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Abstract. Active secretion of electrolytes by hepatocytes is believed to be responsible for bile 
acid-independent canalicular bile flow (BAICF). Theophylline, which enhances BAICF, has been 
shown to enhance electrogenic C1- secretion in a number of other epithelia. Such transport is 
dependent on Na+ and C1-. Thus, the mechanism of theophylline choleresis may also involve 
stimulation of electrogenic C1- secretion of the liver. This hypothesis was tested by studying the 
effect of ion substitution on theophylline choleresis in isolated perfused rat livers. Addition of 
theophylline (0.1 mmole) and dibutyryl cAMP (0.05 mmole) to 100 ml perfusate, as a single 
dose, increased bile flow and biliary secretion of Na+ and Cl- reversibly. These effects of theophylline 
were virtually abolished when perfusate Na+ ( 146 mM) was replaced by Li+ ( 146 mM) or choline' 
(120 mM), and when C1- (127 mM) was replaced by 120 mM NOS, acetate- or isethionate-. 
Since even the permeable ions like Li+ and NO, could not substitute for Na+ and C1-, these 
results show that the effect of theophylline on BAICF is specifically dependent on the presence 
of Na+ and C1- in the perfusate. We propose, by analogy to other epithelia, that an electrogenic 
C1- secretion mechanism is present in the liver. Theophylline, acting via CAMP, stimulates this 
transport process, thereby enhancing BAICF. 

A fraction of canalicular bile flow is inde- 
pendent of hepatic bile acid secretion and is 
stimulated by a number of drugs without 
changing the rate of bile acid secretion 
(1). This fraction is commonly known as the 
bile acid-independent canalicular bile flow 
(BAICF). Existing evidence suggests that active 
transport of inorganic electrolytes into the 
canaliculi is responsible for the BAICF (1-3). 
However, the mechanism of hepatic electrolyte 
transport and its relation to bile formation are 
not clearly understood. The major obstacle to 
the clarification of hepatic electrolyte transport 
is our inability to sample bile and conduct 
electroph ysiological studies at the level of can- 
aliculus. Nonetheless, the availability of phar- 
macological agents, which selectively alter one 
or more transport functions in other epithelia, 
should permit further insight into the mech- 
anism of hepatic electrolyte and fluid trans- 
port. 

' Deceased, May 14, 1982. 
' Present address of authors. 

Theophylline is a drug known to stimulate 
the BAICF of dogs (4, 5) and rats (6) in vivo. 
The mechanism of theophylline-induced cho- 
leresis is considered to be via CAMP, since 
theophylline is a potent inhibitor of phos- 
phodiesterase. In unrelated studies using other 
epithelia, it has been shown that procedures 
which result in an elevated intracellular cAMP 
and/or cytosolic free Ca2' level, also enhance 
electrogenic C1- secretion (7). Together, these 
experimental findings raise the possibility that 
electrogenic C1- secretion is involved in 
BAICF. Studies using other epithelia further 
showed that electrogenic C1- secretion is de- 
pendent on both Na+ and Cl- (7). If such a 
mechanism exists in liver, and if theophylline 
acts similarly as in other epithelia, then the- 
ophylline should stimulate BAICF by en- 
hancing C1- transport across hepatocytes. If 
this condition is satisfied, the choleretic effect 
of theophylline should be associated with an 
increase in the biliary secretion of Na+ and 
C1-, and should be dependent on both Na+ 
and C1-. 

In the present study, we examined the effect 
of theophylline on biliary secretion of Na+ 
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and C1- using isolated perfused rat livers. Ion- 
substitution studies were performed to test 
whether Na+ and C1- are required to exhibit 
the choleretic effect of theophylline. 

Materials and Methods. Materials. The- 
ophylline, lactate dehydrogenase, 3-hydroxy- 
steroid dehydrogenase, NAD, and NADH 
were obtained from Sigma Chemical Com- 
pany, Munich, West Germany. Taurocholate 
(TC) was purchased from Calbiochem, San 
Diego, California. [ ''C]Erythritol was pur- 
chased from New England Nuclear, Boston, 
Massachusetts. All other chemicals were 
products of Merck, Darmstadt, West Ger- 
many. Inbred male Wistar rats (250-350 g) 
maintained on a standard laboratory diet (Al- 
tromin) served as liver donors in all experi- 
ments. Liver weights varied from 7 to 13 g. 

Isolated perfused rat liver. Each liver was 
surgically prepared by methods previously de- 
scribed (8), connected to the perfusion ap- 
paratus, and maintained at 37°C (9). They 
were perfused with 100 ml of recirculating 
erythrocyte-free perfusate (pH 7.4) under a 
hydrostatic pressure of 15 cm. Erythrocyte- 
free perfusion medium was used to avoid any 
possible effect of ion replacement on eryth- 
rocytes. The perfusion rate through the liver 
was initially adjusted to 4-5 ml/min X g liver 
to ensure an adequate oxygen supply (10). The 
pH was maintained between 7.3 and 7.4 by 
addition of 0.15 M HCl, NaHC03, LiOH, 
HN03, or acetic acid, dependent upon the 
perfusate medium. The routine viability cri- 
teria included: (i) stable perfusion rate 
throughout the experiment, (ii) perfusate lac- 
tate/pyruvate ratio around 10, and (iii) rela- 
tively stable bile flow during the control period. 
Experiments which did not satisfy these cri- 
teria were not included. 

The composition of the basic perfusion me- 
dium was as follows: 120 mM NaCl, 4.7 mM 
KC1,26 mM NaHC03, 1.2 mM KH2P04, 1.3 
mM CaC12, 0.6 mM MgS04, and 5.5 mM 
glucose. In order to study the effect of Na+ 
and C1- on bile formation, NaCl was replaced 
by an equimolar concentration of choline-C1, 
NaN03, Na-acetate, or Na-isethionate. Com- 
plete replacement of Na+ and Li+ was obtained 
by substituting NaCl and NaHC03 with equi- 
molar concentrations of LiCl and LiHC03, 
respectively. The perfusates were gassed with 

95% 0 2  and 5% C02. Viability criteria were 
not affected significantly by these ion substi- 
tutions (8). 

Experimental design. The liver was perfused 
with the appropriate experimental perfusate 
from the start of each experiment. Theoph- 
ylline (0.1 mmole; perfusion concentration 1 
mM) was injected as a single dose after 60 
min of perfusion. Bile was collected in a pre- 
weighed vial and the bile volume was deter- 
mined gravimetrically assuming a density of 
1.0. Perfusate samples were collected at the 
midpoints of the bile collection periods. 
Erythritol clearance was studied routinely by 
adding 2 pCi of [ ''C]erythritol to the reservoir 
at the start of each experiment. The bile to 
plasma ratio of ['4C]erythritol was close to 1 
in each experiment (1.06 k 0.054; mean 
k SD), indicating canalicular origin of bile. 

Isolated plasma membranes from rat liver. 
Isolated plasma membranes were used to de- 
termine if theophylline affects the activity of 
sodium and potassium activated Mg2+- 
ATPase (Na+,K+-ATPase). Plasma mem- 
branes were isolated under isotonic conditions 
according to the method of Coleman et al. 
(11). The purity of the plasma membranes 
was routinely followed by measuring the ac- 
tivities of marker enzymes for plasma mem- 
branes (5'-nucleotidase and Na+, K+-ATPase), 
endoplasmic reticulum (glucose-6-phospha- 
tase) and mitochondria (succinate dehydro- 
genase). Specific activities of our marker en- 
zymes have been previously published (8). 
Protein content of plasma membranes was 
determined by the method of Lowry et al. ( 12) 
using bovine serum albumin as standard. The 
activity of Na+,K+-ATPase was determined 
by the method of Emmelot et al. (1 3). 

Analytical methods. The concentrations of 
Na+, K+, and Li+ in perfusate and bile were 
determined using flame photometry. Chloride 
concentrations were determined by coulo- 
metric titration using a chloridometer (Corn- 
ing, Model 920). Radioactivity was measured 
in a liquid scintillation counter with quench 
corrected by external standard ratios. Total 
bile acids were determined by an enzymatic 
method using 3-hydroxysteroid dehydrogenase 
(14). The perfusate lactate and pyruvate con- 
centrations were determined enzymatically 
using lactate dehydrogenase. Osmolarity was 
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measured by the freezing-point depression 
method using a microosmometer (Kanuer, 
West Germany). Bile was isosmotic to per- 
fusate in all studies. 

Statistical methods. The effect of drug on 
bile flow and biliary secretion of Na+ and C1- 
was determined by comparing values after in- 
jection of drug at 60 min to the average value 
of 30- to 60-min collection periods (predrug 
controls). The paired t test was used to detect 
differences in experimental parameters with 
P < 0.05 considered significant. 

Results. 1. Efect of sodium replacement on 
theoph ylline choleresis. Preliminary studies 
showed that addition of 0.1 mmole theoph- 
ylline to 100 ml perfusate produced consistent 
choleresis. Thus, a 0.1 mmole dose of the- 
ophylline was used in all studies. Addition of 
theophylline after 60 min of perfusion with a 
Na+-containing perfusate resulted in a rapid 
increase in bile flow (Fig. 1) which remained 
significantly elevated through 120 min. When 
perfusate Na' was replaced by Li+, theoph- 
ylline caused an initial decline in bile flow 
followed by an increase with a peak value at 
80 min, then a second decline back to basal 
level at 90 min (Fig. 1). Theophylline caused 
a slight increase in bile flow when perfusate 
Na+ (145 mM) was partially replaced by cho- 
line+ (120 mM) (Fig. 1). Complete replace- 
ment of Na+ by choline+ was not studied since 
this results in erratic perfusion flow ( 10). The- 
ophylline did not significantly affect the via- 
bility of the perfused liver under our experi- 
mental conditions (Table I). These results in- 
dicate that neither Li+ nor choline+ can 
completely replace Na+ in theophylline cho- 
leresis. 

The biliary concentrations of Na+ and C1- 
were similar to their perfusate concentrations 
and were not significantly affected by theoph- 
ylline. Thus, the biliary secretion of these elec- 
trolytes paralleled bile flow. Theophylline in- 
creased biliary secretion of Na+ and Cl- when 
livers were perfused with NaC1-containing 
perfusate. Replacement of Na+ by Li+ or cho- 
line' reduced the theophylline-induced in- 
crease in biliary C1- secretion (Fig. 1). The 
low endogenous bile acid secretion was not 
affected by theophylline (1.6 1 -+ 0.42 vs 1.48 
f 0.37 nmole/min X g liver, N = 30). These 
results indicate that theophylline-induced bile 
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FIG. 1 .  Effect of Na+ replacement on theophylline-in- 
duced bile flow and biliary C1- secretion. *Significantly 
higher than the 30- to 60-min control values. Means k SE 
( N  = 5). 

flow and biliary C1- secretion is Na+ depen- 
dent. 

To determine if this Na+ dependency is due 
to activation of Na+,K+-ATPase, the effect of 
theophylline on the activity of this enzyme in 
plasma membranes from isolated rat livers was 
determined. Theophylline up to a concentra- 
tion of 10 mM failed to activate this enzyme 
(Table 11). Thus, it seems unlikely that the 
effect of theophylline is directly mediated via 
Na+, K+-ATPase. 

2. Efect of chloride replacement. Theoph- 
ylline produced very little, if any, choleresis 
when the perfusate Cl- ( 127 mM) was replaced 
by 120 mM NOT, acetate-, or isethionate-. 
The biliary concentration of C1- under these 
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TABLE I. EFFECT OF THEOPHYLLINE AND DB cAMP ON VIABILITY OF ISOLATED PERFUSED RAT LIVERS' 

Perfusate K+ 
Perfusate flow concentration 

(ml/min X g liver) Lactate/pyruvate ratio (mmole/ liter) 

Perfusate Treatment 1st hr 2nd hr 1st hr 2nd hr 1st hr 2nd hr 

NaCl + NaHC03 Control 4.7 f 0.13 4.8 f 0.12 1 1  f 1.8 12 f 2.1 5.6 f 0.14 5.8 f0.16 
Theophylline 4.6 f 0.11 4.6 f 0.13 10 f 1.3 12 f 1.8 5.6 f 0.15 5.7 f 0.13 
DBcAMP 4.5f0.12 4.6f0.11 11k1.4 11f1.3 5.5kO.12 5.8f0.14 

Choline-CI + NaHC03 Control 4.7 f 0.14 4.8 f 0.13 10 f 1.8 1 1  f 1.7 5.9 f 0.26 7.8 f 0.48 
Theophylline 4.8 f 0.15 4.7 f 0.16 9 k 1.6 1 1  f 1.4 6.0 f 0.23 7.7 f 0.39 

LiCl + LiHC03 Control 4.5 f 0.13 4.6 f 0.15 12 k 1.7 12 f 1.8 6.6 f 0.34 8.4 f 0.56 
Theophylline 4.5 f 0.14 4.5 f 0.17 10 f 1.3 1 1  k 1.4 6.5 f 0.28 8.6 f 0.61 

NaN03 + NaHC03 Control 4.9 f 0.13 4.8 f 0.15 1 1  f 1.4 10 k 1.1 5.7 f 0.18 5.9 f 0.21 
Theophylline 4.6 f 0.12 4.6 f 0.13 12 f 1.3 1 1  f 1.4 5.6 f 0.13 5.8 f 0.19 

Na-acetate + NaHC03 Control 4.5 f 0.15 4.6 f 0.17 1 1  f 1.6 1 1  f 1.5 5.7 f 0.19 5.7 f 0.15 
Theophylline 4.9 f 0.17 4.8 f 0.16 12 f 1.3 13 f 1.6 5.6 f 0.20 5.9 k 0.17 

Na-isethionate + NaHC03 Control 4.7 k 0.16 4.7 k 0.20 10 f 1.8 9 f 0.7 5.8 k 0.16 5.9 * 0.20 
Theophylline 4.5 f 0.18 4.6 f 0.21 1 1  f 1.3 1 1  f 1.4 5.5 f 0.13 5.7 f 0.16 

Note. Values are means f SEM of 30 determinations (six determination for each hour and experiment). 
a Theophylline also did not significantly affect these parameters during the 3rd hour of perfusion. 

conditions was less than 10 mM and was not 
altered by theophylline. The theophylline-in- 
duced increase in biliary Na+ secretion was 
also virtually abolished by C1- replacement 
(Fig. 2). The viability of the perfused liver was 
not affected significantly by theophylline under 
these conditions (Table I). Since even the per- 
meable NOT could not substitute for Cl-, these 
results indicate that Cl- is specifically required 
for theophylline-induced Na+ secretion and 
bile flow. 

3. Efect of dibutyryl cAMP (DB CAMP). If 
theophylline acts via CAMP, DB cAMP should 

TABLE 11. EFFECT OF THEOPHYLLINE ON RAT LIVER 
PLASMA MEMBRANE Na', K+-ATPase ACTIVITY 

Theophylline 
concentration Na+,K+-ATPase activity 

(pmole PJhr X mg protein) 

0 
0.0 I 
0.1 
1 .o 

10.0 

14.0 * 0.87 
13.7 k 0.90 
13.8 f 0.89 
13.7 f 0.91 
13.9 f 0.88 

Note. Values are means f SEM ( N  = 8). 

also increase bile flow and biliary electrolyte 
secretion. Addition of 50 pmole of DB cAMP 
promptly increased bile flow and biliary se- 
cretion of Na' and C1- (Fig. 3). DB cAMP 
did not significantly affect the viability of the 
perfused liver (Table I) nor the biliary bile 
acid secretion (1.82 k 0.52 vs 1.76 k 0.42 
nmole/min X g liver, N = 30). 

Discussion. These studies were designed to 
determine if the choleretic effect of theoph- 
ylline could be explained by the proposed 
mechanism of action of theophylline in other 
epithelia (7). Our results clearly indicate that 
theophylline stimulates canalicular bile for- 
mation in the isolated perfused rat liver. This 
choleresis is associated with an increase in bil- 
iary secretion of both Na+ and C1-. Since en- 
dogenous bile acid secretion was not altered, 
this effect cannot be due to theophylline-in- 
duced secretion of bile acid. 

Replacement of Na+ and C1- by other ions 
virtually abolished the effect of theophylline 
on bile flow and biliary secretion of Na+ and 
Cl-. Since the viability of the perfused liver 
was not significantly affected (Table I), the 
failure of theophylline to increase bile flow 
and biliary electrolyte secretion when Na+ and 
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FIG. 2. Effect of C1- replacement on theophylline in- 
duced bile flow and biliary Na' secretion. *Significantly 
higher than the 30- to 60-min control values. Means k SE 
( N  = 5). 

C1- were replaced by other ions is unlikely to 
be due to any toxic effect of theophylline. 
Thus, the effect of theophylline is dependent 
on both Na+ and C1-. Since even the per- 
meable ions, such as Li+ and NOT, could not 
substitute for Na' and Cl-, it is unlikely that 
a passive mechanism is responsible for the- 
ophylline-induced biliary secretion of these 
ions. We previously showed that the choleretic 
effect of taurocholate, an osmotic choleretic, 
increased when Na+ and C1- were replaced 
by Li+ and NO5 (15). A similar effect would 
have been anticipated if theophylline had been 
acting as an osmotic choleretic. Since the 
choleretic effect of theophylline declined under 
these conditions, it is unlikely that the chole- 
retic effect of theophylline is due to the osmotic 

effect of the secreted drug. Moreover, studies 
in dogs ( 16) indicated that the choleretic effect 
of theophylline cannot be explained by the 
osmotic effect of the secreted drug alone. Thus, 
it is more likely that there is a specific transport 
system for these ions and that theophylline 
acts by modifying this transport system. Pos- 
sible modifications of Na+,K+-ATPase seem 
unlikely since theophylline up to a concen- 
tration of 10 &does not affect the activity 
of this enzyme in liver plasma membranes 
(Table 11). 

The effects of theophylline observed in these 
studies are similar to effects in other epithelia 
(7). Thus, it is likely that theophylline acts via 
similar mechanisms in the liver. Theophylline 
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FIG. 3. Effect of dibutyryl cAMP on bile flow and biliary 
secretion of Na' and C1-. *Significantly higher than the 
30- to 60-min control values. Means f SE (N = 5). 
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is known to stimulate electrogenic Cl- secre- 
tion and inhibit Na+-coupled Cl- reabsorption 
in different epithelia (7). Both processes are 
dependent on Na+ and C1- (7). Since theoph- 
ylline-induced effects in our studies are also 
dependent on both Na+ and C1-, either or 
both mechanisms may be involved in the liver. 
Unfortunately, our studies cannot distinguish 
between these two possibilities. However, since 
there is no compelling evidence that indicates 
theophylline induces reabsorption of fluid 
from canaliculi, we propose that theophylline 
increases BAICF by stimulating electrogenic 
C1- secretion. In this case, the electrogenic C1- 
transport would involve secretion of C1- across 
the canalicular membrane followed by Na+ 
through the paracellular pathway in order to 
maintain electroneutrality . 

Frizzel et al. (7) proposed that electrogenic 
C1- secretion may involve Na+-coupled C1- 
transport at the contraluminal membrane, i.e., 
sinusoidal membrane of liver cells. The present 
findings indicate that a major fraction of the- 
ophylline-induced C1- secretion is specifically 
dependent on Na+ (Fig. 1) which support the 
hypothesis of Frizzel et al. A similar mecha- 
nism has been proposed in recent reviews (3, 
13), and was supported by our previous ion- 
replacement studies in isolated perfused rat 
livers (8). However, attempts to obtain direct 
evidence for the presence of Na+-coupled C1- 
transport were unsuccessful in cultured rat 
hepatocytes ( 17). Thus, biliary C1- secretion 
may not involve Na+-coupled C1- transport 
at the sinusoidal membrane. Alternatively, this 
transport mechanism may be present in the 
liver, and may become quantitatively impor- 
tant only during theophylline choleresis. 

The present study showed that although re- 
placement of Na+ by Li+, and Cl- by NOT 
decreased basal bile flow only slightly, the 
choleretic effect of theophylline was virtually 
abolished in the presence of Li+ and NOT. 
These differences in the effect of Li+ and 
NOT indicate that more than one ion transport 
mechanism is involved in the formation of 
bile acid independent bile. One of those 
mechanisms seems to be specific for Na+ and 
C1-, and is stimulated by theophylline. 

This study also showed that DB cAMP 
stimulates bile flow and biliary secretions of 
Na+ and C1- (Fig. 3). Thomsen and Larsen 

( 18) also reported that DB cAMP is choleretic 
in rats and in the isolated perfused rat liver. 
Since theophylline is known to act via CAMP, 
these results are in agreement with the hy- 
pothesis that theophylline acting via cAMP 
stimulates BAICF. This mechanism has been 
questioned by others. Baker and Kaplan (1 9) 
reported that intraperitoneal injection of DB 
cAMP failed to stimulate bile flow in rats, and 
Poupon et al. (20) reported that an increase 
in hepatic cAMP levels induced by various 
drugs was not always associated with choleresis 
in rats. Since Baker and Kaplan (19) injected 
DB cAMP intraperitoneally, it is possible that 
an effective hepatocellular concentration was 
not achieved. The results (20) indicating that 
increases in cAMP levels were not always as- 
sociated With choleresis are difficult to explain. 
It is, however, also possible that drugs used 
to increase hepatic cAMP levels may have 
other effects which in turn might have influ- 
enced bile flow. Other possibilities may include 
compartmentation of cAMP in liver cells. 
Since theophylline and DB cAMP are also 
choleretic in dog and man (4, 5, 16, 2 1 ), it 
seems probable that cAMP plays a role in 
BAICF and that theophylline acts via cAMP 
in liver cells. 

In conclusion, the present study provides 
indirect evidence for the presence of an elec- 
trogenic C1- secretory mechanism in liver cells. 
Theophylline acting via CAMP, stimulates this 
transport system thereby enhancing bile acid- 
independent canalicular flow. 

This study was supported in part by a grant from 
Deutsche Forschungsgemeinschafk and U.S. Public Health 
Grant AM 30799. The authors gratefully acknowledge the 
excellent technical assistance of Mrs. U. Rueberg and Mr. 
Haag, and are thankful to Dr. A. F. Hofmann, Dr. J. L. 
Barnhart, and Dr. W. G. M. Hardison of the University 
of California School of Medicine, San Diego, Calif. for 
critically reading the manuscript. The authors also ac- 
knowledge the excellent editorial assistance of Ms. Vicky 
Huebner. A portion of this study was published in abstract 
in Hepatology (1, 491, 1981). 

1 .  Forker EL. Mechanism of hepatic bile formation. 
Annu Rev Physiol 39:323-347, 1977. 

2. Boyer JL. New concepts of mechanisms of hepatocyte 
bile formation. Physiol Rev 60:303-326, 1980. 

3. Erling S. Hepatocyte bile secretion: Current views 
and controversies. Hepatology 1:352-359, 198 1 .  



76 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

MECHANISM OF THEOPHYLLINE CHOLERESIS 

Barnhart JL, Combes B. Characteristics common to 
choleretic increments of bile induced by theophylline, 
glucagon and SQ-2OOO9 in the dog. Proc Soc Exp 
Biol Med 150591-596, 1975. 
Kaminski DL, Brown WH, Deshpande YG. Effect 
of glucagon on bile cAMP secretion. Amer J Physiol 

Knodell RG. Alterations in bile flow and Naf-Kf 
biliary excretion induced by theophylline and etha- 
crynic acid (40043). Proc Soc Exp Biol Med 157:306- 
311, 1978. 
Frizzell RA, Field M, Schultz SG. Sodium-coupled 
chloride transport by epithelial tissues. Amer J Physiol 

Anwer MS, Hegner D. Role of inorganic electrolytes 
in bile acid-independent canalicular bile formation. 
Amer J Physiol 244:Gl16-G124, 1983. 
Miller LL, Bly CG, Watson ML, Bale WF. The dom- 
inant role of the liver in plasma protein synthesis. J 
Exp Med 94:431-445, 1951. 
Sugano T, Suda K, Shimada M, Oshino N. Biochem- 
ical and ultrastructural evaluation of isolated rat liver 
systems perfused with a hemoglobin-free medium. J 
Biochem 83:995-1007, 1978. 
Coleman R, Mitchell RH, Finean JB, Hawthorne JN. 
A purified plasma membrane preparation from rat 
liver under isotonic conditions. Biochim Biophys Acta 

Lowry DH, Rosenberg NJ, Farr AL, Randall RJ. Pro- 
tein measurement with the folin phenol reagent. J 
Biol Chem 193:265-275, 195 1. 
Emmelot P, Bos GI, Bennediti EL, Rumke PH. Studies 
on plasma membranes. I. Chemical composition and 
enzyme content of plasma membrane isolated from 
rat liver. Biochim Biophys Acta 90:126-145, 1964. 

238:G 1 19-G 123, 1980. 

236:Fl-F8, 1979. 

135:573-579, 1967. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

Anwer MS, Kroker R, Hegner D. Bile acid secretion 
and synthesis by isolated rat hepatocytes. Biochem 
Biophys Res Commun 64:603-609, 1975. 
Anwer MS, Henger D. Importance of solvent drag 
and diffusion in bile acid dependent bile formation: 
Ion substitution studies in isolated perfused rat liver. 
Hepatology 2580-586, 1982. 
Barnhart JL, Combes B. Effect of theophylline on 
hepatic excretory function. Amer J Physiol 227: 194- 
199, 1974. 
Scharschmidt BR, Van Dyke RV, Stephens JE. Chlo- 
ride transport by intact rat liver and cultured rat he- 
patocytes. Amer J Physiol 242:G628-633, 1982. 
Thomsen 00, Larsen JA. The effect of glucagon, DB 
cAMP and insulin on bile production in the intact 
rat and the isolated perfused rat liver. Acta Physiol 
Scand 111:23-30, 1980. 
Baker AL, Kaplan MM. Effects of cholera enterotoxin, 
glucagon, and dibutyryl cyclic-AMP on rat liver al- 
kaline phosphatase, bile flow, and bile composition. 
Gastroenterology 70577-581, 1976. 
Poupon RE, Do1 ML, Dumont M, Erlinger S. Evi- 
dence against a physiological role of cAMP in cho- 
leresis in dogs and mts. Biochem Pharmacol27:24 1 3- 
2416, 1978. 
Levine RA, Hall RC. Cyclic AMP in secretin cho- 
leresis. Evidence for a regulatory role in man and 
baboons but not in dogs. Gastroenterology 70537- 
544, 1976. 

Received November 7, 1983. P.S.E.B.M. 1984, Vol. 176. 
Accepted February 6, 1984. 


