time, the function of the
gallbladder epithelium in vivo can be assessed. This is
based on the assumption that no bile is leaving the
gallbladder via the cystic bile duct during starvation.
An almost perfect match between the calculated he-
patic bile output of bile acids and the corresponding
gallbladder pool during the entire experimental period
(Fig. 4B) shows that this assumption was justified. For
both fluid and all other solutes, it is evident that the
gallbladder epithelium of freshwater rainbow trout is
indeed an active epithelium involved in reabsorption of
solutes and fluid (Fig. 4, A and C-F). By relating the
differences in hepatic output and the corresponding
gallbladder pools to the gallbladder epithelium surface
area and the time elapsed, the net transport rates of
solutes and fluid by the gallbladder epithelium in vivo
could be calculated.

These calculations demonstrated that Cl~ was the
electrolyte reabsorbed at the highest rate (0.87
pmol-cm~2-h~1) by the gallbladder epithelium and that
this rate was constant regardless of time elapsed since
feeding (Fig. 4C). Na* was reabsorbed by the gallblad-
der epithelium as well, however, at a lower and more
variable rate than Cl-. Na* reabsorption was 0.32

w
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>

5.07 yiem n?

vol (mitkg) >
bile acid
(mmol/kg)

© o ©
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pmol-cm~2-h-1 averaged over the entire 108 h of
starvation (Fig. 4D). Fluid reabsorption by the gallblad-
der epithelium covaried with Na* reabsorption, al-
though the relative fluctuations were smaller. The
mean fluid reabsorption rate over the entire 108 h was
5.07 pl-cm=2-h~1, A substantial fraction of the Ca?*,
Mg?*, and total CO, secreted by the liver into the bile
were reabsorbed by the gallbladder epithelium (Fig. 4,
E-G), but due to the low concentration, the absolute
reabsorption rates (expressed as pmol-cm~2-h~1) were
very low. As expected, the gallbladder epithelium did
not reabsorb bile acid (Fig. 4B). Reabsorption rates for
osmolality were not calculated because Na*-conjugate
formation in the bile (see lon transport by the gallblad-
der epithelium) would result in large overestimation of
this reabsorption rate. The average concentrations of
Cl-, Nat, Ca?*, Mg?*, and CO, in the fluid reabsorbed
by the gallbladder epithelium over the entire 108 h
were 171 mM, 63.1 mM, 0.2 mM, 1.3 mM, and 3.6 mM,
respectively.

Na* activity versus concentration. lon-selective elec-
trode measurements revealed a much lower mean
activity of Na* ions (130 mM) in randomly selected
gallbladder bile samples in which total Na* concentra-
tion averaged 356 mM (Fig. 5). Na* activity was not
affected by freezing. The composition of rainbow trout
plasma is given in Table 1. As for bile, the Na* activity
was lower than the Na* concentration (Fig. 5). How-

0.6 0.87 ymol cm* i

0.32 pmot cm? !

Fig. 4. Comparison of hepatic bile output summed
over time (open symbols) and total gallbladder bile
(dark symbols) in freshwater rainbow trout for up to
108 and 240 h, respectively. A: hepatic bile flow
(ml/kg) and gallbladder bile volume (ml/kg). Hepatic
output of bile acid (B), ClI- (C), Na® (D; all in

CI"'(mmol/kg) ©
Na* (mmolkg) ©
SO0
ONAOODON

N
(=]

1.0 nmol cm® i

-
(&}

ca®* (umolkg) M
3

o O,

mmol/kg), osmolality (E; mOsm/kg), Ca?* (F), Mg?*
(G), and total CO, (H; all in pmol/kg) for up to 108 h
together with total amount of bile acid, Cl~, Na*, total
CO,, osmolality (mOsm), Ca?* and Mg?* present in
the gallbladder for up to 240 h of starvation. Mean
reabsorption rates over 108 h of fluid (ul-cm=2-h-1),
Cl=, Na* (umol-cm~2-h~1), Ca?*, Mg?*, and CO,
(nmol-cm~2-h~1) are reported in A-G, respectively.
Bile acid was not reabsorbed by the gallbladder
epithelium. Reabsorption of osmolality equivalents

40
30
20
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are not reported because Na-conjugate formation
would result in large overestimates of this reabsorp-
tion rate.
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Fig. 5. Total Na* concentration as assayed by atomic absorption
(open bars) and Na™ activity as assayed by Na ion-selective electrode
(hatched bars; both in mM) in randomly selected gallbladder bile
samples (n = 7) and plasma samples (n = 10).

ever, the relative difference between the total Na*
concentration and the Na* activity in plasma was much
lower than in gallbladder bile (Fig. 5).

To test the specific effect of bile acid on Na* activity,
the effect of hydrocholic acid (100 and 200 mM) addition
to the apical saline was evaluated. Addition of 100 mM
hydrocholic acid (Na salt) to Cortland saline increased
the Nat* activity by only 29 mM in contrast to an
expected increase of ~100 mM.

TEP in vivo and in vitro. The potential across the
gallbladder epithelium in vivo was approximately —13
mV (bile side negative relative to blood; Fig. 6). The
same potential was recorded in isolated gallbladders
containing bile, with saline as a reference. In contrast,
in vivo |in vitro

saline/saline

-

100 mM 200 mM
Dehydrocholic acid

2 -
0
-2 4
-4
-6 -

|
|
|
|
-8 - |
|
|
|

-10 -
-12 -

-14 1 1

-16 -

Fig. 6. Transepithelial potential of the rainbow trout gallbladder in
vivo (n = 7) and in vitro, under symmetrical saline/saline conditions
(n = 8), under (saline + 100 mM hydrocholic acid)/saline conditions
(n =5), (saline + 200 mM hydrocholic acid)/saline conditions (n = 5),
and under bile/saline conditions (n = 8). In all cases, manipulations
were performed on the bile side (mucosal surface); saline was
retained on the blood side (serosal surface).

Transepithelial potential (mV)

T

bile/saline

IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

the potential was approximately +1.5 mV (i.e., bile
positive) in isolated gallbladders when the bile was
replaced with saline, i.e., under symmetrical conditions
(Fig. 6). In several isolated gallbladders, the original
bile side negative potential (approximately —13 mV)
was completely restored when the saline was replaced
with the original bile.

The addition of 100 and 200 mM hydrocholic acid (Na
salt) to the luminal saline under saline/saline condi-
tions reversed the blood side negative TEP. The effect of
hydrocholic acid on TEP exhibited concentration depen-
dence, reversing the TEP to —1.0 and —2.4 mV, bile side
negative at 100 and 200 mM, respectively (Fig. 6).

DISCUSSION

Hepatic bile flow and composition. The technique
employed for collecting hepatic bile from the common
hepatic bile duct revealed a constant hepatic bile flow
in resting starved restrained rainbow trout for up to
108 h after cannulation. Thus progressive starvation
from 36 h after last feeding (starvation time before
surgery) throughout this study did not influence he-
patic bile flow. The mean bile flow rate of ~75 pl-
kg ~1-h~1 observed in the present study is consistent
with values of 50-75 ul-kg=t-h~! previously reported
for rainbow trout (12, 30). The latter flow rates were
obtained from both spinally transected and free-
swimming rainbow trout during experimental periods
of a few hours, and different surgical procedures were
employed. The constant bile flow rate over 108 h
observed in the present study thus seems realistic.
Because it is at the high end of the previously reported
values, we were apparently successful in preventing
contact between the hepatic bile and the gallbladder
epithelium and thereby preventing reabsorption of
fluid from the hepatic bile. The observed bile flow rate
in freshwater rainbow trout is comparable with bile
flow rates of two marine elasmobranchs, the spiny
dogfish, Squalus acanthias, with a flow rate of 33-74
ul-kg~t-h~1and the skate, Raja erinacea, with a rate of
75—-111 pl-kg=*-h=t (2). The only bile flow rates re-
ported from elasmobranchs and teleosts are consider-
ably lower than the bile flow rates of higher verte-
brates: the rat with a bile flow rate of 3,900; rabbit,
4,920; dog, 336; cat, 780; guinea pig, 9,600; and finally
humans with a bile flow rate of 216 pl-kg=t-h~! (20,
and references therein). At least in part, this difference
could be related to temperature, because bile flow is
generated by the active transport of bile acids and other
organic anions and cations. The studies of bile flow in
elasmobranchs and teleost fish were conducted at tem-
peratures at least 20°C lower than the mammalian
studies. Indeed, increased temperature has been re-
ported to increase hepatobiliary excretion of the bile
acid, taurocholate, in rainbow trout (6, 19).

The concentration of Mg?* and total CO, remained
relatively constant in hepatic bile throughout the 108 h
of experimentation. In contrast however, the bile acid
concentration was markedly reduced, and the Na* and
Ca2* concentrations somewhat decreased as time pro-
gressed. Interestingly, the fall in bile acid concentration
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IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

was balanced by an approximately equimolar increase
in Cl~ concentration. With the exception of the bile acid
concentration, the concentrations of all measured ions
were similar to the corresponding ion concentrations in
the plasma. This is in close agreement with observa-
tions reported for the above mentioned species of
elasmobranchs and mammals. Despite the similarity in
ionic concentrations, the osmolality of the hepatic bile
was higher than plasma osmolality. This difference can
be accounted for by the high concentration of bile acid
in the hepatic bile compared with the very low concen-
tration in plasma (<20 pM), which provides part of the
driving force for paracellular diffusion of water and
electrolytes, thereby contributing to the bile flow (1, 5,
20, 22, 33).

In higher vertebrates, two components of bile forma-
tion have been documented extensively: 1) bile acid-
dependent bile flow and 2) bile acid-independent bile
flow (for reviews, see Refs. 1, 5, and 22). In brief,
transcellular, carrier-mediated transport of bile acids
(bile acid-dependent bile flow) and of other organic
anions as well as HCO;~ and organic cations (bile
acid-independent flow) creates a hyperosmotic environ-
ment in the bile canaliculi. This hyperosmotic environ-
ment drives a passive paracellular movement of water
and electrolytes from the blood plasma into the bile.
Consequently, the electrolyte composition of hepatic
bile has been shown to parallel that of the blood plasma
(invivo studies) or perfusate (in vitro studies).

The bile acid concentration in the hepatic bile of
rainbow trout in the present study (15-50 mM) is
within the range reported for mammals (20, 33), and a
bile acid-dependent component to bile flow in rainbow
trout seems likely. The reduced bile acid concentration
and thereby reduced hepatic bile acid output observed
as time progressed was, however, not parallelled by a
reduced bile flow. This could indicate that even the
lowest bile acid concentration observed (15 mM) was
sufficient for maintaining a constant bile flow, or that
the bile acid-independent component to bile flow could
account for most, if not all, of the bile formation. It is
interesting that the osmolality of the hepatic bile
remained constant throughout the experimental period
despite the marked reduction in bile acid concentra-
tion. This could indicate that the concentration of other
components, such as Cl~ (which was in fact increased),
glutathione, bilirubin, and/or organic cations (all in-
volved in the bile acid-independent bile flow) were in-
creased in compensation for the reduced bile acid concen-
tration.

Gallbladder bile volume and composition. In the
present study, progressive starvation of the experimen-
tal animals was used as a tool to collect bile in the
gallbladder. The conservation of bile acid accumulation
in the gallbladder (Fig. 4B) demonstrate that the
approach was successful.

The maximal gallbladder bile volume in the rainbow
trout is comparable with volumes reported for Euro-
pean eel, Anguilla anguilla (14), and a number of other
marine and freshwater teleost fish species after 5-10

R1681

days of starvation (M. Grosell, C. M. Wood, and F. B.
Jensen, unpublished data). The ionic composition of the
gallbladder bile is very similar to compositions reported
for other teleost fish species, reptiles, amphibians, and
mammals (8, 18). For these organisms, gallbladder bile
is characterized by Na* concentrations exceeding those
in hepatic bile and plasma and Cl~ concentrations
much lower than than those in hepatic bile and plasma.
The absolute concentrations of Na* and ClI~ in plasma,
and thus in hepatic bile of marine elasmobranchs, are
quite different from those of higher vertebrates, includ-
ing teleost fish, due to their unique osmoregulatory
stategy. The relative relationships, however, are the
same as in the higher vertebrates, i.e., higher Na* and
lower ClI~ concentrations of the gallbladder bile.

lon transport by the gallbladder epithelium. All these
findings indicate that the gallbladder epithelium in
vivo has a higher net transport of ClI- than of Na®.
Furthermore, these observations suggest that the mech-
anism of this asymmetrical anion-to-cation transepithe-
lial transport ratio could be similar throughout a wide
phylogenetic range of vertebrates. This analysis is in
contrast to all reported findings of ion-transport proper-
ties of isolated gallbladder epithelia determined under
“symmetrical” conditions in vitro in the absence of bile
acid on the mucosal side (see introduction) and cannot
be explained by the current proposed transport models.
Consequently, we propose an alternative model for
transepithelial ion transport based on the present
analysis of in vivo ion transport by the gallbladder
epithelium of freshwater rainbow trout (Fig. 7).

The classic work by Diamond (8—10) demonstrated
that the gallbladder of teleost fish, when isolated,
absorbs an isotonic NaCl solution. This has since been
shown also to apply to mammalian gallbladders (see

Gallbladder lumen Extracellular fluid

Osmolality = 320 mOsm Osmolality =297 mOsm

H,0
cr —
Na* —=——

Yyvy

< < g

Na* ion activity = 130 mM Na* ion activity = 114 mM

TEP -13 mV

[Bile acid]=101-359 mM

Gallbladder epithelium

Fig. 7. Proposed transepithelial ion-transport model for vertebrate
gallbladder epithelium in vivo. Directions of fluxes observed in steady
state are depicted. Na* and Cl~ are extruded from the cell across the
basolateral membrane. Na* diffuses back across the gallbladder
epithelium into the bile because of the relatively low (compared with
plasma) Na* activity of the gallbladder bile and the negative
transepithelial potential (TEP) resulting from the Donnan effect of
bile acids that complex Na*. Thus there is transepithelial Na*
recycling. It should be noted that this model can account for a
transepithelial Cl~ transport higher than the corresponding net Na*
transport as observed in vivo.
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Refs. 27 and 28 for comprehensive reviews). Reuss (27,
28) proposed a model of ion transport by the gallbladder
epithelium based primarily on data obtained from
Necturus and the guinea pig. In the Reuss model, ClI~ is
transported in exchange for HCO;~ and Na' in ex-
change for H* into the epithelial cell across the apical
membrane. The catalytic action of carbonic anhydrase
in the gallbladder reforms CO,, which diffuses back
into the cell where it is hydrated and refuels the cycle of
CI=/HCO;~ and Na*/H* exchange. Na* is extruded
across the basolateral membrane by the Na*/K*-
ATPase in a 3:2 exchange for K*, and K* subsequently
acts together with Cl~ as a substrate for a basolateral
K*/CI~ cotransporter mediating Cl- transport across
the basolateral membrane. To account for a 1:1 transepi-
thelial Na*/Cl--transport ratio in this model, in which
two K ions are available for K*/Cl~ cotransport while
three Na ions are extruded across the basolateral
membrane, Reuss suggests diffusion of Na* back across
the basolateral membrane to refuel the Na*/K*-
ATPase. This model proposed by Reuss (27, 28) el-
egantly accounts for the transepithelial net Na*/Cl--
transport ratio observed in vitro under symmetrical
conditions. It comes short, however, in explaining the
evidently higher net Cl~ transport than Na* transport
in most (if not all) vertebrates in vivo in which bile
rather than saline is present at the apical surface of the
gallbladder epithelium.

We propose a transepithelial rather than a basolat-
eral membrane recycling of Na* to account for the low
Na* net flux compared with Cl~ net flux. In this model,
Na* and Cl— are extruded across the basolateral mem-
brane and Na™, in part, diffuses back across the epithe-
lium. This diffusion of Na* back across the epithelium
reduces the net Na* flux across the epithelium and can
thus account for a lower Na* than CI~ transepithelial
net flux. At first glance, the diffusion of Na* from the
lower plasma Na* concentration (152 mM) to the
apparently higher Na* concentration in the gallbladder
bile (350 mM) seems unlikely. This diffusion, however,
is possible because of the low free Na™ activity in the
gallbladder bile (130 mM in bile vs. 114 mM in plasma;
Fig. 5) and the TEP of —13 mV (bile side negative). The
equilibrium potential required for maintaining this
observed Na* activity gradient is approximately —7
mV (bile side negative). Thus there are thermodynami-
cally favorable conditions for the proposed Na* back-
flux. The low Na* activity and reduction in osmolality
in gallbladder bile observed in the present study is in
agreement with observations reported by Diamond (8)
and is due to the formation of bile acid-Na* conjugates.
Our observation that the addition of 200 mM hydrocho-
lic acid (as Na salt) to saline only increased the Na*
activity by 29 mM demonstrates this Na-conjugate
formation in the presence of bile acid acid.

The TEP of —13 mV (bile side negative) in the
presence of bile at the apical surface is unusually high
for a leaky epithelium and cannot be explained by the
higher net Cl- than Na' transport. The TEP is abol-
ished when bile is replaced with saline, indicating that

IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

the presence of one or more components of gallbladder
bile causes a diffusion or Donnan potential. Imper-
meant anions have previously been suggested to be the
reason for the lumen negative potential observed in
isolated rat hepatocyte couplets (13). If the substantial
cation-to-anion gap in gallbladder bile is considered,
the presence of an anion other than Cl~ in gallbladder
bile seems highly likely, and bile acids are a probable
candidate. The concentration of impermeant anions
needed to explain the bile negative TEP of —13 mV can
be estimated to be ~50 mM from the following equa-
tion (1)

elFRM(TEP] — (1 + A~/C|)2

where A~ is the impermeant anion, F is Faraday’s
constant, R the gas constant, T is absolute tempera-
ture, and the CI~ concentration is set to 25 mM, the
mean value at 240 h (see Fig. 3). Bile acids could
account for this 50 mM concentration of impermeant
anions. The average concentration of bile acid in the
gallbladder bile was variable (101-359 mM) but aver-
aged ~220 mM at 240 h. This value is substantially
higher than the concentration of impermeant anions
needed to explain the TEP. However, Na*-bile acid
conjugate formation reduced the free Na* activity by
~65% (Fig. 5). Similarly, the activity of the bile acid
anion must be comparably reduced by Na*-bile acid
conjugate formation, which leaves a predicted bile acid
free anion concentration close to the 50 mM of imper-
meant unknown anion needed to explain the TEP of
—13 mV. In isolated gallbladders, the addition of bile
acid to the luminal saline under saline/saline condi-
tions revealed that this impermeant anion can indeed
reverse the TEP from blood side negative to bile side
negative. Even addition of 200 mM hydrocholic acid (as
Na salt), however, was not as potent as gallbladder bile
in terms of generating bile side negative TEP. This
could be due to the difference in ionic composition of the
saline and gallbladder bile and/or different characteris-
tics of bile acids, but could also indicate that other
components in gallbladder bile could act as imper-
meant anions.

On the basis of the observed ion fluxes, ClI~ transport
clearly exceeds the total recorded cation transport. Not
all cations were, however, included in the present
study. K+ could have contributed to the total cation
transport, but, given the low K* concentration in blood
plasma and thus in hepatic bile, it is unlikely that K*
alone could account for the cation gap. Possibly, net
acidic equivalent transport (not measured) could ex-
plain the remaining cation gap maintaining macroscopi-
cal electroneutrality. The observed cation gap was ~0.4
pmol-cm~2-h~1, and the gallbladder surface area was
11 cm?/kg, which would be associated with a net acid
flux of only 4.4 pEq-kg—*-h~* from bile to blood, which
would be negligible relative to the net acidic equivalent
flux of the whole animal during starvation (36).

The water reabsorption of the gallbladder in vivo in
the present study was 4.5-6.0 pul-cm~2-h~1, which is
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IN VIVO TRANSPORT BY THE GALLBLADDER OF RAINBOW TROUT

approximately half of the values reported by Hirano
and Bern (16) and Diamond (10) for isolated gallblad-
ders of a number of teleost fish species under symmetri-
cal saline/saline conditions in vitro. The osmolality of
the rainbow trout gallbladder bile is similar but slightly
higher than the corresponding plasma osmolality (a
difference of 7-10 mOsm). If assumed that the intersti-
tial fluid and plasma osmolalities are similar, it thus
appears that water is transported against an osmotic
gradient. Water transport against an osmotic gradient
was also observed by Diamond (10) in isolated gallblad-
ders of teleost fish. Diamond tested the effect of osmolal-
ity difference on the water transport rate and found
water transport against an osmotic gradient of up to 30
mOsm. At an osmotic difference of 10 mOsm as in the
rainbow trout in vivo, Diamond (10) found water trans-
port rates of 7-8 pl-cm~=2-h~1, in close agreement with
the in vivo water transport rates determined in this
study.

Perspectives

The present investigation suggests that the currently
accepted model for ion transport by the gallbladder
may not apply to in vivo conditions. Further studies on
the ion-transport properties of the gallbladder epithe-
lium are needed to verify our proposed model. These
studies would have to employ isolated gallbladder
epithelia but should now include the potential role of
bile acids and other gallbladder bile components in
modulating transepithelial net ion fluxes and TEP. The
influence of temperature and bile acid concentration on
hepatic bile flow in lower vertebrates remains unclear.
Studies employing intravenous infusion of bile acids
combined with continuous hepatic bile collection at
different temperatures are needed to evaluate the
presence of a bile acid-dependent bile flow and tempera-
ture-dependent bile flow in lower vertebrates.
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