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The energy for bile formation must be derived
from intrahepatic processes rather than from the
hydrostatic pressure of the blood (1). As Sperber
has indicated (2), there is a variety of reasons
for believing that the secretion of organic anions,
and particularly of bile salts, may play a primary
role in the production of bile. The bile salts are
secreted by active transport (3), they constitute a
substantial fraction of the total bile solutes, and
are very effective choleretics in most species
(4-6). Therefore, one of the objectives of the
present studies was the exploration of the relation-
ship between taurocholate secretion and the output
of water and inorganic electrolytes in the bile.

Previous studies (7) demonstrated the occur-
rence of marked spontaneous fluctuations in bile
flow and composition in unanesthetized dogs even
during constant infusions of sodium taurocholate.
These fluctuations were thought to represent the
addition of variable quantities of an alkaline fluid
similar to that which is produced in abundance
during secretin stimulation. These findings sug-
gested the existence of transport mechanisms al-
together independent of taurocholate secretion.
In order to explore this possibility, a detailed ex-
amination of the effects of intravenous secretin
was also included in the present work.

The spontaneous fluctuations in bile flow and
composition, although significant in themselves,
constituted a technical obstacle to the systematic
study of the effects of varying rates of taurocholate
secretion. It was therefore desirable to minimize
these fluctuations. This was accomplished by ad-
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ministration of the cholinergic blocking agent,
pipenzolate methylbromide, which was employed
because of its reported effectiveness in blocking
the response of the human pancreas to secretin
(8). Although the mechanism of action of this
agent in relation to canine biliary secretion was
not clear, it provided a useful empirical means of
approaching a reproducible reference state at each
of the rates of taurocholate secretion under study.

METHODS

All studies were conducted on four trained, unanesthe-
tized, adult female mongrel dogs (weights, 20 to 25 kg),
which had been prepared several months previously by
splenectomy, cholecystectomy, and installation of a Thomas
duodenal cannula (9). Food and water were withheld
for 15 hours prior to each study.

A commercial preparation of "sodium taurocholate," 1
in which bile salts accounted for approximately 75 per
cent of the total solids (7), was used for intravenous in-
fusion. A 6 per cent aqueous solution of this material
was passed through a Seitz filter and then diluted with
5 per cent dextrose in water to a final concentration of
1.3 per cent, which was approximately isotonic. Tauro-
cholate infusions were administered by means of a Bow-
man infusion pump through a small nylon catheter which
had been introduced into a peripheral vein and advanced
to the region of the superior or inferior vena cava.

Secretin 2 was diluted to 5 U per ml in normal saline
and given intravenously at the rate of 2.5 U per minute
for a total period of 20 minutes, except during the ex-
ploration of dose-response relationships (see Results, sec-
tion B). Pipenzolate methylbromide 3 was diluted to 2.5
mg per ml in normal saline and administered intrave-
nously at the rate of 0.1 mg per kg per 5 minutes for the
first 60 minutes, thereafter at the rate of 0.1 mg per kg
per 10 minutes.

All studies were conducted with the animal in the up-

1 Purchased from Nutritional Biochemicals Corp.
2 Secretin was supplied by Eli Lilly & Co. through the

courtesy of Dr. James B. Hammond.
3 Supplied as "Piptal" by Lakeside Laboratories through

the courtesy of Dr. Harry M. Leyland.
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right position in a sling, and bile collections were car-

ried out as reported elsewhere in detail (7). In each
experiment bile collection was begun at least 60 minutes
after the start of the taurocholate infusion in order to
achieve equilibration. When the taurocholate infusion
rate was changed during the course of a study, at least
45 minutes were allowed for equilibration at the new

level. During secretin administration, bile for analysis
was collected after 10 minutes had been allowed for the es-

tablishment of a constant choleresis. When pipenzolate
methylbromide was administered, bile collection was de-
layed at least 45 minutes, by which time clinical signs of
cholinergic blockade were evident.

pH was measured anaerobically with a Cambridge glass
electrode apparatus. Total CO2 content was determined
by the method of Van Slyke and Stadie (10), and bi-
carbonate was calculated from the Henderson-Hasselbalch
equation (assuming a pK. of 6.1). Sodium and potas-
sium were measured by flame spectrophotometry, chloride
by the method of Cotlove, Trantham and Bowman (11),
and freezing point depressions in a Fiske osmometer.

"Taurocholate" concentrations in bile were calculated
by the formula, [T-] = ([Na+] + [K+]) - ([C-] +
[HCO,-]), which was found to yield results in good
agreement with bile acid concentrations obtained by di-
rect chemical analysis (7). Although dihydroxy as well
as trihydroxy bile acids were present in the infused ma-

terial and in the bile, the term "taurocholate" is used
for convenience throughout this report to designate the
total concentration of conjugated bile acids.

RESULTS

A. Relationship between bile production and
taurocholate excretion rate. The rates of infusion
of sodium taurocholate employed in the present
studies did not exceed the usual biliary taurocholate
"transport maximum" (about 110 to 140 pmoles
per minute) for animals of this size (3). Hence,
as expected from earlier studies (7), the biliary
excretion rate of taurocholate always achieved and
maintained a value approximately equal to the rate
of administration of this bile salt. Taurocholate
excretion rate could thus be "set" at a variety of
different levels by selection of the appropriate
infusion rates.

When the separate studies on each of the four
dogs during cholinergic blockade (open circles)
were plotted as shown in Figure 1, an approx-

imately linear relationship was observed between
bile flow and taurocholate excretion rate, and a

straight line was fitted by eye. The number of
milliliters of bile formed per micromole of tauro-

cholate excreted, estimated from the slope of this
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FIG. 1. BILE FLOW, CHLORIDE, ANDBICARBONATEEXCRE-
TION AS FUNCTIONS OF TAUROCHOLATEEXCRETION RATE

DURING CHOLINERGIC BLOCKADE(OPEN CIRCLES) AND DUR-

ING SECRETIN ADMINISTRATION (CLOSED CIRCLES).

line, was 0.007, 0.007, 0.008, and 0.009 in the
four dogs.4

Like the output of water, the biliary excretion
of chloride and bicarbonate ions was also depend-
ent upon the rate of taurocholate excretion, and

4 Throughout the text, tables, and figures, the data re-

lating to individual dogs will always be presented in the
same order: Norma, Cora, Gracie, Alba.
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straight lines were drawn to fit these data in each
dog (Figure 1). From the slopes of these lines
it was possible to calculate the approximate num-
ber of microequivalents of these ions excreted per
micromole of taurocholate excreted. In the case
of chloride these values were 0.33, 0.31, 0.50, and
0.60, and in the case of bicarbonate, 0.15, 0.15,
0.16, and 0.22.

Variations in the concentration of chloride and
bicarbonate were observed (Figure 2). The only
consistent feature in all four dogs was the com-
paratively high chloride concentration noted at
the very lowest rates of taurocholate excretion.
The fundamental dependence of the excretion of
chloride and bicarbonate upon taurocholate excre-
tion is shown in Figure 1. However, it is evident
that the linearity of these relationships is not estab-
lished. The calculation of chloride: taurocholate
and bicarbonate: taurocholate ratios is therefore
regarded for the present as an arbitrary approxima-
tion intended only to provide a rough indication
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CHOLINERGIC BLOCKADE.

of the number of chloride and bicarbonate ions
obligated by each taurocholate ion excreted.

In a single study on each dog in which tau-
rocholate was infused at different rates within the
same day (thereby eliminating day-to-day varia-
tions) all of the above results were confirmed.
These data are presented in Table I and a typical
study is illustrated in Figure 3.

B. Effect of intravenous secretin. When se-

cretin was administered intravenously at 1-minute
intervals during the course of a continuous tauro-
cholate infusion, bile flow increased and achieved
a constant level within 10 minutes. This constant
flow was maintained by continuing secretin injec-

Dog Coro
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TABLE I

Effect of varying taurocholate excretion rates within a single study

Approx.
tauro- Tauro- Tauro-

cholate cholate Bile cholate Na+ K+ Ch- HCO3- C1- HCOa- Bile
Dog infusion* excr. flow conc. conc. conc. conc. conc. excr. excr. pH

i.moles/min mil/min mmoles/L mEqIL mEqIL AEql/min
Norma 118 102 0.58 176 224 8.3 38 19 22 11 7.28

40 45 0.26 173 226 8.3 39 21 10 6 7.38
8 14 0.12 121 200 6.5 65 20 8 3 7.31

118 100 0.77 130 196 6.9 50 23 38 17 7.40

Cora 8 8 0.07 127 193 7.4 59 14 4 1 6.82
40 36 0.28 128 180 7.0 44 15 12 4 7.15

118 106 0.84 126 186 6.4 50 17 42 14 7.31
8 10 0.07 143 199 6.8 52 11 4 1 6.70

Gracie 8 13 0.19 66 194 4.5 77 55 15 10 7.72
29 27 0.35 77 193 4.8 75 47 26 16 7.63
69 59 0.60 98 197 5.3 67 37 40 22 7.63

8 12 0.19 63 186 4.7 76 52 14 10 7.70

Alba 8 11 0.18 63 161 5.3 72 31 13 6 7.46
40 37 0.46 81 171 6.3 71 25 33 12 7.44
80 71 0.73 97 185 6.5 69 26 50 19 7.45

8 9 0.15 61 160 6.1 75 31 11 5 7.52

* Constant taurocholate infusions were administered in the order indicated. At least 1 hour was allowed for equilibration before collection of
bile specimens. Pipenzolate methylbromide was administered at the rate of 0.1 mg/kg/5 minutes for the first 60 minutes, and thereafter at the rate
of 0.1 mg/kg/10 minutes.

TABLE II

Secretin-induced excretion of biliary water, chloride, and bicarbonate, compared
with excretion of these constituents during cholinergic blockade

Approx. Taurocholate
tauro- excr.

cholate Bile C1- HCO-
Dog infusion Secretin Pipenzolate flow* AFt excr.* ACl-t excr.* AHCO-t

pmoles/
min

ismoles/min ml/min jEq/mits

14 12 6 0.04 0.32 3 26
52 51 51 0.26 0.33 9 29
80 76 77 0.48 0.29 23 28

118 93 112 0.75 0.17 37 24
118 117 117 0.77 0.21 36 25

Average 0.26 26
8 14 10 0.07 0.36 5 31

25 24 25 0.13 0.35 4 27
47 46 37 0.28 0.43 12 41
80 68 75 0.69 0.09 39 15
80 81 74 0.51 0.35 19 39

118 101 117 0.77 0.14 36 25
Average 0.29 30

8 9 9 0.18 0.22 14 23
16 15 18 0.31 0.16 21 19
20 20 19 0.23 0.25 18 31
47 52 53 0.50 0.24 32 30
80 66 83 0.72 0.13 48 24

118 91 87 0.81 0.24 51 35
Average

8
16
15
16
47
69
80

Average

0.21 27
5 6 0.11 0.30 9 36

12 13 0.21 0.43 15 57
15 14 0.18 0.32 11 39
16 17 0.16 0.38 9 49
46 46 0.45 0.30 28 43
65 65 0.49 0.36 25 51
66 74 0.70 0.32 47 51

0.34 47

Norma

Cora

Gracde

Alba

pEq/min

1 25
4 28

10 25
17 22
18 25

25
1 32
1 33
5 36

16 28
10 40
18 28

33
8 19

13 13
8 16

13 18
19 16
19 19

17
3 18
5 23
7 20
3 24
7 26
8 26

16 27
23

* Bile flow, chloride, and bicarbonate excretion rates during cholinergic blockade with pipenzolate methylbromide.
t Secretin-induced increments, calculated by subtracting bile flow, chloride output, and bicarbonate output during

cholinergic blockade from the values observed during secretin administration.
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tions, and a representative bile specimen was col-
lected during the succeeding 10 minutes. Doses
of secretin ranging from 0.625 to 5 U per minute
were administered in this manner to each of three
dogs and it appeared that the minimal dose capable
of eliciting a maximal choleresis was approx-

imately 2.5 U per minute. Therefore, this dose
was used throughout all subsequent studies.

Five to seven studies were conducted on each
dog at taurocholate infusion rates ranging from
8 to 118 MAmoles per minute (Table II). Bile flow
and composition were measured during secretin
stimulation and-allowing time for the secretin
effect to disappear-subsequently during the ad-
ministration of the cholinergic blocking agent,

pipenzolate methylbromide. The bile flow during
secretin administration exceeded the flow during
cholinergic blockade by a relatively constant
amount (average, 0.26, 0.29, 0.21, and 0.34 ml per

minute in the four dogs), regardless of the excre-

tion rate of taurocholate. Similarly, consistent
increments in the excretion rates of chloride (26,
30, 27, and 47 ,uEq per minute) and bicarbonate
(25, 33, 17, and 23 IAEq per minute) were elicited
by secretin administration at all rates of tauro-
cholate excretion. As expected, the excretion rate
of taurocholate itself was approximately equal to
the rate of infusion and was unaltered by either
secretin or pipenzolate methylbromide adminis-
tration.

The effect of secretin is illustrated graphically
in Figure 1 (closed circles), in which all of the
observations during secretin administration have
been plotted. It is evident that nearly constant in-
crements in chloride, bicarbonate, and water out-
put are elicited by this hormone at all levels of
taurocholate excretion. In keeping with these ob-
servations, the concentrations of chloride and bi-
carbonate (Figure 2) were increased during secre-

tin stimulation.
In relation to effects of secretin stimulation, the

possibility of contamination of bile specimens with
pancreatic juice was considered. Since the sam-

pling catheter was always advanced about 7 cm

into the common bile duct, the possibility of reflux
of fluid from the orifice of the minor pancreatic
duct seems remote. Moreover, no amylase was

detected in bile specimens obtained from these
dogs during secretin administration, using a semi-
quantitative test of sufficient sensitivity to detect
the amylase in high dilutions of duodenal juice
(7). Similar responses to secretin have been ob-
served in a dog whose minor pancreatic duct was

ligated and divided.
C. Experimental reference state. As stated in

the introduction, a means was sought to minimize
the variations in bile flow and composition which
normally occur in the unanesthetized dog even

during constant rates of taurocholate excretion.
It had appeared that these variations might be

TABLE III

Variations in bile flow observed at 5-minute intervals during continuous intravenous taurocholate
infusion* with and without cholinergic blockade

Bile flow

Norma Cora Grade Alba

Control Pip. meth.t Control Pip. meth. Control Pip. meth. Control Pip. meth.

ml/min ml/min mi/min mi/min
0.11 0.10 0.22 0.14 0.21 0.20 0.34 0.18
0.08 0.07 0.30 0.14 0.22 0.22 0.30 0.22
0.14 0.10 0.13 0.14 0.22 0.28 0.26 0.22
0.16 0.08 0.17 0.16 0.20 0.26 0.22 0.21
0.17 0.09 0.20 0.14 0.24 0.26 0.20 0.23
0.18 0.10 0.32 0.14 0.32 0.26 0.22 0.24
0.13 0.08 0.32 0.14 0.32 0.24 0.20 0.24
0.18 0.10 0.28 0.14 0.34 0.26 0.22 0.24
0.18 0.09 0.17 0.14 0.32 0.24 0.19 0.24

Mean 0.15 0.09 0.23 0.14 0.27 0.25 0.24 0.22
SD 0.033 0.010 0.085 0.007 0.054 0.036 0.048 0.019

* Rate of taurocholate administration, approximately 24IAmoles/minute.
t Pip. meth. = pipenzolate methylbromide, Rate of administration: 0.1 mg/kg/5 minutes iv. for first 60 minutes;

0,1 mg/kg/10 minutes thereafter,
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FIG. 4. IDENTICAL EFFECTS OF SECRETIN ADMINISTRATION ON FLOW AND COMPOSITION OF BILE WVITH

AND WITHOUT ADMINISTRATION OF PIPENZOLATE METHYLBROMIDE. Sodium taurocholate was infused
at a rate of 18 nmoles per minute throughout the study.

attributable, at least in part, to the effects of
endogenous secretin (7). The autonomic block-
ing agent, pipenzolate methylbromide, was there-
fore employed because it was reported to depress
the response of the human pancreas to secretin
(8). Despite the fact that this rationale proved
to be fallacious in reference to the canine biliary
tract (see below), it was found that variations in
bile flow during intravenous administration of the
drug were substantially reduced and that bile
flow tended to approach and remain at a level
comparable to the lowest spontaneous flow ob-
served in the same animal at the same taurocholate
infusion rate. This is apparent in Table III, in

whiclh typical rates of bile flow over the course of
45 minutes of observation are compared in each
of the dogs with and without pipenzolate methyl-
bromide administration. It can be seen that the
agent wA-as most effective in decreasing the fluctua-
tions in bile flow in dogs Norma and Cora and
least effective inl Gracie. The (loses of pipenizolate
methylbromide (0.1 mg per kg per 5 minutes for
1 hour, and 0.1 mg per kog per 10 minutites there-
after) employed in these studies prodtlced tachy-
cardia, marked xerostomia. and maximal mydria-
sis, but there was no alteration in mean arterial

pressure (damped mercury manometer, femoral
artery) on the six occasion's on which it wvas
measured, and the animals remained alert and
cooperative.

The mechanism of action of cholinergic blockade
in the establishment of a reference state remains
unexplained. As shown in Figure 4 (which illus-
trates one of two virtually identical experiments),
the choleretic response to exogenous secretin was

not altered by pipenzolate methylbromide. More-

over, in two other experiments it was evident that
this agent did not block the release of endogenous
secretin, since the usual choleretic response (7)
was elicited by intraduodenal infusion of 0.05 N
hydrochloric acid at 7 ml per minute.

Although this type of cholinergic blockade evi-
dently does not inhibit the release or biliary action
of endogenous secretin once hydrochloric acid has
entered the duodenum, its effect could still be at-
trilbutable in part to depression of gastric hydro-
chloric acid production (12). Studies wevere there-
fore undertaken to evaluate the relationship be-
tx-een gastric acid outflow and spontaneous varia-
tionls in bile flow. In two of the dogs (Norma
and Cora), a definite choleresis appeared to follow
the spontaneous entry of hydrochloric acid into

mEq/L
200 F

100

0
0o 360
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the duodenum (measured by means of a glass
electrode located in the duodenum just distal to
the pylorus). One of these studies is illustrated
in Figure 5. In the other two dogs there were
marked variations in duodenal pH and bile flow
but the time relationship was not so obvious.
Similar studies were carried out during pipen-
zolate methylbromide administration, and as al-
ready noted (Table III), there was a substantial
reduction of the variation in bile flow. During all
but one of these studies the duodenal pH promptly
achieved values of 6.5 or above and remained in
this range thereafter. However, in one dog
(Norma), whose initial duodenal pH was 1.7,
neutrality was not achieved until 3 hours after the
drug was started, although bile flow was stabilized
as in other studies. It must be emphasized that
the exact location of the pH electrode in relation
to the pylorus is uncertain, and that this technique
provides no clue to the actual quantity of acid mov-

2.0

0 20 40 60 80 100 120 140 160 180 200 220 240

MINUTES

FIG. 5. SPONTANEOUSVARIATIONS IN DUODENALPH IN

RELATION TO CHANGESIN BILE FLOWAND COMPOSITION IN

DOG NORMA. Sodium taurocholate was infused at a con-

stant rate of 18 umoles per minute.

ing into the small intestine, nor to the mianner in
which it is propelled beyond the point of measure-
ment.

D. Osmolality. Osmolality was determined by
freezing point depression on random bile specimens
obtained from the four dogs. A total of 17 spec-
imens was obtained during secretin choleresis, and
44 specimens during cholinergic blockade. Cor-
responding plasma samples were collected on 24
occasions (mean plasma osmolality, as recorded in
Figure 6, 292 mOsmper kg). In spite of the
considerable scatter, it is evident from Figure 6
that bile tends to be slightly hypertonic during
secretin administration and hypotonic during cho-
linergic blockade. This impression is underlined
by those studies in which simultaneous collection
of bile and plasma permitted calculation of bile:
plasma osmolality ratios. The mean ratio during
secretin administration was 1.10 (range, 1.08 to
1.10 in 7 determinations), whereas the mean ratio
was 0.93 (range, 0.77 to 1.03 in 17 determina-
tions) in dogs receiving pipenzolate methylbromide.
Although the few observations do not warrant
statistical analysis, it would appear from Figure 6
that the difference in osmolality between the two
states is most pronounced at higher rates of
taurocholate infusion. Thus, it is understandable
that the relatively minor osmotic differences be-
tween bile and plasma have escaped detection
heretofore.

DISCUSSION

A. Role of active bile salt secretion in bile pro-
duction. The results of these studies, carried out
on the fasting dog under cholinergic blockade,
appear to justify the impression that secretion of
bile salt anions not only plays a major role, but
may be the most important single event in the
initiation of bile formation. The output of water
and the major inorganic ions was approximately
proportional to the output of taurocholate as the
latter was varied over a wide range. Extrapola-
tion of this relationship (Figures 1 and 3) sug-
gested that bile flows very close to zero could be
anticipated in the absence of taurocholate excre-
tion. The single exception was the data obtained
in dog Gracie, in which extrapolation suggested a
bile flow of approximately 0.1 ml per minute at
"zero"y taurocholate excretion (see section D).
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FIG. 6. OSMOLALITY OF BILE OBTAINED DURING CHOLINERGIC BLOCKADE(OPEN CIRCLES) ANDDURING

SECRETIN ADMINISTRATION (CLOSED CIRCLES) AT DIFFERENTRATES OF TAUROCHOLATEEXCRETION. Plasma
osmolality (dotted line) is the mean of 24 determinations during these studies.

Reliance on extrapolation is necessary because an

actual state of "zero" taurocholate excretion is
difficult to realize experimentally, owing to hepatic
synthesis of bile salts, and because of the technical
problem of collecting the viscous bile produced at

low rates of flow (7).
The present finding of increments in the output

of water, chloride, and bicarbonate occurring in

response to increments in taurocholate output is
consistent with the view enunciated by Sperber
(2) that the major driving force for bile produc-
tion is provided by active transport of organic
anions (principally bile salts) into the lumen of
the biliary tract. It is, of course, not possible to
state the actual conditions under which other con-

stituents enter the lumen without measurement of
electrical potential and concentration gradients in
the appropriate regions of the biliary tract, but
the introduction of a relatively nondiffusible anion
necessarily creates gradients favorable for entry
of water and diffusible solutes.

It could be argued, of course, that the entry of
water and the various inorganic electrolytes in-
volves a number of separate active processes, and

that a high concentration of taurocholate in the
bile simply facilitates these processes or creates a

situation unfavorable for reabsorption (just as

osmotic diuretic agents interfere with reabsorption
of urinary constituents). The experiments re-

ported here do not rule out this possibility. In-
deed, in one of the dogs (Gracie; Figure 2 and
Table I) bicarbonate concentration in bile regu-

larly exceeded levels normally found in plasma,
suggesting that excessive quantities of this ion
might have entered the bile by an active transport
or exchange mechanism. This does not, however,
alter the fact that bile salt secretion, under the
present circumstances, is virtually a sine qua non

for water and electrolyte excretion, and that the
rate of taurocholate secretion is the principal de-
terminant of the final quantity of water and the
major electrolytes in the bile.

Since water transport per se does not appear to
occur in biological systems (13), and since the
present studies suggest that active bile salt secre-

tion can provide the driving force necessary for
passive movement of water into the lumen of the
biliary tract, one does not have to postulate inde-
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pendent water secretion. This statement is not

contradicted by the finding that the osmolality of
a number of bile specimens was somewhat lower
than that of plasma (Results, section D). These
observations apply only to bile as it emerges from
the common duct, and the observed hypotonicity
may have resulted from active solute reabsorption
or perhaps from a change in the state of aggrega-

tion of taurocholate ions.
Taurocholate ions have strong associative prop-

erties and tend to form micelles at the levels of
concentration encountered in bile (14, 15). Thus,
their osmotic activity is reduced, and the osmotic
effectiveness of the bile salt as a whole is mainly
attributable to the fact that the anionic micelles
are accompanied by an equivalent concentration of
cations. Consistent with this phenomenon is the
observation that the sum of sodium, potassium,
chloride, and bicarbonate concentrations is suffi-
cient to account for the total osmotic activity in
bile (7, 16). Various bile salts may differ in their
associative properties, and variations in choleretic
potency may depend to some extent on these dif-
ferences. In this connection Sperber (2) has sug-

gested that the great choleretic potency of the syn-

thetic "bile acid," dehydrocholate, may be at-
tributable to its lack of associative properties in
contrast to the natural conjugated bile acids. The
same may be true of a number of synthetic organic
acids (17), some of which may have clinical ap-

plication as choleretics (18).
B. Modifications of bile composition independ-

ent of bile salt secretion. If the observations dur-
ing cholinergic blockade are taken as "baseline"
values for bile production at various rates of
taurocholate excretion, it is apparent that the
administration of secretin at a standard rate results
in the additional output of a relatively constant
quantity of inorganic electrolytes and water over

the entire range of taurocholate excretion. The
anatomical site at which this additional fluid en-

ters the bile is unknown. Of interest in this con-

nection is the description by Rous and McMaster
(19) of the production of a clear alkaline solution
by isolated canine bile ducts, which provides an

indication of the inherent secretory capacity of
the bile duct epithelium. However, the present
evidence does not necessarily permit one to ascribe
the effects of secretin to mechanisms located in the

duct system, and further studies will be required
to establish the site of action of this hormone.

The high bicarbonate content of the additional
fluid excreted during secretin administration sug-
gests a similarity to pancreatic juice, and may in-
dicate that similar mechanisms are involved in the
production of these two fluids. During maximal
secretin stimulation the concentration of bicarbon-
ate in bile, like that in pancreatic juice, is so much
higher than the plasma bicarbonate concentration
that one must suspect the existence of active bi-
carbonate secretion. A sequence consisting of bi-
carbonate elaboration followed by bicarbonate-
chloride exchange has been suggested by Dreiling
and Janowitz (20) in connection with the produc-
tion of pancreatic juice. If analogous phenomena
occurred in the biliary tract, this might provide
an explanation for the fact that chloride as well
as bicarbonate excretion rate increases during
secretin administration.

In a number of instances the additional water
excreted in response to secretin was less than the
amount required to form an isotonic solution with
the additional solutes. The average anion con-
centration in the hypothetical "solution" produced
during secretin stimulation, calculated as (AdC- +
AHCO3-) /AF, was approximately 200 mEqper L
in each of the dogs (Table II) with an expected
osmolality of 400 mOsmper kg. Consistent with
these calculations was the demonstration of hyper-
tonicity by freezing point determinations in bile
specimens obtained during secretin stimulation
(Figure 6), in contrast to the isotonicity or hy-
potonicity of bile obtained in the absence of secre-
tin. The observed hypertonicity suggests that
secretin-induced electrolyte secretion is not fol-
lowed by complete osmotic equilibration between
the bile and the surrounding tissues.

Pipenzolate methylbromide does not appear to
alter the effect of secretin on canine bile produc-
tion. This would suggest that the mechanisms
involved in the response of the canine biliary tract
to secretin do not depend upon cholinergic innerva-
tion, and may differ in this respect from analogous
mechanisms in the human pancreas. However, the
possibility that cholinergic stimuli may play a role
in bile production under either circumstance (21)
has not been ruled out.

C. Spontaneous variations in bile flow and
composition. The final composition and flow of
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bile must depend upon the combined activity of at
least the two major mechanisms under discussion.
Moreover, it is almost certain that many other
factors, such as changes in hepatic perfusion,
plasma composition, and neurogenic stimuli, must
exert a modifying influence not apparent in the
relatively steady states prevailing throughout the
present studies.

The causes of spontaneous variations in bile
flow have not actually been clarified by the present
studies. The fact that pipenzolate methylbromide
administration tends to produce a reduction and
stabilization of bile flow is consistent with previous
observations in which atropine was employed
(22), but it is not clear whether a direct action
on cholinergic nerve endings in the biliary tract
is involved. It was evident, at least in some of
the present studies, that variations in bile flow
were related to the movement of gastric hydro-
chloric acid into the duodenum, presumably
through the mediation of endogenous secretin. To
the extent that cholinergic blockade reduces gastric
hydrochloric acid production, some of the effects
of pipenzolate methylbromide might be explained
on this basis. However, the relationship between
duodenal pH and bile flow was not consistent in
all animals. It is evident that variations in gastric
acid secretion are not the only cause, nor even
necessarily a very important cause, of variations
in bile flow in the intact animal.

D. Individual and species differences. It has
been noted earlier in the Discussion (section A)
that one of the four dogs, Gracie, was regularly
found to have a greater bile flow and higher bicar-
bonate concentration than the other dogs, and that
a hypothetical flow of about 0.1 ml per minute at
"zero" taurocholate excretion rate was predicted
by extrapolation. These findings suggested a con-
tinuous secretion of inorganic electrolytes with a
preponderance of bicarbonate of a degree which
was seen in the other animals only during secretin
stimulation. While it is possible that this dog
elaborated endogenous secretin continuously
throughout all of the studies, one must also con-
sider the possibility that the transport of inorganic
electrolytes into the biliary tract may have been,
to some extent, independent of secretin stimulation.

If the differences between individual members
of the same species are noteworthy, it is obvious
that there are much more striking differences

when other species are compared with the dog.
It is well known, for example, that rodents produce
copious quantities of bile, that the bile is composed
mainly of an alkaline solution of inorganic elec-
trolytes (6), and that the choleretic response to
taurocholate is far less than that in the dog (5).
This might suggest that there is continuous secre-
tion of large quantities of inorganic ions in rodents,
similar to the phenomenon exhibited to a minor
degree by dog Gracie. The extent to which the
present findings in the dog may be extrapolated to
other species, including man, will depend upon the
results of future studies, but it is possible that
impressive species differences may represent quan-
titative rather than qualitative dissimilarities in
the fundamental mechanisms involved in bile
production.

SUMMARY

Bile flow and electrolyte composition were stud-
ied in four unanesthetized cholecystectomized dogs
equipped with Thomas cannulae.

The output of water and of the major electro-
lytes was approximately proportional to the excre-
tion rate of taurocholate during cholinergic block-
ade. Extrapolation of this relationship suggests
bile flows close to zero in the absence of tauro-
cholate excretion.

During secretin administration there were con-
sistent increments in bicarbonate, chloride, and
water excretion at all rates of taurocholate excre-
tion, when compared with the flow and composi-
tion of bile during cholinergic blockade.

The mechanism of action of cholinergic block-
ade in establishing a reproducible reference state
remains unexplained, but it is suggested that de-
pression of gastric hydrochloric acid secretion (and
consequently of release of endogenous secretin)
may be a factor in some instances.

Bile tends to be slightly hypertonic during secre-
tin administration, and hypotonic during cholin-
ergic blockade.

The data support the view that bile is formed
by the combined activity of two major mech-
anisms: 1) active secretion of bile salts with pas-
sive movement of water and inorganic electrolytes
into the lumen along the resulting electrochemical
gradients; 2) independent elaboration of inorganic
electrolytes and water, as exemplified by the in-
crements in bicarbonate, chloride, and water ex-
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cretion during secretin administration. It is sug-
gested that additional factors such as changes in
hepatic perfusion, plasma composition, and neuro-
genic stimuli may also affect the final flow and
composition of bile.
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