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Effects of Ion Substitution on Bile Acid-dependent
and -independent Bile Formation by Rat Liver

REBECCAW. VAN DYKE, JEFFERY E. STEPHENS, and BRUCEF. SCHARSCHMIDT,
Department of Medicine and The Liver Center, University of California
School of Medicine, San Francisco, California 94143

A B S T R A C T To characterize the transport mecha-
nisms responsible for formation of canalicular bile, we
have examined the effects of ion substitution on bile
acid-dependent and bile acid-independent bile for-
mation by the isolated perfused rat liver. Complete
replacement of perfusate sodium with choline and lith-
ium abolished taurocholate-induced choleresis and re-
duced biliary taurocholate output by >70%. Partial
replacement of perfusate sodium (25 of 128 mM) by
choline reduced bile acid-independent bile formation
by 30% and replacement of the remaining sodium (103
mM) by choline reduced bile acid-independent bile
formation by an additional 64%. In contrast, replace-
ment of the remaining sodium (103 mM) by lithium
reduced bile acid-independent bile formation by only
an additional 20%, while complete replacement of so-
dium (128 mM) by lithium reduced bile formation by
only 17%, and lithium replaced sodium as the pre-
dominant biliary cation. Replacement of perfusate
bicarbonate by Tricine, a zwitterionic amino acid
buffer, decreased bile acid-independent bile formation
by >50% and decreased biliary bicarbonate output by

-60%, regardless of the accompanying cation. In sep-
arate experiments, replacement of sodium by lithium
essentially abolished Na,K-ATPase activity measured
either as ouabain-suppressible ATP hydrolysis in rat
liver or kidney homogenates, or as ouabain-suppres-
sible 86Rb uptake by cultured rat hepatocytes.

These studies indicate that bile acid(taurocholate)-
dependent bile formation by rat liver exhibits a specif-
ic requirement for sodium, a finding probably attrib-
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utable to the role(s) of sodium in hepatic sodium-cou-
pled taurocholate uptake and/or in maintenance of
Na,K-ATPase activity. The surprising finding that bile
acid-independent bile formation was substantially un-
altered by complete replacement of sodium with the
permeant cation lithium does not appear to be ex-
plained by Na,K-ATPase-mediated lithium transport.
Although alternative interpretations exist, this obser-
vation is consistent with the hypothesis that much of
basal bile acid-independent bile formation is attrib-
utable to an ion pump other than Na,K-ATPase, which
directly or indirectly mediates bicarbonate transport.

INTRODUCTION

Canalicular bile formation is an energy requiring pro-
cess thought to result from active solute transport fol-
lowed by osmotic water flow. Na,K-ATPase, one of the
best characterized cellular ion pumps, is located in
liver on the sinusoidal and lateral plasma membrane
(1, 2), a position analogous to its location in most other
epithelia. Secondary active transport processes ener-
gized by the transmembrane electrochemical sodium
gradient attributable to Na,K-ATPase are currently
believed to play a major role in absorption or secretion
by a variety of epithelial tissues (3). Although Na,K-
ATPase is also postulated to be important in bile for-
mation (4-6), the precise role of this enzyme in bile
acid-dependent (BADF)l and bile acid-independent
(BAIF) bile formation remains poorly understood.

Recent studies on whole liver (7, 8), isolated hepa-
tocytes (9, 10), and cultured hepatocytes (11-13) in-
dicate that conjugated bile acids are concentratively
transported into hepatocytes via a sodium-dependent,
ouabain-suppressible mechanism, presumably pow-
ered by the transmembrane electrochemical sodium

1 Abbreviations used in this paper: BADF, bile acid-de-
pendent bile formation; BAIF, bile acid-independent bile
formation; B/P ratios, bile-to-plasma ratios.
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gradient established by Na,K-ATPase. Therefore, it is
likely that sodium and Na,K-ATPase are essential for
bile acid-dependent bile formation.

Sodium transport and Na,K-ATPase also have gen-
erally been assumed to play a central role in bile acid-
independent bile formation (4-6). Circumstantial ev-
idence in support of this hypothesis includes the ob-
servations that (a) output of sodium, which accounts
for a greater proportion of bile osmolality than any
other solute (14, 15), is linearly related to BAIF (16),
(b) BAIF and hepatic Na,K-ATPase activity change in
parallel following administration of certain agents (17-
23), and (c) inhibitors of Na,K-ATPase diminish bile
flow (24, 25). However, several studies have failed to
demonstrate a consistent relationship between BAIF
and Na,K-ATPase activity after treatment with drugs
and hormones (26, 27), and some authors have re-
ported an increase in BAIF following administration
of Na,K-ATPase inhibitors (28, 29). Therefore, the role
of Na,K-ATPase-mediated ion transport in BAIF re-
mains controversial. Indeed, the identity of those sol-
utes other than bile acids that are actively transported
into bile is currently unknown. Sodium-coupled trans-
port of chloride has been proposed as a major mech-
anism for BAIF; however, studies in our laboratory
have provided no evidence in support of this hypoth-
esis (30). Hardison and Wood (31) recently reported
evidence of a role for bicarbonate transport in BAIF,
although the mechanism involved and its relationship
to Na,K-ATPase are unknown. To better characterize
the transport processes responsible for canalicular bile

formation and to assess the role of Na,K-ATPase, we
have examined the effects of ion substitution on BADF
and BAIF by the isolated perfused rat liver.

METHODS

Chemicals and radioisotopes. Ouabain, taurocholate,
lithium chloride, choline chloride, choline bicarbonate, and
Tricine (N-tris [hydroxymethyl]methylglycine) were ob-
tained from Sigma Chemical Co., St. Louis, MO. 86RbCl,
['4C]sucrose, [3H]PEG-900, and [3H]taurocholate were ob-
tained from New England Nuclear, Boston, MA. Fluosol-43
was obtained from Alpha Therapeutics Corp. (Los Angeles,
CA). Lithium bicarbonate was prepared by bubbling CO2
through lithium hydroxide until the pH fell below 8.0. Bi-
carbonate concentration was confirmed using a Natelson
microgasometer.

Analytical techniques. Sodium, potassium, and lithium
were measured by flame photometry and chloride by elec-
trometric titration. Bicarbonate was measured as total CO2
using a Natelson microgasometer. Perfusate arterial and ve-
nous oxygen partial pressures were measured on a Corning
blood gas analyzer (Corning Medical, Medfield, MA). Oxy-
gen consumption was calculated from the arterial-venous
Po2 difference, perfusate flow rate, liver weight, and the
oxygen carrying capacity of the fluorocarbon emulsion used
(as determined by the manufacturer). Protein concentration
was measured by the method of Lowry et al. (32). Bile
acid concentrations in bile before taurocholate infusion
were measured by the 3a-hydroxysteroid dehydrogenase
assay (33).

Lactate dehydrogenase (LDH) activity in cultured he-
patocytes was measured as previously described (11). Na,K-
ATPase and Mg-ATPase activities of rat liver and kidney
homogenates [prepared as previously described (34) with a
Sorvall Omnimixer, Sorvall Biomedical Div., DuPont Co.,
Newtown, CT] were measured by continuously recording
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FIGURE 1 Protocol for studying the effect of ion substitution on BAIF by the isolated perfused
rat liver. All livers were perfused for a total of 3 h. During the first 90 min, perfusion was
conducted in a recirculating mode using a 20% (vol/vol) fluorocarbon emulsion-containing
perfusate with a balanced electrolyte composition (initial perfusate). Base-line output was re-
corded during the final 30 min of this period (period A). At 90 min, the liver was flushed free
of the control perfusate using an oxygenated, nonrecirculating wash solution, with or without
fluorocarbon. From 92 to 180 min the liver was again perfused with a fluorocarbon emulsion-
containing perfusate (experimental perfusate) in a recirculating mode. Bile flow during the
final 30 min of this second period (period B) was compared with that in observation period A.
The solute composition of the perfusates for the various studies are given in Tables I, II, and
IV. The wash solution always contained the same solute concentrations as the experimental
perfusate. The wash solution and experimental perfusate were identical to the initial perfusate
for control livers and differed for experimental livers. Liver weight was measured at the end
of the 3-h perfusion.
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TABLE I
Effect of Sodium Elimination on BADFby the Isolated

Perfused Rat Liver'

Sodium
chloride Lithium chloride

perfusion I perfusion§

Base linell
Bile flow, ,ul/min/g 0.55±0.14 0.38±0.06
Bile acid output, nmol/min/g 0.67±0.21 1.49±1.13

Infusion 11
Infusion rate, nmol/min/g 18.3±2.1 18.0±1.7
Perfusate concentration, ,uM 27±30 35±31
Increase in bile flow, /ll/min/g 0.21±0.18 0.01±0.08°°
Bile acid output, nmol/min/g 22±12 5±41 t

Infusion 2T
Infusion rate, nmol/min/g 63±17 63±12
Perfusate concentration, jAM 52±43 167±102
Increase in bile flow, gl/min/g 0.38±0.16 0.01±0.075§
Bile acid output, nmol/min/g 60±10 14±15§

Infusion 31
Infusion rate, nmol/min/g 199±172 193±152
Perfusate concentration, ,uM 278±391 981+1,015
Increase in bile flow, ul/min/g 0.31±0.22 -0.14±0.085§
Bile acid output, nmol/min/g 72±21 8±3§§

All data is given as mean±SD of three perfusions normalized for
liver weight.
t Perfusate contained 103 mMNaCl/25 mMcholine bicarbonate/
2.28 mMK2SO4/2.5 mMCaCl2/2.12 mMMgSO4/10 mMglucose/
20% fluorocarbon emulsion.
§ Perfusate contained 103 mMLiCl/25 mMcholine bicarbonate/
2.28 mMK2SO4/2.5 mMCaCl2/2.12 mMMgSO4/10 mMglucose/
20% fluorocarbon emulsion.
11 Base-line bile flow and bile acid output were measured during
the last 30 min of the initial 90 min perfusion before taurocholate
infusion.
¶ The data shown are for the last 20 min of each 30 min taurocholate
infusion.

P < 0.05 compared with sodium perfused livers.
I P < 0.01 compared with sodium perfused livers.
§. P < 0.001 compared with sodium perfused livers.

spectrophotometry (35) using Tris-ATP and K+-phospho-
enolpyruvate instead of the respective sodium salts. NaN3
was omitted from the assay buffer. Na,K-ATPase-mediated
ATP hydrolysis was taken to be the difference between total
ATP hydrolysis and ATP hydrolysis observed in the presence
of 1 mMouabain, which has been shown to completely sup-
press rat liver plasma membrane Na,K-ATPase activity (36).
In some assays, sodium chloride in the assay buffer (present
at a concentration of 120 mM) was completely replaced by
lithium chloride or choline chloride.

Radioactivity was measured by liquid scintillation count-
ing in Aquasol (New England Nuclear) using external or
internal standardization for quench correction.

Isolated perfused rat liver studies. The surgical tech-
nique and operation and design of the perfused rat liver

apparatus used in these studies have been described in detail
(37, 38). Briefly, nonfasting male Sprague-Dawley rats (180-
220 g) fed standard lab chow (Purina rodent chow, Ralston
Purina Co., St. Louis, MO) were anesthetized with ether and
prepared for perfusion by cannulation of the common bile
duct, portal vein, and intrathoracic portion of the inferior
vena cava. Immediately after cannulation of the portal vein,
in situ perfusion was begun with Krebs-Henseleit solution
(39), warmed to 37°C and bubbled with 95% 02/5% CO2.
The liver was then excised and transferred to a thermostat-
ically controlled cabinet maintained at 37°C. Perfusate
(Tables I, II, and IV) was circulated by means of a peristaltic
pump (LKB Multiperpex 2115, Bromma, Sweden) and
passed in sequence through a membrane oxygenator (40)
consisting of 4.6 m of Silastic tubing (i.d. 0.147 cm, o.d.
0.196 cm, Dow Corning Corp., Midland, MI) coiled in an
oxygenated glass jar, a temperature-sensitive probe, a stain-
less steel filter screen (Millipore Corp., Bedford, MA), a flow-
through pH electrode (Markson Science Inc., Del Mar, CA),
a bubble trap/pressure gauge, and finally the liver via the
portal vein cannula. A constant perfusion rate of 25 ml/min
was maintained in all studies and net portal perfusion pres-
sure (measured as the difference between pressure during
liver perfusion and pressure in the absence of a liver) ranged
from 3 to 4 cm H20. The membrane oxygenator was gassed
with 95% 02/5% CO2 (when perfusate contained bicarbon-
ate) or 100% 02 (when Tricine replaced bicarbonate). pH
was monitored throughout perfusions and maintained be-
tween 7.35 and 7.45 by slight changes in pCO2 or addition
of small amounts of bicarbonate or hydroxide as necessary.
Bile was collected in pretared 1.5-ml polypropylene con-
tainers (Bio-Rad Laboratories, Richmond, CA), and mea-
sured gravimetrically assuming a density of 1 g/ml.

This system using perfusates containing 20% (vol/vol)
fluorocarbon emulsion (Fluosol-43) as an oxygen carrier, has
been extensively validated (37, 38). Viability of the perfused
liver after 3 h of perfusion has been demonstrated by normal
appearance on electron microscopy, stable perfusate lactate
dehydrogenase and transaminase activity, and normal he-
patic oxygen consumption. For the purpose of these studies,
it was further demonstrated that hepatic oxygen consump-
tion averaged 2.76±0.22 umol/g liver per min at 1 h and
was essentially unchanged (2.54±0.20 ,mol/g liver per min)
at 3 h in control perfusions (41).

In studies designed to assess the effects of sodium elimi-
nation on BADF, livers were perfused for 3 h in a recircu-
lating mode using sodium chloride- or lithium chloride-con-
taining fluorocarbon perfusates (Table I) with 25 mMcholine
bicarbonate as buffer. After a 90-min equilibratLon period,
360 nmol of taurocholate dissolved in sodium chloride or
lithium chloride was added to the perfusate as a bolus to
achieve an immediate perfusate concentration of -7 ,uM.
This was immediately followed by a series of three graded
30-min infusions of taurocholate (18, 63, and 196 nmol/min
per g liver). All taurocholate solutions contained trace
amounts of [3H]taurocholate of known specific activity. Per-
fusate and bile samples for scintillation counting were taken
immediately following initiation of the taurocholate infusion
and every 10 min thereafter for determination of perfusate
and bile taurocholate concentration and biliary taurocholate
output. The increment in bile flow over base line during the
last 20 min of each infusion period was compared between
sodium chloride- and lithium chloride-perfused livers.

The effects of sodium or bicarbonate replacement on BAIF
by the perfused rat liver were examined using the protocol
shown in Fig. 1. Perfusate composition for each experiment
is given in Tables II and IV. In selected studies, 1-2 uCi of
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TABLE II
Electrolyte Composition of Perfusate and Bile in Sodium Substitution Studies

Period A

Number Sodium Perfusate (mM)'
of substitution

perfusions protocol Na+ Chol+ Li+ K+ Ca+' Mg+' CI- HCOs SO4-2 P04-3 Glucose

8 Control 128 0 0 4.6 2.5 2.12 108 25 4.4 0 10
(5.6)11 (1.0)11

4 Partial 128 0 0 5.6 2.5 2.12 108 25 4.4 1.0 10
choline

4 Complete 103 25 0 4.6 2.5 2.12 108 25 4.4 0 10
choline (5.6) (1.0)

9 Lithium 103 25 0 4.6 2.5 2.12 108 25 4.4 0 10
+ choline (5.6) (1.0)

6 Complete 128 0 0 5.6 2.5 2.12 112.6 25 2.12 1.0 10
lithium

Perfusate electrolyte composition at the beginning of periods A and B is expressed as millimoles/liter total perfusate volume (20% of
perfusate volume consisted of fluorocarbon emulsion).

Data presented as mean ± SD.
§ Concentrations of K+, Ca+2, Mg+2, Cl-, HC03-, S04-2, P04-3 and glucose were identical to those in period A.

Figure in parentheses indicate that 1 mMKH2PO4was added to the perfusate for some livers. Results did not differ for these livers
compared to those perfused without KH2PO4.
¶ P < 0.05 compared to control livers.
° P < 0.001 compared to control livers.

['4C]sucrose and [3H]PEG-900 were added to the perfusate
and radioactivity in bile and perfusate was measured at 15-
min intervals throughout the entire perfusion allowing cal-
culation of bile/perfusate ratios (B/P). Bile secretory pres-
sure was measured in certain studies at the end of the 3-h
perfusion by elevating the bile duct cannula above the liver
hilum to the point where bile stopped flowing. As a replace-
ment for bicarbonate we chose to use Tricine, a zwitterionic

amino acid buffer (42) that has been used successfully in
mammalian cell culture systems (43, 44) and in the isolated
perfused rat liver (31).

Cultured hepatocyte studies. Transport studies in cul-
tured hepatocytes were performed as described (11). Briefly,
rat hepatocytes were prepared by collagenase perfusion and
plated on collagen-coated plastic cover slips (0.6-0.8 mgcell
protein/cover slip) (45, 46). All experiments were performed

TABLE III
Effect of Sodium Substitution on BAIF by the Isolated Perfused Rat Liver*

Number of Sodium substitution Liver weight/ Period A Period B Bile flow in
perfusions protocol body weight Bile flow Bile flow period B/A X 100

% pg/min/g ;d/min/g %

8 Controll 3.9±0.5 0.674±0.200 0.677±0.203§ 101±12
4 Partial cholinel 3.8±0.3 0.916±0.057 0.638±0.07611 70±5¶
4 Complete cholinet 4.2±0.2 0.489±0.074 0.171±0.085tt 36±22¶
9 Lithium + cholinet 4.5±0.5 0.486±0.083 0.387±0.070tt 80±12¶
6 Complete lithiumt 3.9±0.5 0.937±0.222 0.771±0.208§ 83±18°

* All data is presented as mean±SD and is normalized to liver weight.
I See Table II for perfusate composition.
§ Not significant compared with bile flow in period A by paired t test.

P < 0.02 compared with bile flow in period A by paired t test.
I P < 0.005 compared with control livers.

P < 0.05 compared with control livers.
I P < 0.002 compared with bile flow in period A by paired t test.

508 R. W. Van Dyke, J. E. Stephens, and B. F. Scharschmidt



TABLE II (Continued)

Period B

Bile (mM)I Perfusate (mM)-§ Bile (mM)t

Na+ Li+ K+ Cl1 Na+ Chol+ Li+ Na+ Li+ K+ CI-

153±19 - 9.2±2.2 111±26 128 0 0 154±16 9.9±5.0 110±9

159±9 - 9.1±0.3 96±6 103 25 0 132±9T - 11.4±0.9 110±8

134±12 - 12.2±1.1¶ 106±6 0 128 0 4.0±3.4° 12.3±0.4 -

132±9 - 11±0.7T 106±10 0 25 103 2.6±0.8°° 107±23°° 14.7±1.611 94±15¶

158±26 - 6.9±1.6 105±20 0 0 128 0.5±1.3°° 141±7°° 14.9±1.8¶ 103±8

44-50 h after plating and viability was tested by trypan blue
exclusion and release of lactate dehydrogenase into the in-
cubation medium. Transport experiments were initiated by
preincubating the cells in 26 X 33-mm wells (Flow Labo-
ratories, Inc., Rockville, MD) containing a balanced electro-
lyte solution (130 mMNaCl/3.4 mMKCI/0.8 mMMgSO4/
1.2 mMCaSO4/0.8 mMK2HPO4/10 mMHepes/5 mM
NaHCO3/5 mMglucose, adjusted to pH 7.4 with 1 MNaOH)
or a sodium-free solution in which sodium chloride had been
replaced with lithium chloride and sodium bicarbonate with
choline bicarbonate (pH adjusted with 1 MLiOH). Ouabain
(5 mM) was added to sodium-containing medium for some
incubations. After a 1-h preincubation, cover slips were
transferred to wells containing 3 ml of medium identical to
that used in the preincubation step except that 1-2 jCi of
86Rb, a potassium analog, had been added. At time points
ranging from 1 min to 30 min, uptake was stopped and
extracellular isotope removed by dipping the cover slips for
30 s in each of eight beakers containing 25 ml of ice-cold
incubation medium without isotope. Previous studies have
demonstrated that this wash procedure removes extracellular
isotope while causing minimal loss of intracellular isotope
(11). The cells were then scraped from the cover slip and
radioactivity and protein were quantitated. Cellular uptake
was calculated as nanomoles Rb per milligram cell protein,
assuming that potassium in the incubation medium was
equivalent to rubidium. Na,K-ATPase-dependent 86Rb up-
take was taken to be the difference between 86Rb uptake by
cultured hepatocytes in the presence and absence of 5 mM
ouabain.

Calculations and statistics. In ion substitution studies in
the perfused liver, bile flow in observation period B (B) was
expressed as a percentage of bile flow in observation pe'riod

A (A), i.e., B/A X 100, and this percentage was compared
between control and experimental livers using Student's t
test. In addition, paired t tests were used to calculate the
significance of differences between bile flow in period A and
period B for each group of livers. 86Rb uptake rates in cul-
tured hepatocytes were taken to be the slope of the linear
portion of the uptake curve calculated by linear regression
analysis. Na,K-ATPase-mediated 86Rb uptake was the dif-
ference between slopes in the absence and presence of 5 mM
ouabain. Student's t test was used to calculate the signifi-
cance of differences between control and experimental
studies.

RESULTS

General observations. Bile formation by control
livers not receiving a taurocholate infusion fell from
an initial value of 1.21±0.33 ,ul/min per g to 0.80±0.22
Ail/min per g at 1 h, concomitant with a decrease in
biliary bile acid concentration to 1.9±1.2 mM. Because
considerable variation was observed in basal bile for-
mation by different livers (Table III), the effect of ion
substitution on BAIF was studied using a protocol (Fig.
1) that permitted each liver to serve as its own control.
In selected studies, the perfusion technique was mod-
ified by addition of 1 mMKH2PO4 to the perfusate
(Table II) and by cannulation of the bile duct with
PE-50 instead of PE-10 tubing. Bile flow tended to be
increased by these modifications (0.92±0.26 Al/min
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TABLE IV
Perfusate and Bile Composition in Bicarbonate Substitution Studies

Period B

Period A Tricine Sodium Lithium Choline
Control control experimental experimental experimental

All livers livers livers livers livers livers

(4)' (4) (4) (4) (3)
Perfusate composition (mM)t

Sodium 128 128 115 118 0 0
Lithium 0 0 0 0 118 0
Choline 0 0 0 0 0 118
Potassium 4.6 4.6 4.6 4.6 4.6 4.6
Calcium 2.5 2.5 2.5 2.5 2.5 2.5
Magnesium 2.12 2.12 2.12 2.12 2.12 2.12
Chloride 108 108 95 123 123 123
Bicarbonate 25 25 25 0§ 0 0
Tricine 0 0 10 10 10 10
Sulfate 4.4 4.4 4.4 4.4 4.4 4.4
Glucose 10 10 10 10 10 10

Bile composition (mM)1
Bicarbonate 20.6±4.5 18.4±2.8 12.2±2.81 11.9±1.911

o Number of livers.
Electrolyte concentration at initiation of perfusion is given as millimoles/liter of total perfusate (20% of perfusate volume consisted

of fluorocarbon emulsion).
§ Bicarbonate concentration when perfusate was made up. Actual perfusate concentration at 3 h was 11 mM, a finding probably
attributable to hepatic CO2 production.
1I Data given as mean±SD.
¶ P < 0.01 compared with control livers.
° Quantity of bile too small to allow measurement.

per g vs. 0.69±0.12 pl/min per g at 1 h); however, the
effect of ion substitution on BAIF was unaltered and
the results from all perfusions have therefore been
combined (Table III).

Sucrose bile/plasma (B/P) ratios in control livers
averaged 0.21±0.07 at 1 h and gradually rose with

time to average 0.25±0.13 at 2 h and 0.49±0.19 at the
end of 3 h. PEG-900 B/P ratios in control livers av-
eraged 5.68±1.59 at 1 h and 5.94± 1.86 at 3 h. Bile
secretory pressure at the end of 3 h of perfusion av-
eraged 11.5±0.9 cm and was 7.4±1.6 cm above per-
fusion pressure in control livers.

TABLE V
Effect of Bicarbonate Substitution on BAIF by the Isolated Perfused Rat Liver"

Period B
Period A

No. of Liver weight/ Bile flow in

perfusions body weight Bile flow Cation Buffer Bile flow period B/A X 100

g p./mfn/g #d/min/g %

4 3.9±0.5 0.574±0.116 Sodium Bicarbonate 0.576±0.069 102±11
4 3.6±0.2 0.684±0.175 Sodium Bicarbonate and tricine 0.708±0.144 105±10
4 4.4±0.3 0.799±0.196 Sodium Tricine 0.402±0.048 52±124
4 5.3±1.2§ 0.568±0.179 Lithium Tricine 0.245±0.237 38±124
3 4.6±0.2§ 0.652±0.063 Choline Tricine 0.071±0.060 11±10t

All data is given as mean±SD and is normalized for liver weight. See Table IV for perfusate composition.
P < 0.002 compared with control (sodium chloride/sodium bicarbonate) perfused livers.

§ P < 0.02 compared with control (sodium chloride/sodium bicarbonate) perfused livers.
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TABLE VI
Effect of Sodium Elimination on ATPase Activity in Rat Liver

and Kidney Homogenates°

Liver Kidney

Na,K-ATPase Mg-ATPase Na,K-ATPase Mg-ATPase

,.mol P,/mg/h mdol P,/mg/h pmol P,/mg/h pmol P,/mg/h

Sodium 1.9±1.3 8.4±1.0 6.8±3.2 19.9±1.5
Lithiumt 0.14±0.12§ °° 8.4±1.6 0.29±0.2411.0° 18.3±1.7
Cholinet 0.29±0.261¶ - 8.7±1.5 0.77±0.641l-. 18.6±1.3

o Data given as mean±SD of six homogenates.
Lithium and choline reaction mixtures were sodium free and contained 120 mMLiCl

or 120 mMcholine chloride, respectively, in place of NaCI.
§ P < 0.01 compared to assay with sodium.
11 P < 0.001 compared to assay with sodium.
¶ P < 0.02 compared to assay with sodium.
e Not significantly different from zero.

Transient increases in perfusion pressure were noted
after switching from control perfusate to sodium-free
perfusate containing choline and/or lithium, presum-
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ably related to changes in hepatic vascular resistance
due to inhibition of Na,K-ATPase (47). Perfusion pres-
sure subsequently returned toward base line despite

15
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FIGURE 2 86Rb uptake by cultured rat hepatocytes. Uptake of 86Rb (considered equivalent to
uptake of potassium) was measured by incubating hepatocytes in a balanced electrolyte solution
containing 5 mMK and tracer doses of 86Rb after a 1-h preincubation in identical media
without radioactive Rb. 5 mMouabain was added to some solutions. Sodium chloride solutions
contained 130 mMNaCl and 5 mMNaHCO3. Lithium chloride solutions contained 130 mM
LiCI and 5 mMcholine bicarbonate. After incubation periods of 1-30 min, cells were removed
from the radioactive medium, washed in ice-cold medium, and radioactivity was counted.
Uptake is given as mean ±SE. Sodium chloride medium, (0); sodium chloride plus 5 mM
ouabain, (-); lithium chloride medium (0); lithium chloride plus 5 mMouabain (A).
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continued sodium-free perfusion. A transient chole-
resis was observed in both control and experimental
livers beginning with the wash-out procedure at 90
min and lasting 30-45 min and was most marked in
the control livers. This choleresis was observed in per-
fusions using both fluorocarbon-containing and fluo-
rocarbon-free wash solution (Fig. 1, legend), and thus
was not attributable to transient hypoxia or changes
in perfusate osmolality. However, perfusate bicarbon-
ate concentrations fell up to 20% during the first 90
min of perfusion and were restored to base line by the
perfusate change at 90 min. Since bile flow is sensitive
to changes in perfusate bicarbonate (see below), this
may have accounted for at least a portion of the cho-
leresis observed in these studies. Bile flow and B/P
ratios of sucrose and PEG-900 did not differ between
studies using fluorocarbon-containing and fluorocar-
bon-free wash solutions, and thus all data has been
combined for presentation.

Liver weight expressed as a percentage of body
weight tended to be greater following a 3-h perfusion
with choline and/or lithium-containing perfusate than
with control perfusate (Table III). This increase
achieved statistical significance only for perfusate in
which sodium (128 mM) was replaced by choline (25
mM) plus lithium (103 mM) or in which both sodium
and bicarbonate were replaced by choline or lithium
and Tricine, respectively.

Effects of sodium elimination on BADF. As shown
in Table I, the choleretic response to infused tauro-
cholate during sodium chloride perfusion was virtually
abolished during lithium chloride perfusion. Biliary
bile acid output was reduced by 77-89% during lith-
ium chloride perfusion despite higher resultant tau-
rocholate concentrations in the perfusate. During the
third infusion period in which taurocholate was in-
fused at rates equaling or exceeding Tm, toxicity was
observed in all livers as indicated by falling bile flow
and biliary taurocholate output.

Effects of sodium substitution on BAIF. Partial
replacement (25 of 128 mM) of perfusate sodium by
choline reduced bile flow compared with base line (B/
A) by 30% (Table III). Replacement of the remaining
103 mMof sodium by choline further reduced bile
flow by an additional 64% (Table III) and sodium es-
sentially disappeared from bile (Table II). Thus, bile
flow in period B in the presence of 128 mMcholine
was -25% of that in the presence of 128 mMsodium.
In contrast, replacement of the remaining 103 mMof
perfusate sodium by lithium further reduced bile flow
by only an additional 20% (Table III) and lithium re-
placed sodium as the predominant biliary cation (Ta-
ble II). Total replacement of 128 mMsodium by 128
mMlithium reduced bile flow by only 17% (Table III).
Bile flow in period B in the presence of 103 mMlithium

and 25 mMcholine was therefore -65% of that in the
presence of 128 mMsodium, while bile flow in the
presence of 128 mMlithium was -83% of that in the
presence of 128 mMsodium.

Sodium largely disappeared from bile during so-
dium-free perfusion and was replaced by lithium dur-
ing lithium perfusion (Table II). Biliary electrolyte
composition was otherwise unaltered with the excep-
tion of the potassium concentration, which rose during
perfusion with lithium- or choline-containing media
to -16±5 mM(Table II), concomitant with a rise in
the perfusate potassium concentration to 17.5±5.7
mM, observations consistent with the known effects of
Na,K-ATPase inhibition on extracellular potassium
concentrations.

Sucrose and PEG-900 B/P ratios were unaltered by
choline or lithium perfusion. Neither partial nor com-
plete choline perfusion altered sucrose or PEG-900 B/
P ratios (data not shown). In livers perfused with 103
mMlithium and 25 mMcholine, sucrose B/P ratios
averaged 0.23±0.05 at 1 h, 0.26±0.06 at 2 h, and
0.43±0.07 at 3 h, while PEG-900 B/P ratios averaged
5.56±0.92 at 1 h and 5.17±2.30 at 3 h. In livers per-
fused with 128 mMlithium, sucrose B/P ratios aver-
aged 0.14±0.05 at 1 h, 0.21±0.07 at 2 h, and 0.29±0.06
at 3 h, while PEG-900 B/P ratios averaged 4.64±1.27
at 1 h and 4.00±1.10 at 3 h. None of these values dif-
fered significantly from control values except for the
sucrose B/P ratios during the last 45 min of perfusion
with 128 mM lithium which were lower (P
<0.05) than control values. Bile secretory pressure
exceeded net portal perfusion pressure by 4 cm or
more in most studies, averaging 5.9±3.2 cm above
perfusion pressure in all studies.

Effects of bicarbonate elimination on BAIF. As
shown in Tables IV and V, replacement of perfusate
bicarbonate with Tricine reduced bile flow signifi-
cantly, regardless of the accompanying cation. In so-
dium-perfused livers, bile flow fell 49%, biliary bicar-
bonate concentration fell 41%, and bicarbonate output
fell 63%. These changes were not attributable to Tri-
cine toxicity, as the addition of 10 mMTricine to bi-
carbonate-containing perfusates did not reduce bile
flow. In contrast, in preliminary studies addition of 25
mMTricine to bicarbonate-containing perfusates did
reduce bile flow by a mean of 31 % (data not shown)
suggesting that higher concentrations of Tricine can
exert a modest cholestatic effect. Sucrose B/P ratios
did not differ between control and bicarbonate-sub-
stituted livers.

Effects of sodium elimination on ATP hydrolysis.
Na,K-ATPase-mediated ATP hydrolysis in rat liver
and kidney homogenates was reduced 92 and 94% by
substitution of lithium for sodium and 85 and 89% by
substitution of choline for sodium (Table VI). Because
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of the inherent imprecision in measuring Na,K-ATPase,
particularly when it constitutes a small fraction of total
ATPase activity (35), there is considerable uncertainty
associated with measurement of Na,K-ATPase activity
in the absence of sodium. In fact, Na,K-ATPase activ-
ity in the presence of lithium did not differ signifi-
cantly from zero. In contrast, Mg-ATPase-mediated
ATP hydrolysis was unaffected by sodium elimination.

Effects of sodium elimination on 86Rb uptake by
cultured hepatocytes. Weused ouabain-suppressible
86Rb uptake as a measure of Na,K-ATPase activity in
these studies as rubidium has been shown to substitute
effectively for potassium (48) and has been used suc-
cessfully to measure Na,K-ATPase-mediated potas-
sium influx in diverse tissues such as cardiac muscle
(49), lymphocytes (50), fibroblasts (51), liver slices (52),
and cultured hepatocytes (53, 54). Na,K-ATPase-me-
diated uptake of 86Rb was taken to be the ouabain-
suppressible fraction of total uptake. Ouabain was used
in a concentration of 5 mMas preliminary studies in-
dicated that 1 mMouabain did not produce maximal
suppression. LDH release by the cultured cells aver-
aged 4.5±1.8%/h and was not altered by addition of
ouabain or replacement of sodium.

As illustrated in Fig. 2, 86Rb uptake was linear to
30 min. 'Rb uptake averaged 2.78±0.17 nmol/min
per mg cell protein in control medium and 0.45±0.04
nmol/min per mg in the presence of 5 mMouabain.
When sodium was replaced by lithium, 86Rb uptake
in the absence (0.314±0.042 nmol/min per mg) and
presence (0.299±0.048 nmol/min per mg) of 5 mM
ouabain did not differ significantly. Ouabain-suppres-
sible 86Rb uptake in lithium-containing medium
(0.015±0.064 nmol/min per mg) did not differ from
zero and was <0.7% of ouabain-suppressible 86Rb up-
take in sodium-containing medium (2.33±0.18 nmol/
min per mg).

DISCUSSION
These experiments were designed to characterize the
transport mechanisms responsible for formation of
canalicular bile by the isolated perfused rat liver. The
roles of sodium and Na,K-ATPase were assessed by
replacement of perfusate sodium with choline, a large
and relatively impermeant monovalent organic cation,
or lithium, a relatively permeant monovalent inor-
ganic cation that resembles sodium in both hydrated
ionic radius and chemical properties. We found that
substitution of lithium or choline for sodium essentially
abolished Na,K-ATPase activity measured either as
ouabain-suppressible ATP hydrolysis in liver homog-
enate or as 86Rb transport by cultured hepatocytes, and
also effectively eliminated taurocholate-induced cho-
leresis by the perfused rat liver. In contrast, lithium
perfusion only modestly reduced BAIF, suggesting

that basal BAIF exhibits no specific requirement for
sodium or Na,K-ATPase. We also confirmed the ob-
servation of Hardison and Wood (31) that replacement
of perfusate bicarbonate by Tricine substantially re-
duces BAIF. Before attempting interpretation of these
observations, it is appropriate to comment upon the
experimental design and assumptions involved in these
experiments.

The isolated perfused rat liver has been used exten-
sively to study hepatic metabolism and transport. Fluo-
rocarbon was used as an oxygen carrier in these studies
because it permits ion substitution experiments that
would be difficult or impossible with erythrocyte-con-
taining perfusate. Comparative studies have indicated
that bile flow2 (55), oxygen consumption, gluconeo-
genesis, lactate and ketone body production, and ATP
concentration (56) are similar for livers perfused with
erythrocytes or fluorocarbon. Moreover, bile flow in
these studies (1.21±0.33 ,ul/min per g at 30 min,
0.80±0.22 ,l/min per g at 60 min in control livers)
falls within the reported range [0.39-1.5 ,ul/min per
g at 20-30 min (55, 57-61) and 0.31-1.4 pl/min per
g at 60-120 min (58-61)] for isolated rat livers perfused
without bile acid infusions. Bile secretory pressure ex-
ceeded perfusion pressure in these studies by 7.4±1.6
cm of water, a figure also within the range (4-9 cm
of water) reported by previous investigators for eryth-
rocyte-perfused livers (62, 63). The absolute magni-
tude of the bile secretory pressure (11.5±0.9 cm), how-
ever, was less than has been observed by others (16-
20 cm) (62, 63). Livers perfused concurrently2 with
erythrocyte-containing perfusate exhibited bile secre-
tory pressures (10.5 cm) similar to those observed in
fluorocarbon-perfused livers. Thus, the lower bile se-
cretory pressures observed in these studies are prob-
ably attributable to methodologic differences (e.g.,
time of measurement, perfusion pressure, lack of bile
acid administration) rather than the use of fluorocar-
bon per se.

The B/P ratio of radiolabeled sucrose was measured
in these studies to monitor possible changes in tight
junction permeability. The ratios observed in control
livers (0.21±0.07 at 1 h, 0.49±0.19 at 3 h) were higher
than those reported for the intact rat [0.106-0.21 (64-
67)], in which total bile flow is higher, but were within
the reported range for the isolated rat liver [0.16-0.56
(68)] and did not differ from concurrent experiments
using erythrocyte-containing perfusate.2 The gradual
increase in B/P ratio of sucrose observed during the
3 h perfusion is attributable in part to the expected
increase with decreasing rates of bile formation (64)
and may also reflect a gradual increase in junctional

2 Van Dyke, R. W., and B. F. Scharschmidt. Unpublished
observations.
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permeability of the isolated liver. The important ob-
servation for the interpretation of these experiments
is that sucrose B/P ratios did not differ between control
and experimental livers.

It has been suggested that PEG-900 may represent
a marker of total canalicular secretion, unlike solutes,
such as erythritol, that are postulated to measure only
net (secretion minus absorption) water flow (68, 69).
PEG-900, therefore, was also used in these studies, in
an attempt to assess potential changes in the relative
contribution of secretion and absorption to total bile
flow.

The terms BADF and BAIF as used in the context
of this study also deserve comment. Given a plot of
bile flow (ordinate) vs. bile acid output (abscissa), BAIF
is conventionally defined as the extrapolated "y" in-
tercept and BADFas the product of the slope and bile
acid output. This approach, which in itself may be
subject to error (70), was not applicable to these studies
since taurocholate infusion failed to induce a choleresis
during sodium-free perfusion. BAIF was therefore
taken to be basal bile output after 1 h, by which time
biliary bile acid concentration had fallen to 1.9±1.2
mM. This appears to be a reasonable approach since
bile flow attributable to basal bile acid output esti-
mated from the measured bile flow (0.8 ,tl/min per
g), bile acid concentration (1.9 mM) and the slope of
the line relating bile flow and bile acid output [0.009-
0.017 ,l/nmol (58, 60, 63)] is 0.014-0.026 Ml/min per
g or <5% of total. This calculated percentage may
represent an underestimate when applied to very low
biliary bile acid concentrations (70) where bile acid
osmotic activity and thus BADFmay be increased sev-
eralfold. However, basal bile output (and presumably
that portion of bile flow attributable to basal bile acid
output) was unaffected by ion substitution, and there-
fore the observed changes in bile flow are primarily
attributable to changes in BAIF.

An important assumption underlying the interpre-
tation of these experiments is that substitution of lith-
ium for sodium effectively abolishes Na,K-ATPase-
dependent ion transport in the perfused liver. This
assumption is based on several considerations. We, and
others, have shown that Na,K-ATPase manifests a high
degree of cation selectivity and functions poorly if at
all in the absence of sodium. In this study, Na,K-
ATPase-mediated ATP hydrolysis in liver homoge-
nates (Table VI) and Na,K-ATPase-mediated 86Rb up-
take in cultured hepatocytes (Fig. 2) were reduced to
nearly unmeasurable levels after substitution of lith-
ium for sodium. Although lithium has been shown to
compete for either the potassium (71) or the sodium
(72-74) site on Na,K-ATPase in other tissues, it does
so poorly. In lithium-loaded human erythrocytes,
theKm for lithium is an order of magnitude higher than

for sodium and maximal cation pumping is <25% of
that seen with sodium (72, 73), while ATP hydrolysis
by pig kidney Na,K-ATPase in lithium medium is only
5% of that in sodium medium (74). Nagel (75) has
presented direct evidence that in frog skin lithium
equilibrates passively across the cell membrane. It
therefore appears reasonable to assume that lithium
perfusion effectively eliminates Na,K-ATPase activity
as well as sodium or lithium gradients capable of pow-
ering secondary active transport mechanisms.

In light of these considerations, it is not surprising
that complete substitution of lithium and choline for
perfusate sodium virtually abolished taurocholate-in-
duced choleresis (BADF) and markedly decreased tau-
rocholate transport. Hepatic uptake of taurocholate is
known to be dependent upon both sodium and Na,K-
ATPase (7-13). Residual taurocholate transport ob-
served in the absence of sodium (14.0 nmol/min per
g liver at a perfusate concentration of 167 gM tau-
rocholate) is in rough agreement with that predicted
(3.6 nmol/min per g liver) based on the observed so-
dium-independent uptake of taurocholate in cultured
rat hepatocytes (0.125 nmol/min per mg cell protein
per mMtaurocholate) (11) assuming that 17% of liver
weight is protein (13).

In contrast to the effect of sodium-free perfusion
on taurocholate-induced choleresis and taurocholate
transport, the effect of sodium-free perfusion on BAIF
was quite unexpected. Specifically, substitution of lith-
ium for sodium reduced BAIF by .20% and lithium
replaced sodium as the predominant biliary cation
(Tables II and III). This suggests that much of basal
BAIF in the isolated perfused rat liver exhibits no spe-
cific sodium requirement and can be largely disso-
ciated from Na,K-ATPase activity, or any other ion
pump with a specific sodium requirement. This find-
ing does not indicate that sodium is not important for
BAIF. Indeed, in the intact organism, sodium accounts
for a larger proportion of bile osmolality than any
other solute (14, 15), and replacement of sodium with
choline, a relatively impermeant cation, markedly re-
duced bile flow (Table III). These findings are consis-
tent, however, with the view that much sodium move-
ment associated with BAIF is passive (76). These ob-
servations do not exclude a role for Na,K-ATPase-
mediated sodium transport in BAIF. Indeed, slightly
lower bile flow was consistently noted during lithium
perfusion (Tables I-V). This might reflect either the
elimination of a Na,K-ATPase-dependent solute trans-
port mechanism or, equally as likely, nonspecific ef-
fects of sodium removal and/or lithium replacement.
The data presented here also do not exclude the ad-
ditional possibility of a versatile ion pump other than
Na,K-ATPase that might mediate both sodium and
lithium active transport and thus BAIF. However, we
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are not aware of a precedent for such a pump in other
mammalian systems.

Other explanations for this unexpected finding also
deserve consideration. It is conceivable, for example,
that residual intracellular sodium might support some
Na,K-ATPase activity even during sodium-free per-
fusions. However, bile flow was measured after 1 h of
sodium-free perfusion, at which time sodium concen-
tration in both perfusate (1.3±1.7 mM) and bile
(0.5±1.3 mM) was very low and electrochemical gra-
dients adequate to support ion transport were probably
dissipated. This explanation therefore does not seem
likely. Similarly, the observation that lithium perfusion
did not increase the B/P ratio of radiolabeled sucrose
nor alter bile secretory pressure argues against altered
junctional permeability as an explanation for mainte-
nance of bile flow during lithium perfusion. Finally,
the B/P ratio of PEG-900 was similar to that previously
reported for intact rats and the perfused rat liver (68,
69). Thus, it does not seem likely that lithium perfusion
reduced both secretion and reabsorption so as to leave
net flow unchanged.

If Na,K-ATPase and sodium-dependent transport
mechanisms are not solely responsible for BAIF, what
other transport mechanisms might be important? Har-
dison and Wood (31) observed that bicarbonate and/
or proton transport may participate in BAIF. Similarly,
we found that removal of bicarbonate from perfusate
decreased BAIF by -50% and biliary bicarbonate out-
put by 63% (Table IV). Presumably, the remaining
bicarbonate in bile originated from hepatic metabolic
CO2 production. Two mechanisms have been postu-
lated for bicarbonate transport in mammalian cells,
and either or both might mediate hepatic bicarbonate
transport. Sodium/hydrogen exchange driven by the
transmembrane electrochemical sodium gradient at-
tributed to Na,K-ATPase (77) has been identified as
an important mechanism for bicarbonate transport in
the renal tubule (78, 79). Although the operation of
such a mechanism during lithium perfusion cannot be
rigorously excluded (77), it appears unlikely in light
of the considerations outlined above. A primary hy-
drogen ion (or bicarbonate) pump is another possible
mechanism for bicarbonate transport. Such a pump
has been identified in mitochondria (80), bacteria (81),
turtle urinary bladder (82), and the rat renal tubule
(83, 84). Our findings suggest that a similar pump may
play a role in BAIF.
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