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PREFACE

f I had been writing a monograph for physicians
I some twenty years ago I should have felt obliged to
confine myself to the so called practical aspects of
the subject, at the present time Ifeel no such com-
pulsion It 15 my observation that modern physicians
are about as much interested in the sciences that are
basic to their practice as are those who spend their
whole time in teaching and research It is unfortu-
nate that this interest 1s often frustrated through lack
of the time required to consult origimnal sources If
this discussion helps 1n a small way to improve that
situation 1t will have served one of its purposes
Another objective has been to provide a convenient
guide to source material for students and teachers
of phys:iology

In a work of this length 1t 1s, of course, im-
possible to cite all the literature or even a major
part of it References have been selected for their
historical sigmificance, their usefulness, and, too
often perhaps, their availability Articles that have
been published in more than one language have been
cited, by preference, in the language most likely to
be familiar to the reader This apphes particularly
to articles originally published in the Russian lan-
guage and later reviewed or published in translation
in French or German journals
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vi PREFACE

Through the kindness of several colleagues I
have been able to include 1n the text some observa-
tions and opinions that have not yet found their way
into the published literature 1 take this occasion to
express my gratitude to Drs Horace W Davenport,
M H F Friedman, E S Nasset, I ] Pcus, V
Brown Scott, and Wm J Snape for permission to use
their unpublished contributions I am also indebted
to Drs N A Michels and A | Ramsay for thewr
mndispensable help in writing the chapter on Mor-
phology andto Dr M H F Friedman for his assist-
ance 1n preparing the section on Secretin and for
reading and correcting the entire manuscript Ac-
knowledgement 1s also due to Dr S A Kornarov for
many valuable criticisms and suggestions

Prof B P Babkin has been kind enough to read
and criticize several of the chapters and has made
many helpful suggestions His interest mn our work
has been a constant source of stimulation and en-
couragement I am further indebted to Prof Babkin,
as every writer 1 this field must be, n that his
publications have served as guides to the early
Nterature and as sources for much of the subject
matter
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Chapter 1
MORPHOLOGY

HE pancreas 1% an elongated gland which extends

from the duodenum obliquely upward behind the
stomach across the posterior abdominal wall to the
spleen, at the level of the first and second lumbar
vertebrae For descriptive purposes it 1s divided
mto a head, body and tail The parts are not sepa-
rated by any well-defined markings but form a con-
tinuous retroperitoneal mass firmly attached to the
posterior abdominal wall The most massive portion
of the gland is the head It 1s flattened dorsoven-
trally and lies within the concavity of the ducdenum,
to which 1t 1s attached by numerous blood vessels
the pancreatic ducts and loose connective tissue The
uncinate process 1s a hook-like medial projection of
the lower part of the head The body of the pancreas
makes up the major portion of the remainder of the
gland It 1s somewhat prismatic in shape and pre-
sents an anterior, a posterior and an inferior sur-
face The tail 15 the pointed tongue-like left end of
the gland which lies in contact with the spleen

The terms used to describe the human pancreas
are applicable also to the pancreas of the dog and
cat The principal difference from the human 1s the
greater mobility of the pancreas in these amimals,
particularly 1n the region of the head which lies with-
in the duodenal mesentery The uncinate process 1s
well developed and parallels the descending portion
of the duodenum In the rabbit and other rodents the
pancreas 18 rather diffusely distributed in the mes-
entery of the upper intestine
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Figure 1

Pancreas of the human embryo A Fifth week B Sev-
enth week (From Reinhoff and Pickrell (2) Archives of
Surgery )

with the liver bud the duct of Wirsung in the adult
enters the duodenum in close association with the
common bile duct That portion of the duct of the
dorsal rudiment which lies between the duodenum and
the point of anastomosis wath the ventral duct 1s
normally retarded in its subsequent development and

b the y duct (duct: pancreaticus
accessorws or duct of Santorim)
The d 1 end of the y duct was found

not to be patent i 24 per cent of 250 cases examined
by Reinhoff and Pickrell (2) Probably in 2 majority
of instances, according to their findings, it drains
mto the major duct rather than into the duodenum
These authors give the following frequency of other
anomalies of the pancreatic ducts failure of the
ducts to anastomose within the pancreas, 15 per cent,
accessory duct larger than the “principal” duct, 6 61
per cent, no accessory duct 0 737 per cent In calcu-
lating their percentages they included wath their data
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The followmng anomalies of the pancreas have
been described {1) as of rather frequent occurrence
1 The uncinate process may develop as a separate
structure which then becomes a “lesser pancreas ”
92 Glandular tissue irom the head of the pancreas
may completely surround the descending duodenum
forming an “annular pancreas ? 3 Pancreatic tissue
may develop 1n unuspal locations, chiefly in the ‘wall
of the stomach or the jejunum, resulting n an “‘ac

cessory pancreas ”

THE PANCREATIC DUCTS

Embryology The peculiarities of the duct system
of the pancreas are intelligible anly when considered
i relation to the embryologic development The
gland develops from two outgrowths of the primtive
gut one arising from the ventral and the other from
the dorsal wall ummediately below the primtive
stomach The ventral rudiment (at times double)
appears to develop mn common with the embryome
DLiver bud whereas the dorsal rudiment develops
directly from the gut as a simgle outpocketing As a
:::““;’;t; °t§t1°ﬂ of the gut and Jts mesenteries and
he sgrnf i of the rudiments thems, elves the two por-
the duodene Pancreas come into cofitact at the left of
dorsal paneregd eventually fuse |‘Fig 1, B) The
o b2 :cgeatic bud grows more ' rapidly than the
body, a’ng Ot ucing some of the head of the gland, its
Ctm!lzlbutedl S tail, the main portion of the head 1§
tral pans by the ventral bud The d uct of the ven~
»omeahe;;easl Joins the ducts of the ¢ forsal portion
noar 1ts 'a ong the course of the ], tter, usually
: origin and the two subsequently form a con-
inuous channe) which constitutes the m 1or pancre-
atic duct {ductus pancreaticus or ducs & 4 Wirsang)

In keeping with the fact that the pro\(q mal portion

of this duct (ventra) bud) was developed in | tonjunction
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Figure 1

Pancreas of the human embryo A Fifth week B Sev-
enth week (From Remhoff and Pickrell (2) Archives of
Surgery )

with the liver bud, the duct of Wirsung in the adult
enters the duodenum 1n close association with the
common bile duct That portion of the duct of the
dorsal rudiment which lies between the duodenum and
the point of anastomosis with the ventral duct 1s
normally retarded 1n its subsequent development and
becomes the accessory duct (ductus pancreaticus
accessorws or duct of Santorini)

The duodenal end of the accessory duct was found
not to be patent i 24 per cent of 250 cases examined
by Remnhoff and Pickrell (2) Probably in a2 majority
of instances, according to their findings it drains
mnto the major duct rather than into the dwodenum
These authors give the following frequency of other
anomalies of the pancreatic ducts failure of the
ducts to anastomose within the pancreas, 15 per cent,
accessory duct larger than the principal duct, 6 61
per cent no accessory duct 0 737 per cent In calcu-
lating their percentages they included with their data
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the results of previous studies by Opie {3) and others
The problem was also studied by Simkins (4) The
most frequent arrangement of the ducts as found by
Reinhoff and Pickrell 1s illustrated m Fig 2 A

Figure 2

A The most frequent arrangement of the pancreatic
ducts B Specimen with three papillae C Dissected
specimen of an adult pancreas showing an embryome type
of duct system in which the accessory duct carries most of
the secretion D Dissected specimen of an adult pancreas
showing an unusual loop configuration of the main pancre-
atic duct (From Reinhoff and Pickrell (2) Archives of
Surgery )

A matter of considerable clinical interest is the
relation of the pancreatic duct to the common bile
duct at the point of their common entrance into the
duodenum They may enter separately or form a
conjoined bile and pancreatic duct which, as it passes
through the duodenum, dilates to form the ampulla of
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Vater which opens into the duodenal papilla In the
series studied by Reinhoff and Pickrell (2) an am-
pulla was present in only 81 of their 250 cases
Combining their data with those previously published
they arrived at a figure of 46 per cent for all cases
reported In the remaining 53 per cent the ducts
entered the duodenum separately or were separated
by a septum which extended to within 2 mm of the
common orifice The point 1s of interest largely be-
cause of the commonly held behef that a stone at the
common orifice which would close the ampulla would
cause bile to enter the pancreatic ducts and possibly
cause acute pancreatitis The theory is improbable
for several reasons The necessary anatomcal re-
lations are relatively infrequent the secretory pres-
sure of bile 15 insufficient to force a significant
amount of bile into the pancreas (5, 6), (see also
Chap VIH, Secretory Pressure) and bile when in-
jected into the pancreatic ducts experimentally has
failed to cause pancreatitis unless enough force is
used to rupture the ducts (Archibald, also Nordman,
quoted by Remhofi and Pickrell (2} )*

It seems much more probable that when acute
pancreatitis follows occlusion of the common orifice
the damage 1s caused by activation of the pancreatic
enzymes 1n the mixture of bile and pancreatic juice
in the ampulla as pownted out by Popper (20) The
process of activation may then spread through the
Juice m the pancreatic ducts by autocatalysis (see
under “Trypsin and trypsinogen ” Chap III)

The arrangement of the ducts in the dog follows
the same general plan as 1n the human except that the
duct of the dorsal rudiment which, in the human,
arises between the stomach and the liver bud, in the
dog apparently arises caudad to the pomt of origin of
the hiver, at least 1t occupies this position 1n the adult
inwhich 1t becomes the major pancreatic duct, the duct

*See also Tejerina-Fotheringham Gastroenterology
10 687 (1948)
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associated with the common bile duct becomes the
accessory duct The accessory duct 15 a relatively
important channel 1in the dog since, according to
Bottin (7), 1t 15 patent and anastomoses with the prin-
cipal duct 1n all eases Bottin found a third duct in
20 to 25 per cent of his amimals which enters the
duodenum midway between the biliary papilla and the
opening of the major duct, 1t communicates with the
other ducts but 1s very small Additional anomalous
ducts have been described (8) In the cat the devel-
opment more nearly follows the human pattern, the
pancreatic duct being closely associated with the
common bile duct

Continued growth and division of the smaller
mntralobular branches of the pancreatic ducts produce
the definitive secretory portions of the gland, acim
and 1slets of Langerhans

BLOOD SUPPLY

The blood supply of the pancreas has been in-
vestigated by numerous worhers, the more recent
being Pierson (9), Ziegler (10), Kirk (11), and Mi-
chels (12) According to the latter, the arteries that
supply the pancreas are substantially as follows
(references are to Fig 3)

1 Anterior and posterior pancreaticoduodenal
arcades about the head of the pancreas The anterior
arcade 15 formed by the anterior superior pancre-
aticoduodenal (ASPD), a branch of the gastroduodenal
The posterior arcade 1s formed by the textually
unlisted retroduodenal (RD), or posterior superior
pancreaticoduodenal (PSPD), the upper, nearly in-
varable, first branch of the gastroduodenal The
arcades may end 1n the superior mesenteric via a
common inferior pancreaticoduodenal in which case
the anterior pancreaticoduodenal artery sends a
dorsal branch to pick up the retroduodenal arcade,
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or each arcade may end imn the superior mesenteric
via its own inferior pancreaticoduodenal artery (IPD)
as shown in Fig 3

2 Dorsal pancreatic (DP)* is an unlisted artery
of variable size (1-4 mm) distributed to the dorsal
surface of the pancreas near the junction of the head
and body where the splemic vein jomns the superior
mesenteric vemn to form the portal vein The dorsal
pancreatic has a varied origin, from the celiac or
aorta, from the fairst part of the hepatic or splenic,
or from the superior mesenteric

N
S
:
1

Figure 3

Relations of the pancreas to the regional blood vessels
and organs according to Michels based on dissection of 200
—_—

*Superior pancreatic of Pierson {9)
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3 Transverse pancreatic (TP) * This relatively
large artery courses along the inferior surface of
the pancreas It usually arises as the most promi-
nent leit branch of the dorsal pancreatic but may
arise separately from the right gastroepiploic or
gastroduodenal

4 Splemc branches Two to six small branches
which arise from the splemic along its course and
which unite with neighboring branches At the distal

-~
bodies With minor variations this arterial pattern was
found 1in 52 per cent of the bodies Duodenum is turned
forward to show distribution of the retroduodenal artery
(RD) (posterior superior pancreaticoduodenal (PSPD) and
its arcades to the posterior surface of duodenum and head
of pancreas It unites with the superior mesenteric (SM)
via 1ts own inferior pancreaticoduodenal (IPD} The ante
rior arcade on the head of the pancreas and anterior sur-
face of the duodenum begins with the (anterior) superior
pancreaticoduodenal {ASPD) which unites with the superior
mesenteric {SM) via its own inferior pancreaticoduodenal
In every instance there are two pancreaticoduodenal ar-
cades one anterior and one posterior

The dorsal pancreatic (DP) here arises from the supe-
rior mesenteric (SM) To the left 1t gives off the trans-
verse pancreatic (TP} which after coursing along the
inferior surface of the pancreas anastomoses with the
a pancreatica magna (PM) here a branch of the left
gastroepiploic (LGE) A right branch joins the right gas-
troepiploic (RGE) The supraduodenal (SD) of Wilkie sup-
plies the first part of the duodenum with branches of the
head of the pancreas

Hepato lieno gastric celiac trunk with hepatic dividing
into 1ts three typical branches viz right left and middle
hepatic the latter for quadrate lobe Upon dissection 23
hepatic branches were found entering the liver substance
the branches being selectively distributed to various intra-
hepatic areas

[ —
#Inferior pancreatic of Pierson {9)
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third of the pancreas the splenic gives off a very
large branch, the arteria pancreatica magna (PM)
1t 15 directed obliquely toward the left, 1 e toward
the tait of the pancreas

5 Branches from the supraduodenal artery of
Wilkie (SD) This small artery has a varied origin
from the gastroduodenal right or left hepatic right
gastric or retroduodenal

6 Branches from the gastroduodenal right gas-
troepiploic and right gastric to the head and proxi-
mal portion of the pancreas (GD, RGE and RG)

7 Branches from the left gastroepiploic (LGE)
and splenic termnals to the tail of the pancreas one
being especially prominent wiz , the arteria caudae
pancreatis

Anomalous arterial conditions are often present
the most important being a replaced or accessory
right hepatic from the superior mesenteric passing
through the head of the pancreas or immediately
behind 1t When of the latter variety the right hepatic
may receive the retroduodenal arcade via an inferior
pancreaticoduodenal or give rise to the dorsal pan-
creatic with branches to the uncinate process In
instances the entire hepatic trunk arises from the
superior mesenteric and passes through the head of
the pancreas, a fact to be remembered mn every
resection of this region

INTRAPANCREATIC CIRCULATION

Within the gland the acinous cells and the 1slets of
Langerhans are supplied by separate arterioles
Those which supply the 1slet tissue break up mnto
large, tortuous sinusoids which lie between the 1slet
cells and drain into smaller capllaries which sur-
round the adjacent acimi Other acim are supplied
with capillaries which arise directly from arterioles
{11 13 14) Thus 1t happens that the acinous cells mn
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—
sInferior pancreatic of Prerson (9)
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third of the pancreas the splenic gives off a very
large branch the arteria pancreatica magna (PM)
1t 15 directed obliquely toward the left, 1€ toward
the tail of the pancreas

5 Branches from the supraduodenal artery of
Wilkie (SD) This small artery has a varied origin
from the gastroduodenal, right or left hepatic right
gastric or retroduodenal

6 Branches from the gastroduodenal right gas-
troepiploic and right gastric to the head and proxi-
mal portion of the pancreas (GD RGE and RG)

7 Branches from the left gastroepiploic (LGE)
and splenic terminals to the tail of the pancreas, one
being especially promment wviz , the arteria caudae
pancreatis

Anomalous arterial conditions are often present
the most important being a replaced or accessory
right hepatic from the superior mesenteric passing
through the head of the pancreas or i1mmediately
behind it When of the latter variety the right hepatic
may receive the retroduodenal arcade via an inferior
pancreaticoduodenal, or give rise to the dorsal pan-
creatic with branches to the uncinate process In
mstances the entire hepatic trunk arises from the
superior mesenteric and passes through the head of

the pancreas a fact to be remembered in every
resection of this region

INTRAPANCREATIC CIRCULATION

Within the gland the acinous cells and the islets of
Langerhans are supplied by separate arterioles
Those which supply the islet tissue brea¥ up into
large tortuous sinusoids which lie between the islet
cells and drain into smaller capillaries which sur-
round the adjacent acini Other acini are supplied
with capillaries which arise directly from arterioles
(11 13 14) Thus 1t happens that the acinous cells in
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the vicinity of the islets are exposed to blood which
has recently been in contact with 1slet cells and may
contain more of the internal secretion of these cells
than the blood supplied to other acim

NERVE SUPPLY

The pancreas receives an abundant nerve supply
from both the vag: and splanchnic nerves The func-
tion of these nerves will be the subject of a later
chapter According to Richins {(15), who made his
studies on cats by strictly morphological methods,
the entire extrinsic nerve supply to the pancreas
passes through the celiac plexus and reaches the
gland via the nerve plexus surrounding the arteries,
chiefly the superior pancreaticoduodenal artery The
vagus fibers end in the intrinsic gangha of the pan-
creas and from these the parasympathetic path is
continued through postganglionic unmyelinated fibers
to the acimous cells, 1slet cells, and the smooth
muscle of the ducts The efferent splanchnic fibers
destined to supply the pancreas, according to this
author, all end in the celiac and associated ganglia
and from there the sympathetic path is continued
through unmyelinated postganglionic fibers which are
distributed solely to the pancreatic blood vessels
However, the presence of splanchnic secretory fibers
in the cat which do not synapse in the celiac ganglia
1s 1ndicated by the physiological studies of Babkin
Hebb and Sergeyeva (16) and others Myelinated
visceral afferent fibers from the pancreas are also
present 1n the splanchnic nerves (15)

Guillaumie (17) using physiological methods on
dogs, reached quite a different conclusion regarding
the course of the vagus fibers Confirming with few
exceptions, the early observations of Popielski {18),
she concluded that a majority (80 per cent) of the
vagus fibers to the pancreas course along the lesser
curvature of the stomach to cross the pylorus and
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d d a certamn dist in the duodenal wall be-
fore entering the pancreas The remaining 20 per
cent traverse the hepatic plexus and join the pan-
creas in the region of the pylorus
These differences in experimental observations
may be ascribed to species differences or to differ-
ences 1n the method of study They serve, in any
case, to pomnt out the unsatisfactory state of our
knowledge of the nnervation of the pancreas One
important pomnt about which we know nothing con-
cerns the relation of the mntrinsic pancreatic ganglia
to the ganglionic plexus of the intestine Are the
pancreatic gangha derived from the intestinal plex-
us? Do they have structural and functional relations
with the mntestinal ganglia in the adult ammal? Are
stimuli which are conducted through the intestinal
plexus also conducted to the pancreas? Can such
stimulr 1nfluence pancreatic function? Answers to
these questions might serve to illuminate many ob-
scure features of pancreatic physiology
It is often incorrectly stated that the pancreas
recewves a greater part or all of its vagus nerve
supply from the right vagus This error arises from
the tendency to overlook the fact that after the vag
merge 1n the esophageal plexus the right and left
nerves can no longer be distinguished Two or more
trunks emerge irom the esophageal plexus and the
trunk which occupies the more posterior position at
the level of the diaphragm, although referred to by
some anatormists as the right vagus, contains fibers
from both the right and left vag: as they occur n the
neck When stimulated in the neck the right and left
vagy are equally effective in modiying pancreatic
function (17) See also Figs 19 and 20, Chap VI

MICROSCOPIC ANATOMY

When studied microscopically the pancreas 1is
seen to be made up chiefly of groups of cells forming
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the vicimty of the 1slets are exposed to blood which
has recenily been in contact with 1slet cells and may
contain more of the internal secretion of these cells
than the blood supplied to other acim

NERVE SUPPLY

The pancreas receives an abundant nerve supply
from both the vagi and splanchmic nerves The func-
tion of these nerves will be the subject of a later
chapter According to Richins (15) who made his
studies on cats by strictly morphological methods,
the entire extrmmsic nerve supply to the pancreas
passes through the celiac plexus and reaches the
gland via the nerve plexus surrounding the arteries,
chiefly the superior pancreaticoduodenal artery The
vagus fibers end 1n the intrinsic gangha of the pan-
creas and from these the parasympathetic path 1s
continued through postganglionic, unmyelinated fibers
to the acinous cells, islet cells, and the smooth
muscle of the ducts The efferent splanchnic fibers
destined to supply the pancreas, according to this
author, all end mn the celiac and associated gangha
and from there the sympathetic path 1s continued
through unmyelinated postganglionie fibers which are
distributed solely to the pancreatic blood vessels
However, the presence of splanchmc secretory fibers
1n the cat which do not synapse 1n the celiac ganglia
1s mndicated by the physiological studies of Babkin,
Hebb and Sergeyeva (16) and others Myelinated
visceral afferent fibers from the pancreas are also
present in the splanchmc nerves (15)

Guillaumie (17) using physiological methods on
dogs, reached qute a different conclusion regarding
the course of the vagus fibers Confirming with few
exceptions, the early observations of Popielsk: (18),
she concluded that a majority (80 per cent) of the
vagus fibers to the pancreas course along the lesser
curvature of the stomach to cross the pylorus and
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tains the spherical nucleus This zone exhibits a
variable degree of striation produced by an alignment
of mitochondria perpendicular to the basal surface of
the cell (Fig 4), variation in its appearance 1s ap-

Figure 4

Section of an acinus of the pancreas of the guinea pig
showing centroacinous cells with mitochondria and fuch-
sinophile bodies In the acinous cells may be seen zymo
gen granules * and long mitochondrial filaments Acetic
osmic bichromate amlme and acid fuchsin methyl green
X1555 (From R R Bensley Am ] Anat 12297 1912)

parently related to the functional state of the cell
With proper methods of preparation the basal zone
shows, also, a very finely granular basic-stamning

—_—
*But few granules are shown The more usual appearance

of the zymogen granules 1n the resting cell 15 shown 1n
Figure 22a
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acim1 which tend to be spherical or ovoid in general
contour but in the closely packed tissue of the pan-
creas are actually polygonal Groups of acim form
primary lobules, also polygonal in contour, which are
immperfectly separated from other primary lobules by
mncomplete connective tissue septa Numerous ad-
jacent primary lobules form a secondary lobule The
secondary lobules are completely surrounded by
connective tissue and can be dissected out as sepa-
rate structures connected with the rest of the gland
by ducts, nerve fibers, lymphatic vessels, and blood
vessels

The larger ducts (interlobular ducis) run m the
connective tissue septa where they give off branches,
generally at right angles, which enter the primary
lobules to become the intralobular ducts Within the
lobule these ducts branch profusely to reach the mn-
dividual aeint where they terminate Within the con-
nective tissue septa also, but not associated with the
ducts, are the blood vessels, lymphatic vessels,
nerve fibers and intrinsic ganglia of the pancreas
Within the lobules, 1n close contact with the acinous
cells he the 1slets of Langerhans

The pancreatic tissue proper is composed of
acinous cells, 1slet cells and duct cells The acinous
cells, owing to the spheroid shape of the acini, tend
to be pyrammdal with the truncated apex of the pyra-
mid directed toward the lumen of the acinus They
are large cells with a well developed nucleus and
nucleolus and abundant granular cytoplasm The
granules (zymogen) vary in number and position n
the cell depending on the state of activity of the gland
but tend to be more abundant i the apical (lumenal)
region of the cell When very abundant they may
occupy the major portion of the cytoplasm displacing
the nucleus to the base of the cell, but there is gen~
erally a zone free of zymogen granules near the base
The basal cytoplasmic zone of the acinous cell con-
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tamns the spherical nucleus This zone exhibits a
variable degree of striation produced by an alignment
of mitochondria perpendicular to the basal surface of
the cell (Fig 4), variation in its appearance is ap-

Figure 4

Section of an acinus of the pancreas of the guinea pig
showing centroacinous cells with mtochondria and fuch
sinophile bodies In the acinous cells may be seen zymo
gen granules * and long mitochondnal filaments Acetic
osmic bichromate anilme and acid fuchsin methyl green
X1555 {From R R Bensley Am ] Anat 12297 1912)

parently related to the functional state of the cell
With proper methods of preparation the basal zone
shows, also, a very finely granular basic-staning

—
*But few granules are shown The more usual appearance

of the zymogen granules 1n the resting cell 1s shown in
Figure 222
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chromophilic material related to similar material
mn other zymogenic glandular cells (ex , peptic cells
of the stomach, acinous cells of the parotid gland)
and, further, 1s considered by some to be somewhat
comparable to Nissl substance of nerve cells Se-
cretory canaliculr have been described 1in the acinous
cells Changes that occur in these cells as a result
of secretory activity will be considered 1n a later
chapter

The walls of the larger ducts of the pancreas
contain connective tissue consisting of both white and
elastic fibers These ducts are lined with columnar
epithelium composed of cells with faintly granular
cytoplasm The granules react to dyes which stan
mucin  Ducts of intermediate size are lined with low
columnar or cuboidal epithelium and have little or no
connective tissue in their walls The small, intra-
lobular ducts are made up of flattened cells with 2
conspicuous nucleus and relatively httle cytoplasm
In longitudinal section they appear to be spindle
shaped owing to distention of the central portion of
the cell by the large nucleus

The manner 1n which the intralobular ducts termi-
nate in relation to the acini has been difficult to de-
termine Cells corresponding in structure to the
cells of the terminal ducts may be seen 1n micro-
scopic sections within the acini (centroacinous cells,
Fig 4) and most authors have concluded that the
terminal ducts extend into the lumen of the acinus
where they form a sort of lining Zimmermann (19)
on the other hand, contended that the “so-called
centroacinous cells” do not belong to the acinus n
which they appear in microscopic sections but are
cells of adjacent ducts which happen to be so situated
that they can be seen through the lumen of the aci-
nus His views are not supported by the results of
more recent studies
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chromophilic material related to similar material
n other zymogemc glandular cells {ex , peptic cells
of the stomach, acinous cells of the parotid gland)
and, further, is considered by some to be somewhat
comparable to Nissl substance of nerve cells Se-
cretory canalicul1 have been described in the acinous
cells Changes that occur in these cells as a result
of secretory activity will be considered m a later
chapter

The walls of the larger ducts of the pancreas
contain connective tissue consisting of both white and
elastic fibers These ducts are lined with columnar
epithelium composed of cells with famntly granular
cytoplasm The granules react to dyes which stain
mucmn  Ducts of intermediate size are lined with low
columnar or cuboidal epithelium and have hittle or no
connective tissue in their walls The small, mntra-
lobular ducts are made up of flattened cells with a
consprcuous nucleus and relatively httle cytoplasm
In longitudinal section they appear to be spindle
shaped owing to distention of the central portion of
the cell by the large nucleus

The manner in which the intralobular ducts termi-
nate in relation to the acim has been difficult to de-
termine Cells corresponding in structure to the
cells of the terminal ducts may be seen in micro-
scopic sections within the acim (centroacnous cells,
Fig 4) and most authors have concluded that the
terminal ducts extend into the lumen of the acinus
where they form a sort of lining Zimmermann (19)
on the other hand, contended that the “so-called
centroacinous cells” do not belong to the acinus in
which they appear in microscopic sections but are
celis of adjacent ducts which happen to be so situated
that they can be seen through the lumen of the aci-
nus His views are not supported by the results of
more recent studies
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can be obviated to some extent by use of intravenous
anesthetics such as chloralose and urethane or one
of the barbiturates and by care in exposing and can-
nulating the ducts A dissection of the ducts 1n a dog
is shown in Fig 5

Figure 5

A dissection showing the position and relations of the
pancreatic ducts in a dog 1 intestine O omentum M
mesentery S stomach P pancreas (uncinate process)
BD position of the bile duct LD large duct SD small
duct of the pancreas The pancreas is partly cut away to
show the position of the ducts For operations wmvolving the
small or y duct the is rotated to the
left exposing the posterior surface (From Dennis E
Jackson Experimental Pharmacology C V Mosby Co
8t Louis )




Chapter II
EXPERIMENTAL METHODS

TUDIES of the external pancreatic secretion -

volve, as a primary necessity, some means of
collecting pancreatic juice Any device whereby the
pancreatic secretion 1s diverted to the outside of the
body may be described as a pancreatic fistula such
fistulas may be either temporary or permanent
Permanent fistulas are those that are not incompat-
1ble with survival and that persist, after being estab-
lished, throughout the subsequent life of the amimal,
all others are classed as temporary fistulas Either
type of fistula may be complete or partial depending
upon whether all or only a part of the secretion 1S
being diverted

CANNULATING THE PANCREATIC DUCT
IN ANESTHETIZED ANIMALS

The simplest temporary fistula 1s prepared by
cannulation of one or both of the pancreatic ducts mn
an acutely operated amumal This method has been
used extensively by most students of pancreatic
function and continues to yield much valuable mnfor-
mation 1n spite of serious disadvantages There is
obvious objection to the use of anesthetic or other
depressant drugs in any physiological investigation,
1n addition the pancreas is extraordinarily sensitive
to the inhibitory influences associated with excite-
ment that 1s apt to accompanny induction of anes-
thesia and to reflexes associated with the physical
trauma of operative procedures These difficulties
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Figure 6

DeGraaf s 1llustration of 2 temporary pancreatic fistula
with collecting vessel the animal pictured in “Fig 2 also
has a salivary fistula (From Succi Pancreatici 1671)
(Reproduced by | F Fulton Selected Readings in the

History of Physiology Charles C Thomas Publisher
Springfield m )
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OTHER TEMPORARY FISTULAS

The first pancreatic fistula was made by Regner
de Graaf in the year 1663 and was described the
following year in his doctorate thesis (1) One of his
illustrations 18 reproduced in Fig 6 He cannulated
the pancreatic duct of a dog with a qull from a wild
duck which he selected “ because that kind of bird
hath longer and thinner than all others ” The pan-
creatic juice was subsequently collected mn a small
vessel attached to the cannula A similar method was
employed by Claude Bernard (2), who used a silver
tube, and by Bernstein (3) and others The method
was of limited usefulness because the cannula always
came out of the duct within a few days

Rous and McMaster {4) in 1923 described their
technique for semipermanent intubation of the bile
duct and m 1927 Elman and McCaughan (5) adapted
this method to the pancreas In this procedure (F1g
7, H) the duct 15 cannulated and the cannula connected
to a long, flexible rubber tube, a large part of which
1s allowed to remain within the peritoneal cavity
The free end 15 drawn out through a stab wound 1n the
abdominal wall and protected by a sterile collecting
bag Scott (12b) found this fistula to be unreliable
because of early failure of the flow due to clogging
of the cannula

PERMANENT PANCREATIC FISTULAS

Among the earliest successful permanent fistulas
of the pancreas is that devised by Pavlov (6) (Fig
7, E} He cut out an oblong portion of the duodenal
wall surrounding the opeming of one of the pancreatic
ducts (generally the larger) and, after repairing the
duodenum, transplanted the excised papilla with the
duct attached into the skin of the abdominal wall The
operative technique has been described by Babkin (7)
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Figure 6

DeGraat s illustration of a temporary pancreatic fistula
with collecting vessel the ammal pictured 1 “Fig 2 also
has a salivary fistula (From Succi Pancreatici 1671)
(Reproduced by ] F Fulton Selected Readings i the
History of Physiology Charles C Thomas Publisher
Springfield 1)
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and (in English) by Boldyreff (8) A slightly different
operation for the same purpose proposed by Heiden
hain (9) (Fig 7, B) has no advantage over Pavlov's
method Pavlov’s operation requires a fair degree
of surgical skill and the animals that survive are
bject to derable di fort owing to the cor-
rosive action of the pancreatic juice in which the
proteolytic enzymes are activated by contact wath the
transplanted mucosa
The objections to the Pavlov fistula were largely
obviated by a modification adopted by Babkin in 1804
(see Babkin, 7) After a fistula had been prepared by
Pavlov’s method and the wound healed he excised the
transplanted letely and sutured the walls
of the duct to the margins of the wound Closing of
the duct by scar tissue was prevented by daily prob-
ing and the juice was collected when desired through
a glass cannula inserted into the duct to the depth of
about 1 1/2 ¢cm When the cannulz was not in place
compression of the duct by the scar prevented drain-
age of the juice to the outside so that most of it
flowed into the intestine via the accessory duct I
any drained to the outside it was not corrosive since
1t contained no active trypsin (See Chap IN) Ani-
mals so prepared lived for three to four years in
good health
Direct transplantation of the duct into the skin
without the pamlla has been proposed from time to
time (8, 10) The most successful technique for this
purpose is that devised by Inlow (11) (Fig 7, G) He
implanted that portion of the intact duodenum con-
taining the pancreatic papilla into the subcutaneous
tissue of the abdominal wall At the same, or prefer-
ably, a subsequent operation, the intramural portion
of the duct was dissected out and cut near the papilla
and the free end brought out through the skin near
the site of the original incision A catheter was in-
serted into the duct to facilitate handling and left in
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Figure 7

Sketches (diagrammatic) representing various types of
external pancreatic fistula used by different investigators
(Modafied from | M McCaughan (14) Am J Digest Dis)

Place until it was expelled spontaneously This fistula
has the advantages of Babkin’s modification of the
Pavlov fistula and 1s less difficult to prepare De-
tails of the technique are given by the original author
and, more fully, by Scott (12a)
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The fistula described by Dragstedt et al (13) (Fig
7,7), hke that of Pavlov, yields pancreatic juice
which contains active trypsin These investigators
1solated a portion of the upper duodenum by sepa-
rating 1t from the stomach and lower duodenum The
pyloric portion of the stomach was excised and the
lower duodenum anastomosed to the gastric stump
The common bile duct was transplanted into the
stomach or lower duodenum The 1sclated segment
of duodenum which included the pancreatic papillae
was closed surgically at both ends and a gold-plated
metal cannula was inserted through its wall and
brought to the outside through the abdominal wall to
provide drainage for the mixed pancreatic and duo-
denal secretions One advantage claimed for this
method over the original Pavlov fistula 1s that the
juice, draining through a cannula, does not spread
over the skin and cause 1rritation and erosion An
obvious disadvantage 1s that the extensive surgery mn
the vicinity of the pylorus i1s almost certain to result
n severing an important part of the nerve supply of
the pancreas (15) A modification of this fistula
suggested by the original authors together with an
admirable description of the surgical techmque is
given by Scott (12a)

An ingenious and original method of preparing 2
permanent fistula which yields pure pancreatic juice
has recently been described by McCaughan (14) (Fig
8) His method 1s based on the demonstrated facts
that the pancreatic ducts anastomose freely within
the gland and the juice may be made to flow in exther
direction Both pancreatic ducts in a dog were ex-
posed and cut between ligatures The uncinate proc-
ess was freed from its mesenteric attachments and
its lower end brought out through a wound in the
abdominal wall and secured to the wall by sutures
The exposed end was then amputated and after heal-
ing, the juice was collected through a cannula from
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the severed duct of the uncinate process McCaughan
reports no dilatation of the ducts when these were
examined at autopsy and no atrophy of acinous tissue
v o
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Figure 8

Technique of the retrograde external pancreatic fistula
as illustrated by McCaughan (From ] M MecCaughan (14)
Am ] Digest Dis)
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such as might be expected to occur if the dramage
were not adequate and complete The author credits
Senn (16) with a somewhat similar techmque but
Senn’s fistula draimned only a portion of the pancreas
and resulted in ultimate failure of secretion owing to
atrophy of the gland

No pancreatic fistula yet devised 1s entirely
satisfactory Complete fistulas such as those of
Elman and McCaughan (5), McCaughan (14) and Drag-
stedt’s fistula as origmally described (17) always
result 1n death of the animal unless the fluid and base
lost through the pancreas is regularly replaced, the
survaval time 18 short in any case Furthermore they
cause disturbances of digestion and absorption which
cannot be wholly corrected by any means yet devised
Partial fistulas such as those of Pavlov (6), Babkin
(7), Inlow (11) and others yield an uncertam fraction
of the pancreatic juice and are, therefore, quantita-
tively unsatisfactory

V Brown Scott (12b) who has prepared and studied
more than 200 pancreatic fistulas finds the mortality
excessively high i ammals with the Pavlov type
fistula This difficulty has also been emphasized by
Babkin (7) Ammals with the original Dragstedt fis-
tula survived only a short time 1n Scott’s experience
even when given electrolytes intravenously He rec-
ommends the Inlow type fistula for beginners because
1t 1s relatively easy toprepare but warns that the sur-
vival time of the ammal will be inversely related to
the volume of pancreatic juice lost through the major
duct He found that even with this type of fistula the
pancreatic juice had a corrosive action on the skin
He emphasizes, as do all who have had experience
with pancreatic fistulas, the tendency to hypersecre-
tion in fistula animals Hypersecretion is a major
cause of death and, durmng the period of survival, it
may give rise to abnormal or misleading experi-
mental results (see Chap IV under Pancreatic fistula)
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OTHER METHODS

Pancreatic juice can however, be collected at
will, quantitatively and 1n a pure state without a per-
manent pancreatic fistula L B Tuckerman, an
American surgeon, (17) who seems to have been the
first to demonstrate this fact prepared a fistula of
the duodenum in a dog and fitted it with a metal tube
with 1ts 1nner end opposite the opening of the pancre-
atic duct Through this fistula he was able to insert
a glass cannula into the duct and collect the juice
This method proved impractical (12b, 14) for the
study of pancreatic function until Thomas and Crider
(18) prepared a duodenal fistula using a more con-
veniently shaped fistula tube with a larger bore than
that used by Tuckerman In their first experiments
they collected the jmce through a soft rubber funnel
pressed against the mucosa surrounding the papilla
(Fig 9) Pancreatic secretion collected 1n this man-
ner 1s simlar to that obtained with the Pavloy fistula
in that 1t is mixed with a small amount of duodenal
secretion and therefore contains active trypsin Scott
and his co-workers (19) modified the procedure by
cannulating the panereatic duct through the duodenal
fistula and obtained pure pancreatic juice in which
the trypsin was inactive By ligating the accessory
duct while preparmg the duodenal fistula all the
pancreatic juice can be made to flow through the
main duct and subsequently collected quantitatively
through a cannula (see Fig 10)

One advantage of this method 1s that there is no
loss of pancreatic juice 1in the intervals between ex-
periments and therefore digestion and acid-base
balance remain normal A most important advantage
is that extensive surgical procedures involving the
pancreas and associated organs are avoided, conse-
quently the normal nerve supply and blood supply are
retained This is undoubtedly the method of choice
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such as might be expected to occur if the drainage
were not adequate and complete The author credits
Senn (16) with a somewhat symilar technique but
Senn’s fistula drained only a portion of the pancreas
and resulted 1n ultumate failure of secretion owing to
atrophy of the gland

No pancreatic fistula yet dewvised 1s entirely
satisfactory Complete fistulas such as those of
Elman and McCaughan (5), McCaughan (14) and Drag-
stedt’s fistula as origmally described (17) always
result i death of the animal unless the fluid and base
lost through the pancreas 1s regularly replaced, the
survival time 1s short in any case Furthermore they
cause disturbances of digestion and absorption which
cannot be wholly corrected by any means yet devised
Partial fistulas such as those of Pavlov (6), Babkin
(7), Inlow (11), and others yield an uncertam fraction
of the pancreatic juice and are, therefore, quantita-
tively unsatisfactory

V Brown Scott (12b) who has prepared and studied
more than 200 pancreatic fistulas finds the mortahty
excessively high in ammals with the Pavlov type
fistula This difficulty has also been emphasized by
Babkin (7) Ammals with the original Dragstedt fis-
tula survived only a short time 1n Scott’s experience
even when given electrolytes intravenously He rec-
ommends the Inlow type fistula for beginners because
1t 15 relatively easy to prepare but warns that the sur-
vival time of the animal will be inversely related to
the volume of pancreatic juice lost through the major
duct He found that even with this type of fistula the
pancreatic juice had a corrosive action on the skin
He emphasizes, as do all who have had experience
with pancreatic fistulas, the tendency to hypersecre-
tion in fistula animals Hypersecretion i1s a major
cause of death and, during the period of survival, it
may give rise to abnormal or misleading experi-
mental results {see Chap IVunder Pancreatic fistula)
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vantage 1s that the animal must be under continuous
observation while the juice is belng collected This
difficulty can probably be overcome but until it is,
the method is not applicable to problems requiring
collection of the secretion over long perieds of time

Numerous other methods applicable to special
problems have been used but cannot be described in
detail here Farrell and Ivy (20) transplanted a por-
tion of the pancreas into the mammary gland of a
lactating bitch and studied the secretion after sever-
ing the original blood and nerve supply Houssay and
Molinellf (21) transplanted the pancreas and duodenum
into the neck in acute experiments by anastomosing
the blood vessels Babkin and Starling {22) and others

Figure 10

Cannulas used to cannulate the pancre-
atie duct through a duodenal fistula after the
method of Scott Cannulas are of pyrex
glass They were filled with a contrasting
paste before being photographed (From
Hart and Thomas (24) Gastroenterology )
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Figure 9

Diagram of duodenal fistula opposite the
main pancreatic papilla illustrating the method
of collecting juice originally used by Crider
and Thomas The same type of duodenal fistula
was used byScott and later by Hart and Thomas
(24) in cannulating the duct (From Thomas and
Crider (18) Am J Physiol )

for most types of experimental work on the pancreas
The duodenal fistulas are easily made by any ama-
teur surgeon and the technique of cannulating the duct
is readily learned The animals require no special
care and remain in good health indefinitely A disad-
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(23) have described methods for perfusing the ex-
cised pancreas

The study of pancreatic function in human sub-
jects will be d d 1 a subsequent chapter
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the pH of more than 60 specimens of pancreatic
juice, collected from healthy dogs by the method of
Scott (Ref 19, Chap I} The samples exhibited con-
siderable differences in thefr general properties,
nevertheless except for a very few specimens the pH
values remained within a fairly narrow range, namely
pH 80 to pH 8 3 The authors expressed the opinion
that the extremely high or low pH values occasionally
reported were either in error or abnormal and that
pancreatic juice, at least in the dog, is secreted at a
farrly constant pH

Specific pravity The specific gravity of dog’s
pancreatic juice as measured gravimetrically at
room temperature ranges from 1007 to 1042 de-
pending on the amount of protein in the juice Values
as low as 1 005 have been reported for human juice
but these are probably in error or obtzined on ab-
normal secretion since 1007 is approximately the
specific gravity of a protein-free bicarbonate solu-
tion corresp ng  in tration to pancreatic
Juice

In a study of more than 200 samples of pancreatic
Jjuice obtained from dogs Crider and Thomas (9)
found a linear relation between specific gravity and
total nitrogen (Fig 11) Specific gravity was esti-
mated by weighing the juice 1n a 1 ml specific grav-
1ty bottle at room temperature and the nmitrogen was
measured by the micro-Kjeldahl method The rela-~
tion between specific gravity and total nitrogen is
Tepresented by the following equation

Total N (mg /cc) =594 8 (Sp g - 1 0075)

Osmotic activity The osmotic activity of pancre-
alic juice 15 the same as that of the blood when the
two are collected simultaneously from the same
ammal  When the osmotic activity of the blood is
altered experimentally the pancreatic juice shows a
corresponding change (10, 11)




Chapter I

PANCREATIC JUICE

HE amount of pancreatic Juice secreted varies

with the individual and the diet, hence only rough
approximations of the usual 24 hour volume are pos-
sible Babkin (1) gives an estimate of 17 to 22 cc per
kilo per day for dogs and the results of recent work
(2, 3) are reasonably consistent with this figure
Corresponding data on human subjects (1, 4, 5) indi~
cafe a somewhat wider range but about the same
average Because the intestinal contents are gener-
ally acid in reaction (6) it may be assumed that the
24 hour volume of pancreatic juice is less than the
amount of gastric juice secreted in the same time
The latter has been estimated (7) at about 25 cc per
kilo per day |

1 PROPERTIES OF PANCREATIC IUIC&

Physical Propertles Pancreatic julce is gener-
ally a colorless, odorless, alkaline fluid of low vis-
cosity, tasting strongly of sodiaum bicarbonate Some
specimens have been described as having a faint
straw color Exceptional specimens, having a high
concentration of enzymes, may be viscous and may
even jell at low temperatures

pH The literature contains estimates of the pH
of pancreatic juice, too numerous to cite, ranging
from pH 7 1 to pH 9 0, but many of these are of little
value owing either to inadequate methods of estima-
tion ar to the juice having been collected under ab-
normal conditions Hart and Thomas (8) measured

32
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the pH of more than 60 specimens of pancreatic
juice, collected from healthy dogs by the method of
Scott {Ref 19, Chap II) The samples exhibited con-
siderable differences in their general properties,
nevertheless except for a very few specimens the pH
values remained within a fairly narrow range, namely
PH 80 to pH 83 The authors expressed the opinion
that the extremely high or low pH values occasionally
reported were either in error or abnormal and that
pancreatic juice, at least in the dog, is secreted at a
fairly constant pH

Specific grawnity The specific gravity of dog's
pancreatic juice as measured gravimetrically at
room temperature ranges from 1 007 to 1 042 de-
pending on the amount of protein 1n the juice Values
as low as 1 005 have been reported for human juice
but these are probably in error or obtained on ab-
normal secretion since 1 007 15 approximately the
specific gravity of a protein-free bicarbonate solu-
tlon corresp g in ration to pancreatic
Juice

In a study of more than 200 samples of pancreatic
juice obtained from dogs Crider and Thomas (9)
found a linear relation between specific gravity and
total nitrogen (Fig 11) Specific gravity was esti-
mated by weighing the juice ina 1 ml specific grav-
ity bottle at room temperature and the nitrogen was
measured by the micro-Kjeldahl method The rela-
tion between specific gravity and total nitrogen is
represented by the following equation

Total N (mg /cc) =594 8 (Sp g - 1 0075)

Osmotic activity The osmotic activity of pancre-
atic juice is the same as that of the blood when the
two are collected simultaneously from the same
ammal When the osmotic activity of the blood is
altered experimentally the pancreatic juice shows a
corresponding change (10, 11)
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Figure 11

Graph showing relation between specific gravily and
total nitrogen in 100 samples of dog’s pancreatic juice
Data for an additional 100 samples obtained from a differ-
ent group of dogs fell within the same range

2 COMPOSITION OF PANCREATIC JUICE

Inorganic constituents The distinguishing chemi-
cal characteristic of pancreatic juice is its high
bicarbonate content The fact is now well established
{8, 11, 12, 13, 14) that the bicarbonate and chloride
concentrations vary in a reciprocal manner so that
the sum of the two expressed in milliequivalents is
constant and nearly the same as the total base of the
plood plasma, also that within limits the bicarbonate
concentration increases and the chloride decreases
with increasing rates of secretion Hart and Thomas
(8) found that the direct relation between bicarbonate
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concentration and rate of secretion was limited to
rates below 0 05 ml of juice per minute per kilo of
body weight At higher rates the bicarbonate concen-
tration attained a constant maximum characteristic
of the individual animal (Fig 12) Maxima ranged

ks

3 =
€C PER MINUTE PER KILO

Figure 12

Curves showing the relation of bicarbonate concentra-
tion (measured as total COZ) to the rate of secretion of
Pancreatic juice from three dogs Curves were drawn by
nspection Pomts are shown for only one curve that for
dog 2 40 The various symbols wndicate the type of stimu
lus used to elicit secretion (From Hart and Thomas
Gastroenterology 4 417 1945)

between 135 and 148 milliequivalents per Liter, mini-
mal concentrations approximated that in blood plas-
ma In addition to chloride and bicarbonate, the
pancreatic juice contains a small amount of phos-
phate (11) but less than occurs in blood plasma
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Graph showing relation between specific gravity and
total mitrogen 1mn 100 samples of dog’s pancreatic juice
Data for an additional 100 samples obtained from a differ-
ent group of dogs fell within the same range

2 COMPOSITION OF PANCREATIC JUICE

Inorganic constituents The distinguishing chemi-
cal characteristic of pancreatic juice is its high
bicarbonate content The fact 1s now well established
(8, 11, 12, 13, 14) that the bicarbonate and chloride
concentrations vary in a reciprocal manner so that
the sum of the two expressed in milliequivalents is
constant and nearly the same as the total base of the
blood plasma, also that within Iimits the bicarbonate
concentration increases and the chloride decreases
with increasing rates of secretion Hart and Thomas
(8) found that the direct relation between bicarbonate
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pending on the dog under observation As a rule an
additional boundary appeared indicating the presence
of still another component, if the buffer used was
sodium diethylbarbiturate at pH 8 6 The mobilities
of the various fractions in the electric field corres-
ponded closely to those of various globulin fractions
of blood plasma but no fraction was found with the
igher mobility characteristic of albumen The rela-
tive concentrations of the several fractions were
fairly constant regardless of the concentration of
total protein These observations encourage the
speculation that the four constant fractions separable
by electrophoresis correspond to the several en-
zymes known to be present in pancreatic juice The
inconstant fifth fraction may have been mucin Should
these conjectures prove to be correct the data would
support the view that the several pancreatic enzymes
exist in the juice as individual proteins, also that
they are secreted in parallel concentration

3 ENZYMES OF PANCREATIC JUICE

Pancreatic juice promotes hydrolys:s of all three
classes of foodstuffs and 1s in fact the most active
and versatile of all the digestive secretions It owes
1ts activity to the presence of proteolytic, amylolytic
and lipolytic enzymes and to the inorganic constitu-
ents which provide a favorable medium for their
activity

Trypsin and trypsinogen The proteolytic activity
of pancreatic juice is due to the presence of two or
more enzymes, the best known of which is trypsin
The term trypsin was used by Kiihne (23) to designate
the proteclytic agent which he found to be present in
certain samples of pancreatic juice He noted that
fresh pancreatic juice and extracts of fresh pancreas
were devoid of proteclytlc activity This fact was
further dated by in (24) who




36 EXTERNAL SECRETION OF THE PANCREAS

The principal bases of pancreatic juice are
sodium, potassium, and calcium The concentrations
of sodium and potassium are equivalent to those of
the blood plasma but the calcium concentration 1s
only 3 to 4 mg per cent (14, 15) The low calcium
concentration compared to that of the blood (10 mg
per cent) 1s attributed by Komarov et al (14) to the
fact that much of the blood calctum is combined with
protein and 1s not in a diffusible state It 1s certainly
not due to impermeability of the pancreatic cells to
calcium since Agren (16) has shown that calcium may
be excreted by way of the pancreas

Protemn The protemn content of pancreatic juice
varies 1n a complicated but orderly manner with the
conditions governing secretion A rough calculation
of the protemn concentration in 200 samples of dog’s
pancreatic juice studied by Crider and Thomas 9
based on the total mtrogen minus an assumed 20 mg
per cent of non-protein mtrogen (14) 1n all samples
indicates an extreme variation between 0 1 per cent
and 10 0 per cent Concentrations found in human
pancreatic juice collected through accidental or sur-
gical fistulas (15, 17, 18, 19) are nearer the lower
extreme, ranging from 01 to 03 per cent It is
probably true that human pancreatic juice consistent-
ly contaimns less protein than that of the dog but the
difference may be less than these data suggest since
during the hypersecretion that often complicates
chronic pancreatic fistulas the protein content 1S
always low

Chemacal fractionation of human pancreatic juice
by Glaessner (17), Ellinger and Cohn (18) and Wolge-
muth (19) indicated the presence of albumen and
globulin  Munro and Thomas (20) subjected pancre-
atic juice of dogs to electrophoretic analysis in the
apparatus described by Tiselius (21) They found that
in sodwm bicarbonate buffer at pH 8 2 the protein of
the juice separated into four or five components de-
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pending on the dog under observation As a rule an
additional boundary appeared indicating the presence
of still another component, if the buffer used was
sodium diethylbarbiturate at pH 8 6 The mobililies
of the various fractions 1n the electric field corres-
ponded closely to those of various globulin fractions
of blood plasma but no fraction was found with the
higher mobility characteristic of albumen The rela-
tive concentrations of the several fractions were
fairly constant regardless of the concentration of
total protein These observations encourage the
speculation that the four constant fractions separable
by electrophoresis correspond to the several en-
zymes known to be present in pancreatic juice The
inconstant fifth fraction may have been mucin Should
these conjectures prove to be correct the data would
support the view that the several pancreatic enzymes
exist in the juice as individual proteins, also that
they are secreted m parallel concentration

3 ENZYMES OF PANCREATIC JUICE

Pancreatic juice promotes hydrolysis of all three
classes of foodstuffs and is in fact the most active
and versatile of all the digestive secretions It owes
its activity to the presence of proteolytic, amylolytic
and lipolytic enzymes and to the morganic constitu-
ents which provide a favorable mediam for thewr
activity

Trypsin and trypsinogen The proteolytic activity
of pancreatic juice 1s due to the presence of two or
more enzymes, the best known of which is trypsin
The term trypsin was used by Kuhne (23) to designate
the proteclytic agent which he found to be present in
certain samples of pancreatic juice He noted that
fresh pancreatic juice and extracts of fresh pancreas
were devoid of proteolytic actiity This fact was
further elucidated by idenhain (24) who
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that the cells of the pancreas contam no proleolytic
ferment but a precursor which he called 2 ‘ zymogen ”
More recently Northrop (25) and Kunitz (22, 26)
working together have isolated in crystalline form
two proteolytic enzymes and their precursors (zymo-
gens) from pancreatic extracts They named the en-
zymes trypsin and chymo-trypsin respectively It
should be noted that the term trypsin has long been
used 1n a broad sense to designate the total pro-
leolytic activity of pancreatic juice and the term
trypsinogen to refer to the mnactive precursors of the
active material In ths discussion these terms are
given the more limited meaning assigned to them by
Kunitz and Northrop

Trypsin 15 a protemn (mol wt 34,000) which may
be prepared from active pancreatic juice, pancreatic
tissue extracts, or from trypsinogen by exposing it
to specific activating agents As an enzyme 1t hydro-
lyzes native protein producing peptones and peptides
It accelerates coagulation of blood, in which it acts
as a thrombokinase, but has only a feeble action in
clotting milk Its optimum pH for digestion of casein
les between pH 8 0 and pH 90 When pure 1t 1s re-
versibly mactivated by heat m acid solution 1t slowly
decomposes (auto-digestion?) in alkaline solution

Trypsinogen is likewise a protein, indistinguish-
able on chemical analysis from trypsin, but has dif-
ferent solubilities and a different crystalline form
It exhibits no proteolytic activity Trypsinogen has
been prepared from extracts of fresh pancreatic
tissue and 1t undoubtedly occurs in proteolytically
wnactive pancreatic juice as the precursor of trypsin
Trypsmogen 1in solution changes spontaneously to
active trypsin but the change 15 accelerated by acid
or by exposure to concentrated MgS0O4, CaCl2, active
trypsin, or to one of a group of enzymes called
kinases The effectiveness of trypsin in the activa-
tion of trypsinogen is of great importance because
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such autocatalytic reactlons progress with great
rapidity, once they are started, and require only
minute amounts of activating agent to set them going
Spontaneous activation is suppressed in crude ex-
tracts and doubtless also in the living pancreas by
the presence of an inhibitor (22) which inactivates
small amounts of trypsin

Enterokinase Pancreatic juice as secreted in the
living animal contains trypsinogen rather than active
trypsin  The trypsinogen is activated on contact with
the intestinal mucosa by means of a special acti-
vating agent called enterokinase (28) The chemical
nature, origin, and mechanism of formation of this
substance are obscure It does not appear in the in-
testinal secretion in the absence of pancreatic juice
(48b, 29) but 1s present in intestinal mucosal ex-
tracts A similar substance is present in pancreatic
extracts {30) Although long subject to controversy,
the kinases are now believed to be enzymes (27) as
Schepowalnikow (28) originally assumed It has been
reported, but not confirmed, that enterokinase dis-
appears from the intestinal mucosa after pancrea-
tectomy (29) Kunitz (31) has observed that certan
common molds (penicillium) produce an enzyme
capable of activating trypsinogen

Chymo-trypsin and chymo-trypsmogen Chymo-
trypsinogen 1s a protein substance (Mol wt 40 000)
which oceurs in pancreatic extracts and, presumably,
also in pancreatic juice It is converted to chymo-
trypsin only by active trypsin but indirect activation
can be 1shed by enterokinase if try
is also present to form trypsin Chymo-trypsinis a
proteolytic enzyme with activity comparable to that
of trypsin but having different specificities, for ex-
ample, it coagulates milk but not blood Chymo-
trypsin digests casein somewhat more rapidly than
does trypsin but the digestion 1s carried much far-
ther by a mixture of the two enzymes than by either
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Figure 13

Crystalline enzymes and their precursors A trypsino
gen B trypsin C chymo-trypsinogen D chymo trypsin
(From Northrop Crystalline Enzymes Columbia Univ
Press, New York )

alone, a fact which indicates that the two enzymes
attack different linkages in the protein molecule Like
trypsin, chymo-trypsin is reversibly inactivated by
boiling in acid solution Its optimum activity occurs
1n the same pH range as that of trypsin (pH 80 to
pH 9 0 for casein digestion) (27)
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Peptidases  The peptides resulting from the
digestion of native protein by the combrned action of
pepsin, trypsin and chymo-trypsin and, possibly,
other enzymes as yet unknown are broken down to
their constituent amino acids by a group of enzymes
known as peptidases (the erepsin of the older litera-
ture) These enzymes occur principally in the in-
testinal mucosa but some have been found in pancre-
atic extracts The only one so far isolated is car-
boxypeptidase, an enzyme which hydrolyzes peptides
containing a free carboxyl group but no free amino
group One may infer from the fact that this enzyme
i1s present in the pancreas in sufficient abundance to
permuit of its being obtained in crystalline form
(Anson, 32) that 1t is probably secreted in the juice
as a digestive enzyme In fresh pancreas it occurs
m an mactive form, procarboxypeptidase, and, like
chymo-trypsinogen it 1s activated by trypsin

Pancreatic lipase The ability of pancreatic juice
to emulsify and hydrolyze fats is probably due toa
smgle enzyme (33, 34), pancreatic lipase This en-
zyme is known principally through its activity and
has not been isolated 1n a pure state or crystallized
except possibly once as an accidental observation
(35) A prolipase which 1s activated by serum has
been described as occuring in pancreatic extracts
but 1t 13 not clear that the lipase secreted 1n the juice
requires such activation The lipase of pancreatic
Juice hydrolyzes fat, only in the presence of bile
salts or other substances with similar properties,
for example, some of the synthetic detergents* (36)
Bile salts in high concentration inhibit the action of
lipase as do salts of certain heavy metals (Cu Fe,
Co) and halogens {(F I Br) The pH at which pan-
creatic lipase exhibits its optimum activity varies

*Polyoxyalkyltne derivatives of sorbitan monolaurate
such as Tween "
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Figure 13

Crystalline enzymes and their precursors A trypsing
gen B trypsin C chymo trypsinogen D chymo-trypsin
(From Northrop Crystalline Enzymes Columbia Univ
Press, New York )

alone, a fact which indicates that the two enzymes
attack duferent linkages in the protelnmolecule Like
trypsin, chymo-trypsin is reversibly inactivated by
boiling in acid solution Its optimum activity occurs
in the same pH range as that of trypsin (pH 8 0 to
pH 8 0 for caselin digestion) (27)
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(2) Chronic differences in the relative concentra-
tions of the dufferent enzymes related to the compo-
sition of the habitual diet

{3} An acute increase in the output of a single en-
zyme when its substrate 15 used as a stimulus for
secretion

1t 1s now generally understood that the total en-
zyme concentration of pancreatic jwice 15 determined
to a great extent by the type of stimulus used to pro-
voke secretion This mode of adaptation arises from
the fact that there are two classes of stimuli for the
pancreas, one that promotes secretion of enzymes
chiefly and another that is mainly concerned with the
secretion of alkaline flmid These classes of stimul1
and their effects on the composition of pancreatic
juice will be considered at length in subsequent
chapters

There 15 good evidence that the secretion ofen-
zymes by the pancreas 1s influenced by diet but it is
by no means certain that 1n every imnstance this rep-
Tesents a specific adaptation in the sense that an 1n-
trease or decrease 1n intake of one type of food over
a period of time leads to a corresponding change in
output of the appropriate enzyme Since secretion of
énzymes 1s an end result of synthesis of new protein
by the secreting cells, it 1s evident that it may be
adversely affected or modified by a diet that 1s 1n-
adequate in 2any essential component

Abramson (41) found that the people n a certain
Province which he mvestigated whose diet was prac-
tically devord of meat, fish or eggs appeared to
secrete less of all the pancreatic enzymes than the
general population He studied the enzymes of the
fasting duodenal contents before and after stimulation
of the pancreas by means of ether in the mtestine
The differences from the general population were not
statistically significant but he considered them sug-
gestive He quotes Michelson (42) to the effect that
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with the substrate but is always on the alkaline side
of neutrality

Pancreatic amylase The amylase of pancreatic
juice has been 1solated as a pure crystalline protein
(37, 38) Waldschmidt-Leitz and Reichel (39) claimed
to have prepared an active amylase from the pan-
creas which gave none of the common protein re-
actions They are now believed to have been msled
by the extraordinary potency of this enzyme which is
still active in dilutions of 1/100,000,000 Solutions
must be about 1,000 times more concentrated than
this to gave typical reactions for protein Pure amyl
ase will digest 20,000 times 1ts weight of starch in 30
minutes or 4,000,000 times 1its weight if given suff1-
cient time The enzyme digests glycogen as well as
starch, under favorable conditions the end product in
both instances 1s_maltose

Pancreatic am}ﬁ\go 15 secreted 1n active form but
becomes mactive if diapgzed agamnst distilled water
owing to removal of peyiyal salts which are thus
proved to be essenhial for t)¢ activity of the enzyme
The anions are more 1mportynt than the cations, the
most efficient activator being hloride The optimum
pH for the actwvity of pancreafic amylase varies be-
tween pH 6 5 and pH 7 2 depending on the kind and
concentration of neutral salt present m the solution

The pancreatic juice 1s said ajso to contain malt-
ase and sucrase (40) and under ertamn conditions,
lactase (43)

Variations 1n composition Alaptation Altera
tions 1n the composition of pancratic juice brought
about by differences in the diet ovinthe immediate
stimuli provoking secretion presen a complex prob-
lem which 1s even now far from a f1al solution The
following adaptations have been sug ested

(1) Differences in the total ensme concentration
or in the bicarbonate content depe lingeon the stimu-
lus used to evoke secretion




PANCREATIC JUICE 45

was a significant increase in lipase on both the meat
and the fat diets The trypsin was increased on the
meat diet and the amylase decreased on the fat diet
but these differences were not statistically signifi-
cant, however, they are in agreement with significant
differences found by Grossman and co-workers in
their rats on corresponding diets

These data are suggestive but confusing, the be-
havior of the lipase in ammals on a meat diet i
particular fails to conform to the requirements of
adaptation Atrophy of the pancreas in one series of
rats suggests that some of the other changes ob-
served may have been due to an inadequate supply of
nutrients necessary for synthesis of enzymes In-
crease in lipase along with trypsin on the high pro-
tein diet also suggests a nutritive factor

The question whether or not the pancreas can
mncrease its output of a particular enzyme when the
appropriate substrate is acting as a stimulus to
secretion arose as a result of the early experiments
of Walther (46) in Pavlov s laboratory which seemed
to show such an adaptation Walther s experiments
were done before the discovery of enterokinase and
the activating effect of bile on pancreatic lipase In
consequence the trypsin and lipase n the juice that
he studied were only partially active and his enzyme
determinations were correspondingly 1naccurate and
misleading Relying on these results, Pavlov formu-
lated and published s well known theory of the
adaptability of the pancreas to the type of food under-
going digestion In 1904 Babkin (47, 1 - p 488) re-
peated the studies of Walther with appropriate modi-
fications and found that although the total enzyme
content of the juice varied with the type of food
undergoing digestion the dufferent enzymes were
secreted parallel to one another Although the error
was thus promptly corrected in Pavlov s laboratory
{47, 48a) as soonas the necessary information became
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m 10 normal subjects placed on special diets for
from 10 to 14 days there was evidence of adaptation
to diet 1 the trypsin and Iipase content of the pan-
creatic juice but none in the amylase

Bambridge (43) has reported that lactase 15 pres-
ent 1n the pancreas of milk-fed puppies but 15 absent
from the newborn and the adult It reappears i the
pancreas of adult dogs 1f they are put on a milk diet
for several weeks He found that it could alsobe
made to appear in the pancreas of adult dogs by
means of subcutaneous 1njections of intestinal mucosa
obtained from mlk-fed amimals It has also been
reported (44) that about twice as much lipase can be
extracted from the pancreas of fattened hogs as from
lean amimals

Grossman, Greengard and Ivy (45a) have studied
the enzyme content of the pancreas in a series of
rats that were fed for several weeks on various
diets They found a marked predominance of amyl~
ase 1n the pancreas of amimals fed a high carbohy~
drate diet the trypsin content was low but the lipase
values were unchanged Ammals fed a high protem
diet showed an increase in trypsin and hipase Ona
high fat diet the trypsin and lipase values were un-
altered but the amylase was low There was a de-
crease 1n all enzymes and atrophy of the pancreas
i ammals on a high fat, low protein (10 per cent)
diet In a subsequent study (45b) they found that
dextrose in the diet increased the amylase content
of the pancreas more than starch but that substituting
protein hydrolysate for casein depressed the trypsin
production

Unpublished experiments carried out by Dr
Beamer in our laboratory, using dogs instead of rats
and pancreatic juice instead of pancreatic tissue
have given somewhat sumilar results Dogs were fed
diets consisting of Purina dog checkers, lean meat
or fat Compared with the results on checkers there
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avalable, the correction never quite overtook the
error and “Paviov’s theory” continues to be quoted
by the unwary

Subsequent work on animals (482, 49) and man
{50) has generally supported Babkin's conclusions
but occasional exceptions have been noted (51, 52, 53)
mostly in chimeal studies in which fresh, pure pan-~
creatic juice is seldom avajlable The conclusion
seems warranted that in studies made aver a short
period of time in the same individual the enzymes
are generally secreted in parallel concentration*

Among the observations that do not fully support
this conclusion some studies by Lageritf (50} and
Christiansen {54) {quoted by Lagerldf) seem particu-
larly to merit consideration Christiansen reporied
that in experiments on man after mntroduction into
the duodenum of certamn digestive products an in-
crease in the corresponding enzyme may occur
Lagerit? found that the enzymes were secreted m
parallel ration in resp to secretin and
other artdicial stimuli but reported that with al-
mentary stimuli he was able to confirm Christian-
sen’s observations “m a different way ” Although
these are “cliracal” studies they cannot be disre-
garded on that account alone since Lagerldf’'s meth-
ods were good enough to demonstrate paralle] secre~
tion of enzymes under other experimental conditions

[
*This statement and the supporting evidence are sub=
ject to the reservatson that direct methods formeas~
uring concentration of enzymesare not yet available
In a strict guantitative sense we cannot speak of
paraliel secretion until we are able to determune the
individual enzymes themselves and not their activity

as has been done exclusively so far up to date
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Chapter IV

THE FUNCTIONS
OF THE EXTERNAL SECRETION

DIGESTION AND ABSORPTION

HE most important function of the external pan-

creatic secretion 1s to ald in digestion and ab-
sorption of the major foodstuffs Efforts to evaluate
this function have been made by observing the results
of excluding pancreatic juice from the intestine
either by ligating the ducts or removing the pan-
creas Claude Bernard (1) was apparently the first
to give a clear demonstration of the importance of
the pancreas for digestion and absorption of fat
although the presence of fat in the stools (stearrhea
or steatorrhea) had previously been reported as a
sign of pancreatic disease (2)

Bernard's findings were frequently questioned by
subsequent workers (for literature see Handelsman
3, or Greenberg, 4) Although Abelman (5) in 1890
working with von Mering and Minkowski (6) showed
that large amounts of fat and nitrogen regularly
appeared in the stools following pancreatectomy,
negative results following ligation of the ducts con-
tinued to be reported Abelman’s results were at-
tributed by some to loss of an internal secretion
(Lombroso, 7) Abelman himself suggested that after
Dgation of the ducts pancreatic enzymes were ab-
sorbed into the blood and were then secreted by
other glands

50
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After Hess (8) demonstrated the frequent occur-
rence of anomalous ducts and Pratt, Lamson and
Marks (9} pointed out that ligation of the ducts was
frequently followed by formation of sinuses which
reestablished communication between the pancreas
and the intestine, it became evident that many ob-
servers had failed in their efforts to exclude all the
pancreatic juice from the intestine as Claude Ber-
nard had suggested years before Complete exclu-
s10n 15 essential in such experiments because only a
small fraction (one-fifth to one-tenth) of the pancreas
1S necessary to maintain normal digestion and ab-
sorption (15) Modern investigators (4, 10, 11, 12,
13, 14, 15, 16, 26, 36) have generally found a pro-
nounced deficiency in digestion and absorption fol-
lowing either ligation of the ducts or pancreatectomy

TABLE I
R !ult.! btai ed by 1™ s workers t!ﬁrdm‘ lhep tge fditry it ge andfat
1 dgswhe th etrmal ecet panc 2s was unq stionably cluded
from 1 v (Hand 1 man 1936)

i % Nitrog  Absorbed | % Fat Ab  bed
gat 222617 4876
Vins tint (1914) duct ligated 87 44 0
Vins tlnl 1914) aft pan tectomy 87251
tag panc e tectomy %
Cruickshank (1915) two stag pan t my 798 1212
Brugsch (1919 4 ¢ Lgated 2893 o 218
Li btand W gn (m-n @t lgated and
55 °
"RAH  sch nson (1931)
853 926
andHe chuso aft
'y 52 952
P att (1934) with B od | man and Gold o
4180 415 937
SU (1937 aft pan  tectomy 0510 ge)
t dut ligated s1ze68 02

Foxt ne Rand 1 man @3)

Results reported by various authors prior to 1938
are shown in the above table (Table I) taken from the
review by Handelsman (3)
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The two functions cannot really be distinguished
because although neutral fat may be absorbed un-
changed, partly digested fat a1ds in emulsification
which is a necessary condition for absorption
Changes 1n motility of the stomach and intestine and
in acidity of the intestinal contents, to be described
presently, may also contribute to the poor absorption
of the various foodstuffs

ABSORPTION OF VITAMINS

Associated with inadequate absorption of fat a
corresponding defieit an absorption of the fat-soluble
vitamins 15 to be expected May and McCreary (24)
and Pratt and Fahey (25) have shown that in pancre-
atic fibrosis and in cehac disease the vitamin A
content of the blood 1s less than normal and does not
mcrease as much as it does 1n normal subjects when
the vitamm is given by mouth

THE NEUTRALIZING FUNCTION
OF THE PANCREATIC JUICE

The bicarbonate of the pancreatic jmce helps to
neutralize the acid of the gastric juice as the latter
enters the intestine and in this way tends to prevent
development of excess acidity in the inteste It
aids also 1n controlling the acidity of the gastric
contents through regurgitation of intestinal contents
mto the stomach The alkaline secretions of the
intestinal glands and to a less extent, the bile share
1n these functions

Hoerner {26) studied the effect on the pH of the
duodenal contents of excluding pancreatic juice from
the intestine by avulsion of the pancreatic ducts
About the same time Loewy (27) reported a similar
study in which he ligated the ducts Both found a wide
variation in acidity of the duodenal contents before
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The varighle results obtamned in experimental
anumals as ndicated by the data in the table oceur
also m human subjects For example, of three pa-
tients studied by Brunschwig and Allen (14) after
removal of the head of the pancreas two absorbed
only 88 per cent and 4 0 per cent respectively of
ingested fat while the third absorbed 91 6 per cent
A patient wath a simlar operation studied by Lake,
Cornell and Harrison (13) absorbed 54 per cent of the
nitrogen and 71 per cent of the fat intake There1s
also cansiderable variation n ahsorption by indi-
vidual experimental animals at dufferent times, these
differences are not caused by differences in the diet
(10) and no other satisfactory explanation has been
offered Apparently the genmeral well-bemng of the
subject Is a factor (17) and it has been suggested
that vitamins play a part (18)

Digestion and absorption of carbohydrate food is
also 1mpaired 1n the absence of pancreatic enzymes,
at least in dogs (18, 20, 21), but the deficit is less
pronounced and less consistently present than that of
the other foodstuffs Various explanations for the
relatively good absorption of carbohydrates have
been offered (22, 23) but none 15 entirely satisfac-
tory Doubtless the extraordinary potency of the
amvlases (Chapter II) is 2 contributing factor

Deficient absorption of carbobydrate and protein
15 probably secondary to inadequate digestion since
unchanged starch (21} and meat (14) appear in the
stools Diminished fat absorption is less satisfacto-
rily explained on this basis, for example, Greenberg
(4) found that less than one-third of the fat excreted
in the feces as a result of ligating the pancreatic
ducts appeared as neutral fat and the greater part
consisted of soaps and fatty acids Similar results
were reported by Abelman (8) and by Pratt, Lamson
and Marks (9) Evidently pancreatic lipase alds di-
rectly in absorption as well as in digestion of fat
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one factor in the complex etiology of these experi-
mental ulcers

INFLUENCE OF PANCREATIC JUICE
ON GASTRIC FUNCTION

As mentioned in the preceding section the neu-
tralizing function of the pancreatic juice may at
times be evident in the gastric contents Absence of
bancreatic juice from the intestine affects other
gastric functions m a way which is not so readily
etplained  An increase in volume and acidity of the
gastric secretion following Ligation of the pancreatic
ducts was observed in dogs with Pavlov pouches by
Fauley and Ivy (34), particularly noticeable during
the third and fourth hours following a meal, that is
during the intestinal phase of gastric secretion In-
creased acidity of the gastric contents was noted by
Hoerner (26) only after ulcers had developed

A decrease in gastric emptying time occurred in
Yesko s (29) animals after avulsion of the pancreatic
ducts Fauley and Ivy (34) and Nothmann and Wendt
(35) observed the same phenomenon after pancrea-
tectomy The former attributed the change to ex-
Cessive hunger Nothmann and Wendt reported a
Particularly striking increase 1n the rate of emptying
of fat which normally remains 1n the stomach longer
than any other food = After pancreatectomy olive oil
or oleic acid left the stomach in less than one hour
The progress of such material through the small
intestine was also abnormally rapid Nothmann and
Wendt were unable to reproduce these changes by
Simple Iigation of the ducts, an observation that lends
Support to Ivy’s theory that the hypermotility is re-
lated to the excessive hunger of the depancreatized
;mimal As mentioned previously acid, in contrast to
at, may leave the stomach more slowly in the ab-
sence of pancreatic juice
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as well as after exclusion of the pancreatic juice but
the acidity was, in the averages, increased after
operation by about one pH unit Although this may
seem a small variation, 1t 1s by no means negligible
since it represents about a ten-fold increase in hy-
drogen ion concentration Unpublished experiments
of Pratt, Golden and Handelsman mentioned by
Handelsman (3) have given comparable results, as
have recent experiments by Pincus, Thomas and
their associates (28)

Yesko (29) found the acidity of the gastric con-
tents slightly increased after excluding pancreatic
juice from the intestine by avulsion of the ducts and
Serdjukov (51) and more recently Elman (31) noted
delayed emptying of acid from the stomach when the
pancreatic juice was drained away through a fistula
The latter observation suggests that gastric motility
may be inhibited when the intestinal contents are not
adequately neutralized

Failure or deficiency of the neutralizing function
of the pancreas may, Yonceivably, be an etiologic
factor 1n peptic ulceratibn of the ducdenum but its
relative importance has not been finally determined
Comfort and Osterberg (30) were unable to demon-
strate dny deficiency in ti e bicarbonate secretfon of
the pancreas in ten patients having duodenal ulcer
Ulceration of the duodenum is 2 common result of
excluding pancreatic jumce from the intestine fn ex=
perimental animals, however, ulcers are much less
{rcquent following ligation of ‘he ducts (15) than when
the pancreatic Jjuice is drainec away through a {istula
(32) or into the lower ilewmn (33) According to
Dragstedt (15) pancreatectomy in dogs only rarely
causes duodenal ulceration I seems obvious that
some other mechanism than fajjure of the neutraliz~
ing function of the pancreas is i1ivolved in production
of ulcers through diversion of the pancreatic juice
{from the duodenum even thougt such fatlure may be
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lent increase in the bicarbonate concentration of the
pancreatic juice as drammage progressed The n-
crease in bicarbonate is not a constant finding since
Heidenhain {40) obtained some specimens of juice
from hypersecreting dogs which did not effervesce
on addition of acid and some samples collected by
Johnston and Ball had a pH as low as 7 16 The total
base of the juice remains normal or nearly so (44)
and because of this and the hypersecretion there 1s a
substantial loss of base (Na, K, Ca) from the body
which gives rise to changes in the blood that ulti-
mately prove fatal

The most important blood changes are lowered
plasma volume {dehydration) (43), decrease in chlo~
ride (44, 45, 46), decrease m bicarbonate (46, 47)
and decrease i total base (45, 46) The pH of the
blood may increase (43) or decrease (46) probably
depending on the relative amounts of chloride and
bicarbonate lost, excessive vomting 1s common and
this tends to increase the loss of chloride Hyper-
secretion of the stomach has been observed (47) mn
pancreatic fistula and this would add to the chloride
loss when vomiting is present It may also account
for the hypersecretion of the pancreas when HCl
from the stomach enters the intestine In one group
of ammals studied by McCaughan (48) the blood
chemistry remamed approximately normal, the
ammals, nevertheless, died within 5 to 8 days (the
usual survival time) apparently because of dehydra-
tion  Changes in blood chemistry corresponding to
those seen mn experimental ammals, but usually less
severe, have been observed in human patients with
pancreatic fistula (49)

Administration of sodium chloride or sodium
bicarbonate intravenously or by mouth prolongs the
life of experimental animals with pancreatic fistula
but the 1deal treatment is return of the secreted juice
to the gastrointestinal tract For amimals with an
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POSSIBLE ROLE OF THE EXTERNAL SECRETION
IN FAT METABOLISM

Pancreatectomy (36) or, 1n about half the experi-
ments, ligation of the pancreatic ducts (15, 37) in
dogs 15 followed by a disturbance in fat metabolism
characterized by hypolipemma and deposition of ex-
cessive amounts of fat in the liver The question of
whether these changes are the result of absence of
pancreatic juice from the intestine or are due to lack
of an internal secretion, the “lipocaic” of Dragstedt
(38), has been the subject of an active controversy
which this author will not attempt to resolve A
critical review of the extensive literature on this
subject has been prepared by McHenry and Patter-
son (39)

PANCREATIC FISTULA

The digestive disturbances that follow ligation of
the ducts or removal of the pancreas are also ob-
served when the pancreatic juice is diverted from
the intestne through a complete fistula Such fistu-
las, however, give rise to other, more serious com-
plications which make them unsuitable for the study
of pancreatic function Within a few days after the
fistula has been made the secretion becomes con-
tinuous and increases in amount and its composition
changes The concentration of total solids falls to
1 or 2 per cent, chiefly owing to almost complete
absence of protein (1, 40, 41, 42, 43} These changes
are associated with changes in the microscopic ap-
pearance of the pancreas (40, 43), the acinous cells
decrease in size and lose most of their granules
The animal loses weight rapidly, refuses to eat and
eventually dies

In animals with complete fistulas Johnston and
Ball (44} found a decrease in chlaride and an equiva-
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lent increase in the bicarbonate concentration of the
pancreatic juice as drainage progressed The in-
crease 1n bicarbonate is not a constant finding since
Heidenhain (40) obtained some specimens of juice
from hypersecreting dogs which did not effervesce
on addition of acid and some samples collected by
Johnston and Ball had a pH as low as T 16 The total
base of the juice remaimns normal or nearly so (44)
and because of this and the hypersecretion there 1s a
substantial loss of base (Na, K, Ca) from the body
which gives rise to changes in the blood that ulti-
mately prove fatal

The most important blood changes are lowered
plasma volume (dehydration) (43), decrease in chlo-
ride (44, 45, 46), decrease in bicarbonate (46, 47}
and decrease in total base (45, 46) The pH of the
blood may increase (43) or decrease (46) probably
depending on the relative amounts of chloride and
bicarbonate lost, excessive vomiting 1s common and
this tends to increase the loss of chloride Hyper-
secretion of the stomach has been observed {47) in
pancreatic fistula and this would add to the chloride
loss when vomiting 1s present It may also account
for the hypersecretion of the pancreas when HCI
from the stomach enters the intestine In one group
of ammals studied by McCaughan (48) the blood
chemistry remained approximately normal, the
ammals, nevertheless, died within 5 to 8 days (the
usual survival time) apparently because of dehydra-
tion Changes m blood chemistry corresponding to
those seen in experimental animals, but usually less
severe, have been observed in human patients with
Pancreatic fistula (49)

Admimstration of sodium chloride or sodwm
bicarbonate intravenously or by mouth prolongs the
life of experimental ammals with pancreatic fistula
but the ideal treatment is return of the secreted juice
to the gastromtestinal tract For animals with an
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mcomplete fistula of the Pavlov type admimstration
of sodium bicarbonate and a diet that does not stimu-~
late excessive secretion such as bread and milk may

be all that 15 required (42}

A summary of the results observed in experi-

mental pancreatic 1nsufficy
Tables T and I
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rats, gunea pigs and frogs {6) Baxter (5) found that
secretion 1 the rabbit continues even after removal
of the small intestine and after decapitation

The 1dea that the pancreas of the fasting dog does
not secrete unless stimulated by means of food or
other external agents has had to be modified in the
light of subsequent work Boldyreff (7) observed
secretion at intervals in the fasting amimal associ-
ated with periods of secretory and mofor activity
other organs of digestion which we now recognize as
hunger periods This periodic secretion was studied
thoroughly by Scott and hms co-workers (8, 9, 10),
they found that although periodic secretion did occur
1t was associated with hunger activity of the stomach
only about half the time A peculiar result of their
study was to show that the volume of the periodic
secretion and frequency of secretory periods were
modified by the type of fistula operation to which the
experimental amimal had been subjected The prob-
lem 1s to guess which type of fistula gave “normal”
results The demonstrated fact that the presence of
a pancreatic fistula may greatly change the behavior
of the pancreas perhaps explains why Zucker, New-
burger and Berg (11) found continuous secretion in
their fistula dogs Babkin (25) has suggested that the
so-called periodic secretion may not be true se-
cretion but a pressing out of juice from the pancreas
by periodic contraction of the ducts Such periodic
contraction could readily be associated with periodic
motor activity in the remainder of the gastrointesti-
nal muscle

Continuous secretion 1s the rule m human patients
with pancreatic fistula (12, 13, 14, 15, 16) and Mc-
Clure (33) states that pancreatic enzymes are always
found 1n the intestinal contents collected by intubation
of normal subjects even when fasting

A more extended discussion of this subject 1s
given by Babkin (2)



Chapter V
STIMULI FOR THE PANCREAS

HE early experuments of Heidenhain (1} indicated

that the secretion of fluid and the secretion of
enzymes by the pancreas were each controlled inde-
pendently of the other The stimuli that evoke secre~
tion of water and salts he called “secretory” stimuli
and those that increase the output of enzymes he
designated “trophic” stimuli Smce each of these
terms is commonly used i a different sense than
proposed by Heidenhain, Babkin (2) has suggesied
substituting “hydrelatic” for “secretory” and “ec-
bolic” for “trophic ” To avord confusion Babkin's
suggestion will be followed 1n this discussfon All
normal pancreatic julce contains enzymes but stimull
which increase the fluid output without increasing the
output of enzymes are considered to be purely hy-
drelatic  Purely ecbolic stimuli cause no visible
secretion alone but they increase the enzyme content
of the juice secreted in response to coincident hy~
drelatic stimult

CONTINUOUS SECRETION

Claude Bernard (3) believed that the pancreas
secretes only when stimulated as 1t 1s, for example,
during digestion Heidenhain (4) noted, however, that
the secretion was continuous in herbivorous animals
but he agreed with Bernard that in the dog and cat
and other carnivora there was no secretion without
stimulation Proof has since been obtained that se-
cretion 15 continuous in rabbits (5), white mice, white

4]
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because 1t complicates the study of other substances
that must be used in watery solution The original
studies are credited to Damaskin (Babkin, 19) who
made his observations by introducing water into the
stomach Crider and Thomas (23} compared the ef-
fect of distilled water introduced directly into the
wtestine with that of isotonic solutions of various
substances such as sodium chloride and dextrose
They found that whereas water alone was an effective
stimulus, these isotonic solutions in water were not,
at least their effect was insigmficant compared to
that of distilled water The jumice secreted m re-
sponse to water 1n the intestine has a relatively high
enzyme content (51), water 1s, therefore, both an
ecbolic and a hydrelatic stimulus

ACID

“Die Saure 1st der starkste Erreger der Pankreas-
sekretion”* (Babkin, 19) The original discovery of
the effectiveness of acid in the intestine as a stimu-
lus for the pancreas is credited to Becker (19, 24,
26) who showed that carbonated water 1s a more ef-
fective stimulus than pure water or solutions of
neutral salts Subsequently Dolinsky (26) found that
several common acids (hydrochloric, phosphoric,
factic, acetic) were effective shimuli As 2 matter of
fact the effective stimulus 1s the hydrogen ton as
Popielski (38) later d rated It was soon de-
termined that the effect of acid was not abolished by
section of the vagus nerves, removal of the spinal
cord or removal of the cehac plexus or even by any
combmation of these operations (Popielsk:, 27)
Furthermore the effect of acid was not diminished
by the administration of atropine (28, 32} These

*Acid 1s the most powerful excitant of pancreatic
secretion
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CEPHALIC AND INTESTINAL PHASES
OF PANCREATIC SECRETION

The pancreatic secretion that appears during di-
gestion occurs n response to specific stimuli asso~
ciated either with the act of eating or the presence
of food 1n the gastrointestinal tract Proof that the
act of eating serves as a stimulus to the pancreas
was obtained in Pavlov's laboratory (17, 18) {see also
vy, 22) by means of sham feeding, that is, feeding a
dog provided with an esophagostomy so that the food
never reached the stomach In these circumstances
the pancreas begins to secrete within 1 to 1 1/2 min-
utes after feeding and continues for 12 to 20 minutes
‘The volume secreted is small, only a few cc , but the
concentration of enzymes is increased overthat of the
fasting secretion Tonkich (20) proved that the se-
cretion is not due to gastric HCI entering the duoden~
um by observing it in dogs with the stomach sepa-
rated from the duodenum, vagotomy or administration
of atropmne abolished the response to sham feeding
the mere sight or smell of appetizing food may in-
duce pancreatic secretion mn human subjects (21)

Foods in the stomach do not, apparently, bave any
direct stimulating effect on the pancreas, that isto
say there 1s no “gastric phase” of pancreatic secre-
tion (22}, but they become effective stimuli again
when the gastric contents enter the intestine and
initiate the “intestinal phase” (22) All the major
constituents of the gastric chyme influence the se-
cretory activity of the pancreas in one way or an~
other after they enter the intestine, these include
water, HCl, products of protein digestion, fats or
{fatty acids, soaps, and products of starch digestion

WATER AS A STIMULUS FOR THE PANCREAS

The action of water as a pancreatic excitant is
important in spite of the fact that its action is slight,
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because 1t complicates the study of other substances
that must be used 1n watery solution The original
studies are credited to Damaskin (Babkin, 19) who
made his observations by introducing water ito the
stomach Crider and Thomas (23) compared the ef-
fect of distilled water introduced directly into the
intestine with that of isotomec solutions of various
substances such as sodwm chloride and dextrose
They found that whereas water alone was an effective
stimulus, these isotonic solutions in water were not,
at least their effect was insignificant compared to
that of distilled water The juice secreted in re-
sponse to water in the intestine has a relatively high
enzyme content (51), water is, therefore, both an
ecbolic and a hydrelatic stimulus

ACID

“Die Saure ist der starkste Erreger der Pankreas-
sekretion”* (Babkm, 19) The origmnal discovery of
the effectiveness of acid in the intestine as a stimu-
lus for the pancreas is credited to Becker (19, 24,
26) who showed that carbonated water 1s a more ef-
fective stimulus than pure water or solutions of
neutral salts Subsequently Dolinsky (26) found that
several common acids (hydrochlorie, phosphoric,
lactie, acetic) were effective stimuli  As a matter of
fact the effective stimulus 15 the hydrogen 1on as
Popielski (38) later demonstrated It was soon de-
termined that the effect of acid was not abolished by
section of the vagus nerves, removal of the spinal
cord or removal of the celiac plexus or even by any
combination of these operations (Popielsk:, 27)
Furthermore the effect of acid was not diminished
by the admimstration of atropmme (28, 32) These

-
*Acid 15 the most powerful excitant of pancreatic
secretion
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observations led to the discovery of secretin by
Bayliss and Starling (29)

The experiments mentioned in the preceding
paragraph were done on anesthetized amimals In the
absence of anesthesia acid causes a much more
abundant secretion and the response 1s severely de-
pressed (generally by more than 50 per cent) by either
vagotomy (30) or atropinization (31, 45, 69) These
facts may be explammed 1 various ways but the sim-
plest explanation 15 that acid, 1 addition to releasing
secretin from the intestine, stimulates the pancreas
through a nervous mechanism as suggested by Werth-
exmer (81) and by Fleig (55b)

The pancreatic juice secreted in response to acid
in the intestine contains a relatively high concentra-
tion of bicarbonate (32), owing probably to the rapd
rate of secretion, but only a small amount of protem,
less 1 fact than that obtained with any other stimulus
except pure secretin These facts have led some
observers (33, 34) to the very reasonable conclusion,
that the secretory response to acid 15 primanly
concerned with the neutralizing function rather than
the digestive function of pancreatic juice

The unquestioned fact that acid is the most potent
stimulus for the pancreas along with the fact that
HCl is usually present n the gastric juice has led
logically to the conclusion that gastric HCI is the
dominant factor in the regulation of pancreatic se-
cretion in the course of normal digestion Attempts
to verify this hypothesis by quantitative measure-
ments have not been fully successful Popielsh: (38)
has shown that the stimulating effect of acid onthe
pancreas {s proportional to the hydrogen fon concen-
tration of the solution as it enters the duodenum
Thomas and Crider (36} studied the response of the
pancreas to buffer mixtures of varfous acids and
their sodium salts at different pH levels when in-
troduced directly into the duodenum Most buffer
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mixtures gave a good secretory response from the
pancreas at pH 4 0 but a poor response at pH 4 5
Thomas (35} found that during digestion of meat the
PH of the duodenal contents of dogs ranged from pH
30 to pH 4 8, the most frequent value being pH 4 0
Other foods cause a less acid duodenal content

Thomas concluded that during digestion of meat
there 1s often sufficient acid in the intestine to be an
effective stimulus for pancreatic secretion However,
Pincus and Thomas (37) were unable to detect any
significant positive correlation between the pH of the
duodenal contents of dogs and the volume of pancre-
atic juice secreted during cdigestion of various types
of food including meat Their observations support
the contention of McClure (33) and Christiansen (34)
that the importance of acid as a stimulus for the
digestive secretion of the pancreas has been over-
estimated These authors studied pancreatic secre-
tion in achlorhydric patients and found it to be es-
sentially normal Considering all the evidence it
appears doubtful that the conditions necessary for
significant stimulation of the pancreas by means of
acid m the ntestine occur often enough during nor-
mal digestion to enable acid to play a dominant part
n regulating the digestive secretion Furthermore
the fact that acid 1s primarily a hydrelatic stimulus
means that 1t can be of no great consequence in regu-
lating the secretion of pancreatic enzymes under any
circumstances

PRODUCTS OF PROTEIN DIGESTION

Recogmition of the effectiveness of peptone 1n the
intestine as a pancreatic stimulus 15 2 comparatively
Tecent development The earlier investigators (39,
40, 41) believed that it was ineifective alone and
Some even considered it an inhibitory agent (42) The
important studies of McClure and his co-workers
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(33) on the physiology of the human pancreas include
what is probably the first demonstration of the ef-
fectiveness of protein digests as primary pancreatic
stimuli Brjuchanow (40) had previously shown that
peptone 1n the intestine increases the output of en-
zymes from the pancreas when the gland is stimu-
lated by acad It was also known that peptones caused
pancreatic secretion when they were placed in the
stomach (31, 39, 43) but the secretory response was
attributed erther to water in the peptone solution or
to HCl secreted by the stomach in response to pep-
tone as a gastric stimulus In experiments on dogs
TABLE IV
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mn which these factors were adequately controlled
Thomas and Crider (44) found that various products
of protemn digestion mncluding proteoses, peptones
and some amino acids in the intestine has a moderate
hydrelatic effect and a powerful ecbolic action on the
pancreas Some of their data are given in Table IV
Whether or not some native proteins are also effect-
tive has not been determined Egg albumen 18 known
to be meffective The ecbolic action of peptone as
compared with some other stimuli 1s shown n Fig
14

Peptones cause no secretion in anesthetized am:-
mals nor in recently vagotomized ammals but the
response reappears within a fewdays after vagotomy,
however, it remains permanently subnormal both as
to volume and enzyme output (30) Atropme (02 to
03 mg /kg ) increases the volume of secretion due
to peptone and decreases the concentration of mitro-
genbutnot necessarily the total mtrogen output (45) In
normal dogs peptone causes depletion of the zymogen
granules of the acinous cells as does stimulation of
the vagus, this effect is not demonstrable 1n vagot-
omized dogs, at least during the first 24 hours after
operation (46)

FATS, FATTY ACIDS AND SOAPS

For an adequate firsthand account of the early
development of our knowledge regarding fat and fat
products as stimuli for the pancreas the reader 1s
referred to the several books and reviews by Babkin
(2,19,47) He credits the first observations to
Dolinsky (39) and Damaskin (48) in 1894 and 1895
respectively

The volume of secretion due to fat 1s less and the
concentration of enzymes greater than in the juice
secreted n response to HC1 The effective stimulus
may be the original neutral fat or it may be fatty
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(33) on the physiology of the human pancreas include
what 1s probably the first demonstration of the ef-
fectiveness of proteimn digests as primary pancreatic
stimuli Brjuchanow (40) had previously shown that
peptone 1n the intestine increases the output of en~
zymes {rom the pancreas when the gland is stimu-
lated by acid It was also known that peptones caused
pancreatic secretion when they were placed in the
stomach (31, 39, 43) but the secretory response was
atiributed either to water in the peptone solution or
to HC1 secreted by the stomach in response to pep-
tone as a gastric stimulus In experiments on dogs
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acids or soaps produced by digestion Glycerol is
not an effective stimulus (Babkin, 47) Tonkich (20)
separated the stomach from the duodenum in pancre-
atic fistula dogs and found that neutral fat failed to
stimulate the pancreas when introduced separately
into either the stomach or duodenum She concluded
that it was effective only when regurgitated from the
duodenum into the stomach Her observations seemed
to pont to the rather improbable conclusion that the
only site of effective stimulation 1s the mucosa of the
pylorus itself In any case they indicate the neutral
fat, when in the intestine only, is not an effective
stimulus for the pancreas

There 1s no doubt about the effectiveness of fatty
acids (31, 49) or soaps {50) These agents were ef-
fective in the experiments just described (20) when
placed in the separated duodenum Soap introduced
directly into the intestine causes a free flow of pan-
creatic juice which may be as abundant as that caused
by HCl The specific gravity and mitrogen content
are, however, always greater than in secretion due
to acid When the soap is mixed with an equivalent
amount of HCI to release the fatty acids the result 1s
not changed with respect to either volume or concen-
tration (51)

The question of the mechanism through which
fatty acids and soaps stimulate the pancreas 1s one
of the most puzzling in all pancreatic physiology
Their effect 15 in no wise modified by section of all
the extrinsic nerves (30, 52), 3t is, on the other hand,
greally reduced or abolished by atropinization (31,
45, 53) When soap 1s introduced into an intestinal
loop and later withdrawn it contamns a pancreatic
secretagogue, effective on 1ntravenous injection,
which causes secretion of pancreatic juice similar
in 1ts properties to that caused by soap in the intes-
tine The effect of this secretagogue is greatly re-
duced by giving atropine to the test ammal (54), it is
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Figure 14

Graphic protocol of a typlcal experiment showing spe-
cific gravity (round dots) and tota) nitrogen in mg /ec
(heavy horizontal bars) of pancreatic juice secreted by a
chronte fistula animal in response to various stimult in-
cluding 2 commercial peptone {bacta-protone) The small
arrows mark the times at which the various stimulating
substances were given Pancreatest (commerctal secretin)
was given by vein the others were placed in the duodenum
(From Thomas and Crider (44) Am J Physiol )
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evidence in support of the above supposition, but un-
doubtedly during the absorption of fat in the intestine
some substances are formed in or released from the
mucous membrane, which when carried by the blood
to the pancreas, stimulate its secretory nerves ”

A summary of some of the properties of pancre~
atic juice obtained with different stimul 1s given in
Table V, prepared by Dr Joseph Conly from an
analysis of our laboratory records

CARBOHYDRATES

The carbohydrates have gemerally not been re-
garded as effective stimuli for the pancreas except
indirectly through changes in blood sugar concen-
tration Hebb (57), working in Bablkin’s laboratory
found that the enzyme concentration in the continu-
ously secreted pancreatic juice of rabbits varied
directly with the concentration of sugar n the blood
Other studies of the relation of blood sugar to pan-
creatic secretion have giwven conflicting results,
some supporting Hebb s conclusions (58, 59, 60),
others indicating a contrary relationship (61, 62, 63}
Ferrari (64) found that both hypoglycemia, induced
by insulin, and hyperglycemia increased the output
of enzymes from the pancress of chromc fistula
dogs (For additional references see Babkin, 2)
Recent experiments by Thomas and Crider (65) (Fig
15) and by Friedman and Snape (82) performed in our
laboratory support the view that hypoglycema tends
to increase rather than decrease the enzyme output
from the secreting pancreas The situation 1s com-
plicated by differences in experimental conditions
and possible species variations but mn general it ap-
pears that a high blood sugar concentration favors
Secretion of enzymes through 2 local action on the
gland or on the nerve endings within the gland while
a low blood sugar has the same effect on the enzyme
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therefore not ordinary secretin These observations
recall the experiments of Fleig (552) with extracts
of intestinal mucosa made with solutions of soap He
obtained a secretagogue which he called “sapocrinin”
that differed in many respects from secretin One
difference was that sts effect was diminished by
atropine

In his comment on Fleig's observations Paviov
(56) remarked that, “The immediate excitant of the
pancreas is a substance resembling, but not identical
with, acid ‘secretin *” Babkin (2) has carried this
idea farther in the followwng words “Thus other
substances that might be formed from the imtestinal
mucosa are unable to stimulate the acinous cells of
the gland if the secretory nerves through which they
normaily act are paralyzed by atropine One of these
substances might be choline, for fat may he absorbed
in the form of lecithin, Best and his co-workers
emphasized the important part played by choline in
the metabolism of fat There is no experimental
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evidence in support of the above supposition, but un-
doubtedly during the absorption of fat i the intestine
some substances are formed in or released from the
mucous membrane, which when carried by the blood
to the pancreas, stimulate its secretory neries ”

A summary of some of the properties of pancre-
atic juice obtained with different stimuli is given mn
Table V, prepared by Dr Joseph Conly from an
analysis of our laboratory records

CARBOHYDRATES

The carhohydrates have generally not been re-
garded as effective stimuli for the pancreas except
indirectly through changes in blood sugar concen-
tration Hebb (57), working in Babkin's laboratory
found that the enzyme concentration in the continu-
ously secreted pancreatic juice of rabbits varied
directly with the concentration of sugar in the blood
Other studies of the relation of blood sugar to pan-
creatic secretion have given conflicting results,
some supporting Hebb s conclusions (58, 59, 60),
others indicating a contrary relationship (61, 62, 63)
Ferrar1 (64) found that both hypoglycemia, induced
by insulin, and hyperglycemia increased the output
of enzymes from the pancreas of chromc fistula
dogs  (For additional references see Babkin, 2)
Recent experiments by Thomas and Crider (65) (Fig
15) and by Friedman and Snape (82) performed 1n our
laboratory support the view that hypoglycemia tends
to 1ncrease rather than decrease the enzyme output
from the secreting pancreas The situation 1s com~
plicated by differences in experimental conditions
and possible species variations but in general 1t ap-
pears that a high blood sugar concentration favors
Secretion of enzymes through a local action on the
gland or on the nerve endings within the gland while
a low bloog sugar has the same effect on the enzyme
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Curves showing the effect of insulin-induced
hypoglycemia on the protein (enzyme) content of
pancreatic juice in terms of speclfic gravity,
secreted in response to continuous secretin
Upper curve, bload sugar in mg /100 ml, middle
curve, specific gravity of the pancreatic julce,
lower curve, volume of juice secreted in 10 min-
utes Experiment on a chronic fistula dog Insu-
lin (15 units intravenously) given at 11 01 (From
Thomas and Crider (65) Proc Soc Exper Blol
and Med )
output through stimulation of medullary centers
provided the experimental subject is not anesthetized
In the anesthetized anmimal either the central effect is
reversed or the local effect, in this case a decrease
1 enzyme output, predominates

There 1S nevertheless a possibility that some
carbohydrates act as specific stimuli for the pan-
creas when present in the intestine, in a manner
comparable to the effect of the other foodstuffs
Babkin and Savich in 1921 {quoted by Babkin, 2) found
that adding cane sugar to an acid solution used as a
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stimulus for the pancreas greatly increased the
tryptic power of the secreted juice Similar results
with starch were reported by Harper and Vass (66)
Recently Thomas and Crider (67) have investigated
the effect of placing various carbohydrates in the
mtestine of chronic fistula dogs which were being
given secretin by continuous intravenous inmection
Under these conditions several carbohydrates (partly
digested starch, maltose, lactose) regularly caused
an increase 1n mtrogen output from the gland either
by increasing the rate of secretion or the concentra-
tion 1 terms of total nitrogen or both These effects
were completely abolished by atropine In the ex-
periments by Miss Hebb, referred to previously, the
ecbolic effect of an increase in blood sugar concen-
tration was likewise zbolished by atropme In our
experaments some carbohydrates had no effect or the
results were doubtful, these included undigested
starch and some commercial dextrins All the ef-
fective carbohydrates were to some extend absorb-
able, consequently there was a measurable though
slight increase in blood sugar 1n every instance m
which there was an increase 1n mtrogen output from
the pancreas Before it can finally be concluded that
these agents acted as pancreatic stimuli in the intes-
tine 1t will be necessary to measure the effect of
such increases i blood sugar concentration as oc-
curred to determine what part, if any, they played in
bringing about the observed results This has not yet
been done Whether they act locally or from the 1n-
testine it is evadent that the carbohydrates are mainly
ecbolie rather than hydrelatic stimul: They are not, of
themselves, able tocause secretion in aresting gland

BILE AS A PANCREATIC STIMULUS

Mellanby (68), in 1926, reported some experi-
ments which seemed to indicate that hile 1n the
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mtestine acts as an effective stimulus for pancreatic
secretion by increasing the absorption of secretmn
from the intestinal mucosa His experiments were
performed on anesthetized cats which had been under
the influence of urethane for several hours Sub-
sequently Lueth and Ivy (69) and still later Dragstedt
and Woodbury (70} compared the pancreatic secretion
n chrome fistula dogs in which bile was excluded
from the intestine with the secretionin a control group
inwhich bile was present, neither found any significant
difference On the contrary, Lueth and Ivy noted that
bile 1n the intestine sometimes depressed pancreatic

Figure 16

Inhibitory effect of bile on pancreatic secretion Kymo-
graphic record showing drops of pancreatic juice (as
vertical lines) secreted in response to placing in the in
testine soap alone bile alone bile and soap and finally
soap alone after a recovery period of 25 minutes There
was little or no extra secretion with bile alone or with
soap when bile was also present Chronic fistula dog
(From Thomas and Crider (71) Am J Physiol)

N
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secretion Thomas and Crider (44) were unable to
detect any stumulating effect on the pancreas when
bile was introduced mnte the intestine in unanestbe-
tized dogs and they subsequently (71) found that bite
profoundly inhibits the secretory response to peptone
and sozp in the infestine (Fig 16) and to some extemt
also the response to HCI

In a series of experiments on anesthetized ani-
mals we (51} attempted to repeat Mellanby s cbser-
vation, but were unable to duplicate s resuylts ex~
cept under special conditions When the amimalswere
m a state of “shock” folowing prolonged anesthesia
or when the anesthesia was pushed to the pomt of
causing a profound fall in the blood pressure or i
the blood pressure was lowered by gawing mitrites in
large doses, bile in the intestmne caused the pancreas
to secrete, sometimes at a very rapid rate other-
wise the results were negative Results were the
Same in dogs as i cats, hence the confhet between
Mellanby’s results and those of subsequent invesh-
gators can pot be explained on the basis of species
diiferences This conclusion 1s further supported by
some experiments of Florey and Hardwmg (72) 1 un-
anesthetized cats They found that a portion of the
pancreas transplanted by the method of Farrell and
Ivy (73} secreted more freely after higation of the
bile ducts than before

The experimental evidence wndicates that although
bile in the intestine may promote absorption of se~
erefin and thus strmulate the pancreas under ceriam
experimental condstions 1t does not do so normally,
at least not in sufficient amounts ta offset the more
characteristic inhibitory effect Nevertheless it may
be unwise to conclude that bile in the intestine is
without effect on the pancreas The consistent “in-
hibitory” actfon and the occasional secretory effect
are probably not what they seem they may be mani~
festations of an action on the secretory mechamsm
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which would appear useful and consistent if properly
understood

OTHER PANCREATIC STIMULI
EFFECTIVE IN THE INTESTINE

Of the numerous foreign substances which are
effective as pancreatic stimuli in the intestine such
as alcohol, ether, chloral hydrate, mustard oll, croton
oil, pepper extract, formaldehyde, magnesuum sul-
fate, etc (for literature see Babkin, 19), only ether
and magnesium sulfate have been put to practicaluse

The effect of ether was described by Claude Ber-
nard and it has since been used occasionally as a test
for pancreatic function in human subjects Magne-
sium sulfate has been used in a similar manner (33)
to obtain bile and pancreatic juice for clincal analy-
sis

DRUGS AND OTHER STIMULI
EFFECTIVE IN THE BLOOD STREAM

Most substances that lower blood pressure either
initiate pancreatic secretion or enhance the response
1o other stimull such as secretin Apents éffective
in this way are certain commercial peptones, e g
Witte’s peptone, histamine and the nitrites (74, 77)
In the case of the nitrites at least, the sebretory
effect is almost entirely due to lowering the thresh-
old of the pancreas to secretin stimulation It is
practically inetfective in animals from which the
small intestine has been removed (51)

Methyl and dimethyl guanadine, which raise the
blood pressure, also stimulate the pancreas (75)
Substances of this nature and histamine or histamine-
like substances are probably responsible for the
secretory effect of non-specific tissue extracts

Acetylcholine, acetylbetamethylcholine chloride
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(Mecholyl, Merck), choline, physostigmine, neostyg-
mine, and pilocarpine act as ecbolic stimuli for the
pancreas in appropriate doses Since their hydre-
latic effect 1s small they are somewhat unreliable
when used alone, causing at most only a small vol-
ume of highly concentrated secretion They work
best 1n combination with hydrelatic stimuli, for ex-
ample, secretin, and in these circumstances they in-
crease the concentration of enzymes 1n the secretion
The use of Mecholyl 1n a dose of 15 mgm given sub-
cutaneously has been proposed as a supplement to the
secretin test for pancreatic function {76}

Atropine, in addition to the actions mentioned in
the preceding sections, paralyzes the secretory end-
ings of the vagus 1n doses of 02 to 03 mg /kg in
dogs Hyoscyamine has an identical action in some-
what smaller doses (015 to 02 mg /kg )} (45) In
very large doses atropine may actually increase the
volume of pancreatic secretion and moderate doses
may have a similar action in the presence of certain
stimuly, for example, peptone (45) or milk and cream
(20) The characteristic effects of fairly large doses
of atropine as observed in experimental ammals,
namely, decrease in volume, and in the concentration
of enzymes 1n the pancreatic juice are not obtained
with therapeutic doses 1n human subjects (78)

Epmnephrine (79) and other sympathomimetic
drugs generally inhibit pancreatic secretion They
owe at least a part of theiwr effect to the fact that
they decrease blood flow through the gland Ephed-
rine (80) seems to be particularly effective and has
been recommended for decreasing the volume of
secretion 1n pancreatic fistula
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Chapter VI
SECRETIN AND PANCREOZYMIN

HE events that led tothe discovery of secretin have

been mentioned in the preceding chapter Bayliss
and Starling (la) conceived the idea that acid in the
Intestine liberates a hormone from the mucous mem
brane that 1s carried by the blood to the pancreas
where 1t acts as a secretory stimulus This hormone
they called secretin Their announcement, in 1902,
was followed by a long and sometimes bitter contro-
versy but the accumulated evidence has supported their
hypothesis 1n all 1ts major aspects The literature
dealing with this phase of the subject has been re-
viewed by Still (2) 1n his valuable paper on “Secretin”
and even more thoroughly by Babkin (3)

PROOF OF A HUMORAL MECHANISM
FOR PANCREATIC SECRETION

Very soonafter the discoveryof secretin the possi-
bility of hormonal stimulationwas put to a crucial test
m several labornzones Within the ye:xr Wertheimer
(4) had ¢ d in d rating the presence
of secretininthe blood flowing froma loop of intestine
into which acid had been introduced ” By means of
cross-circulation experiments, in which the blood of
one animal was made to circulate in the body of an-
other, Enriquez and Hallion (5) and Fleig (6) and later
Matsuo (7) proved that when HCL was placed in the
duodenum of one animal, the donor, the pancreas of
the second animal, the recipient, also secreted In
1926 Farrel and Ivy (8) succeeded in transplanting the

A
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tail of the pancreas of a lactating bitch into the tissue
of amammary gland where 1t received anentirely new
blood supply and was, of course, completely separated
fromits original nerve supply The continuous secre-
tion of the transplant was augmented when the animal
was given food, water or acid solution, proving that
some stimulating agent was carried to the gland by
the blood

The following year Houssay and Molinell1 (9) trans-
planted the pancreas together with the duodenum of one
dog 1nto the neck of a second animal by anastomosing
the blood vessels Both amimals were anesthetized
In this situation the pancreas secreted when acid was
put into the duodenum of the second dog A little later
Necheles and Lam (10) separated gastric and pancre-
atic secretagogues from the blood of dogs by circu-
lating the blood of the living amimal through a dialyzing
apparatus The pancreatic secretagogue proved to be
present even in fasting amimals but was increased in
amount after feeding

DISTRIBUTION OF SECRETIN

As originally prepared by Bayliss and Starling (1a)
secretin differed only quantitatively from other tissue
extracts, many of which contain pancreatic secretag-
ogues As methods of extraction improved it became
possible to prepare extracts of the intestinal mucosa
by procedures which didnot yield pancreatic secretag-
ogues when applied to other tissues and organs (7,
11,12, 13,14) It 1s now generally understood that
secretin 1s present only in the mucous membrane of
the small intestine Several investigators (11, 12, 13,
14) have shown that the 2mount of secretin that can be
extracted from the intestine is greatest in the duode-
num and becomes progressively less the greater the
distance from the pylorus
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Thereare, apparentlv, some differencesin the dis-
tribution of secretinwithin the gut in different species
since Melianby (11, 12) found that secretin was prac-
tically himited to the duodenum in the cat but could be
obtained from the upper ten feet of jejunum in the pg,
in the goat he found it even in the ileam Priedman
and King (15) studied the distribution of secretin in the
dog and concluded that it was present to some extent
throughout the length of the small intestinemnthis ani-
mal They estimated the secretin content of the ter-
minal 10 ¢em  of 1leum to be about 2 per cent of the
amount in the first 10 cm of duodenum Resuits of
their study of the upper 60 cm of intestine are shown
in Table VI An interesting fact brought out by these

TABLE V1

Average secretin contest of the upper sma)l intestine in 14 dogs

pomaieon e Tyamto T sn cmen
cm gm /em mg Jgm | wilts/mg | units/gm | uniisfem.
intestine intestine extract intestine {ntestine

0 10 11 207 D45 093

15 25 1% 25 035 0 &8

50 60 13 290 015 043

To avold 1033 1n purification the first acetone precipitate was used (see under
Preparation of Secretin below) It was relatively free from vasodilator

substances

data fs that the differencesin secretin content per gm
of tissueat various levels of the intestine are consid-
erably less than the differences per em of length
The latter comparison is the one commonly made but
it exaggerates the differences because of the lesser
weight of the intestine per cm at lower levels
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PREPARATION OF SECRETIN

The numerous methods that have been used for ex-
tracting and purifying secretin have been reviewed by
Stall {2) and by Greengard and Ivy (16) In most pro.
cedures the imit1al process s extraction of the mucosa
of the small intestine wath acid, usually HC1 Origi-
nally (1a) this was done with the axd of heat after grind-
g the mucosa with sand but after Matsuo (7) showed
that secretincould be extracted from the living intes-
tine less drasticprocedures were adopted Luckhardt
with Barlow, Weaver and Koch (17, 18) found that when
the lumen of the freshly excised intestine was filled
with 02 to 0 4 per cent HCI, after 20 to 30 minutes
the acid contained non-toxic secretin They greatly
simplified the further purification by showing that se-
cretin could be precipitated by saturating the acid ex-
tract with NaCl

This basic procedure for obtaiming a non-toxic,
crude secretin has been modified only 1n techmeal de-
ta1l by most subsequent workers The freshly excised
testine 1s generally turned inside out (16) and 1m-
mersed in 0 4 per cent HC1 for 30 minutes after which
theacid extract 1s saturated with NaCl The resulting
precimitate, designated “salt cake,” 1s separated by
suction filtration The precipitate obtained by this or
simlar procedures has provided the starting point for
further purification of secretinby several laboratories
(15, 16 19)

The Hammarstens with Jorpes, Agrenand Wilander
(20, 21) obtained a crystalline preparation of secretin
by methods somewhat different from those just de-
scribed They extracted the fresh hog intestine with
N/20sulfuricacid and precipitated the active material
from the extract with sulfate of mercury The mer-
cury waslater removed by means of hydrogen sulfide
After further purification the active material was
converted into a picrolonate and crystallized from
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solution in anhydrous pyridine  Their product hada
high patency (threshold dose for the cat--0 (6042 mg)
and was beheved to represent the picrolomc acid salt
of the pure hormone *

Greengard and Ivy (16) also prepared a secretin
picrolonate that could be crystallized from solution
in pyridine Their crystalline product had about the
same potency as that obtained by the Hammarsten group
but differed from it m certainimportant respects, for
example, it contained muchmore picrolonicacid Sub-
sequent work (Greengard et al , 22) has shown that this
product was a complex of secretin-pyridine pierolonate
and could not be distingmshed by erystallographic
methods from pyridine picrolonate The significance
of these findings and their bearing on the previous
work of the Hammarstengroup 1s not clear, the laiter
alsoused pyridine in their final crystallization  Until
the same tests are applied to their product as were
applied to that of Greengard and Ivy it will not be
known whether or not secretin has been obtained as 2
pure crystalline salt

At the outbreak of World War 11 when commercial
secretin (see footnote, this page) became unavailable
an investigation was undertaken wn the physiological
faboratory, under the direction of Dr M H F
Friedman, of various methods of preparing secretin
1 the hope of developing a simple, rehable procedure
that would yield a product sufficiently pure for clinl-
cal useand for most experimental purposes We were
interested primarily in supplying our own laboratory
but we also had {nmind the need fora domestic source
of secretin for use as a test of pancreatic funciron in

¢

*These investigators also deve loped a less pure
amorphous preparation of secr tin {or clinical use
which was made commercially sn Sweden and sold th
this country under the trade narne “Pancreotest ”
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patients The method that was finally adopted consist-~
ently yields a potent preparation which 1s not toxic
and apparently not antigeme It 1s free from other
known intestinal hormones such as cholecystokinin
and enterocrimnand hasproved to be entirely suitable
for the purposes for which 1t was developed The pro-
cedure as described by Dr Friedman (23) 1s given 1n
the next paragraph

“The salt cake obtained by saturating the HCl ex-
tract of intestinal mucosa with NaCt 1s dried by suc-
tion filtration until 1t contains less than 40 per cent
moisture A weighed amount of the dried salt cake 1s
suspended 1n five parts (by weight) of absolute meth-
anol After standing 24 hours 1n the cold the material
15 separated by filtration and the residue reextracted
with 2 5 parts of methanol Both filtrates are com-
bmned and exactly three volumes of absolute acetone
is added The acetone precipitate of the methanol fil-
trate is collected by suction filtration and dried with
acetone and ethyl ether The precipitate 1s then sus-
pended 1n 100 parts of distilled water acldified by the
addition of two parts glacial acetic acid Insoluble
material 1s removed by filtration 1n the cold To the
hiltrate 1s added enough of a 100 per cent solution of
cold trichloracetic acid reagent to make a final con-
centration of 10 per cent The resulting fine precipi-
tate is collected by centrifugation at low speed for 20
to 30 minutes After the preciptate 1s washed with
absolute acetone and ethyl ether 1t 1s suspended in 50
partsof normal butyl alechol ‘The insoluble material
remainmng after agitation for three hours is recovered
by centrifugation and washed with ahsolute acetone and
ether The dried precipitate 15 then dissolved 1 5 to
10 parts of distilled water made shightly acid with HC1
and material remaiming undissolved 1s discarded The
liquid is thenpoured into lyophilization flasks of suit-
able s1ze, frozen, and lyophilized 1n the usual manner
Instead of lyophilization the active secretin fraction
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may be recovered by the addition of absolute acetone
to make a concentration of 85 per cent However the
lyophilized product 15 to be preferred because 1t 1s
much more readily soluble Both the lyophitized
and the acetone-precipitated preparations have been
found to yield strmlar results in human and ammal
experiments ”

ASSAY OF SECRETIN PREPARATIONS

The standardizationof secretin preparations should
include the following three steps (1) definition of a
secretin unit, (2) assay, in terms of the umt adopted,
of a stable preparation for use as a standard, (3) com-
parison of the unknowns with the standard Ivy and
co.workers (24) have defined a umt, now commonly
known as the Ivy dog umt, as “The amount of dried
material 1n solution which when injected mtrave-
nously” into an anesthetized dog “will cause a 10 drop
increase 1n rate of flow of pancreatic jurce within a
ten minute period following the time of injection as
compared with the preceding ten punute period ”
Between 0 075 and 0 08 mg of the prerolonate as
prepared by Greengard and Ivy (16) or 05 mg of
Pancreotest (25) equals one Ivy dog umit Wilander and
B.gren (26) have defined a different umit using cats 25
test ammals The Agrencat umt 1sequal to 0 004 mg
of the crystalline secretin picrolonate as prepared by
the Hammarsten group (20) or to 0 031 mg of Pancreo-
test Later Agren and Lagerlof (27a) recommended
theuse of 16 cat umits per kilo body weight as a desir-
able dosage for measurement of pancreatic function 1n
human subjects and this amount (16 cat units) was a~
dopted by the manufacturers of Pancreotest asa clini-
cal umit Greengard and Ivy (16) originally estimated
the Agren cat umt to be */20 the Ivy dog umt but this
estimate was later corrected to 1/16 (25) Asa con-
sequence 1t happens that the Ivy unit and the Swedish
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clinical unit are identical, a fortuitious but fortunate
circumstance which seems to warrant adhering to
this umt, whatever it may be called, as a universal
standard *

The method of assay described by Ivy and his co-
workers (24) is not suitable for routine use because
of the large number of amimals required for each de-
termination 1In the work of Friedman in our labora~
tory (15, 23}, referred to above, this method was used
to determine the potency of a stock preparation to
serve as a primary standard which was then used for
the assay of secondary standards In order to con-
serve the primary standard most routine assays are
made with secondary standards To compare either
standard wmith apreparation to be tested, a dog weigh-
ing between9and 15 kilos 1s anesthetized with sodium
Pentobarbital and the major pancreatic duct cannulated
after theaccessory duct hasbeen ligated The ammal
1sgivena “priming” dose of some potent secretin pre-
paration to clear the ducts of accumulated secretion
and mnsure patency of the cannula, etc  After the re-
sponse to this dose has subsided and the secretion has
stopped or become constant, alternate varying doses
of the standard and unknown are given at 10-minute
wntervals and the resulting secretion recorded with a
droprecorder The dosage of the unknown is adjusted
after the first trial so as to cause rates of secretion

*Since this was written Burn and Holton (J Physiol
107 449 1948) have again emphasized the need for
an international secretin umt and an international
standard preparation to be used 1n the assay of new
products For the latter purpose they suggest using
the whole mucosa of the upper five feet of dogs small
intestine in the form of an acetone-dried powder
They describe bioassays of both secretin and pan-
€reozymun preparations using the powdered mucosa
as a standard
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approximating those obtained withthe standard Curves
areplotted from the results obtained with the standard
and the unknown showing the number of drops of se-
cretion per 10 minutes as abscissas and the dosage
of the secretin preparations are ordinates Doses of
the standard are plotted in units and the unknown in
milligrams Typical curves are reproduced in Fig
1

MG JUNITS
b 2ri2
toro UNKNOWN
o8-8

STANDARD
06

DROPS PER 10 MINUTES

Figure 17
Curves obtained in the assay of a secretin prepa
ration The ordinate corresponding to 15 drops in-
tersects the curve of the unknown at D 55 mg and
the curve of the standard at 4 ¢ units

Tocalculate the potency of the unknown from these
data, doses of the standard and unknown which yield
the same rate of secretion, as indicated by the curves,
are compared For example, in the assay illustrated
in Fig 17, 0 §5 mg of the unknown caused the same
rate of secretion {15 drops in 10 min ) as 4 0 units of

0
the standard The unknown therefore containeda%g
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or7 2 umts per mg From four to six such assays are
rmade, eachona different animal and the results aver-
aged as shown 1n Table VII

TABLE VO

Assay of secretin preparation WI12

Doserequired to produce15

Pog o | _4rops of pancreatic fuice Units per
Standard | Unknown (W112)

units mg
4612 €5 095
813 20 025
46 25 57 075
45 2% 45 070
4827 40 055

Average 72

CHEMICAL NATURE OF SECRETIN

Most observers agree that secretin 1s destroyed
by proteolytic enzymes (28 29, 30, 31, 32, 33) and
Greengard, Stemn and Ivy (34) have shown that 1t 1s
destroyed by an enzyme (secretinase) found in blood
and urine Agren (28) and Agren and Hammarsten (29)
find their cyrstalline material to be a polypeptid with
amolecular weight of 5000, its amino acid constitution
has been 1n part determined (28, 35) It 15 digested
by aminopeptidase but not by carboxypeptidase As
much as 40 per cent of the amino acids constituting
the molecule may sphit off by aminopeptidase without
altering the activity

Carlson {32), Shill (2) and Ivy (16) and their co-
workers doubt that the secretin 1n their preparations
1sa polypeptid Their purified material has a low m-
trogen content (around 7 per cent) and combines with
too much acid to be a substance of high molecular
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approximating those obtained with the standard Curves
areplotted from the results obtained with the standard
and the unknown showing the number of drops of se-
cretion per 10 minutes as abscissas and the dosage
of the secretin preparations are ordinates Doses of
the standard are platted in units and the unknown in
milligrams Typical curves are reproduced in Fig
"

UNKNOWN

TANDARD

DROPS PER 10 MINUTES

Figure 17

Curves obtained in the assay of a secretin prepa~
ration The ordinate corresponding to 15 drops in-
tersects the curve of the unknown at D55 mg and
the curve of the standard at 4 G units

To calculate the potency of the unknown from these
data, doses of the standard and unknown which yield
the same rate of secretion, as indicated by the curves,
are compared For example, in the assay llustrated
m Fig 117, 0 65 mg of the unknown caused the same

rate of secretion (15 drops in 10 min ) as 4 0 units of
the standard The unk therefore cc "ois%
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blood pressure, are now known to be due to nonspecific
tissue extractives that are present in crude secretin
Some have been shown to indicate the presence of
other specific hormones, the better known of these
are cholecystokimin {52} which contracts the gall blad-
der and enterocrinin (53) which stimulates the secre-
tionof succus entericus Many of the effects of crude
secretin have never beenexplained and provide a fruit-
{ul field for further study, especially in the search for
new duodenal hormones

Purified secretin, so far as we know at present,
acts only on the pancreas and liver and, possibly, the
intestinal glands On the pancreas it acts as a hy-
drelatic stimulus It has been suggested that secre-
tin exhibits some ecbolic action as well but the evi-
dence 1s at best inconclusive Barrington found that
if the pancreas of a cat is made to secrete continu-
ously by repeated doses of secretin, the concentration
of enzymes falls to a constant low level after a time
but may be increased momentarily by increasing the
doseof secretin He attributed the increase to an ec-
bolic action of secretin In a large series of similar
experiments on dogs Wang, Grossman and Ivy (51)
saw an increase 1 enzyme output only once on 1in-
creasing the dosage of secretin  They explained that
“  tms rather insigmficant increase might be
attributed to a ‘washing out’ from the gland of the
enzyme which was presumably accumulated in the
glandular passages of acini which were inactive be-
fore the increase of secretin stimulation took effect,
the process therefore being a passive one ”"* Which-
ever interpretation ultimately proves to be correct 1t
is certain that secretin possesses less ecbolic action
than any other known stimulus except HC1 to which it
is almost exactly equal in this respect

#In 1942 Thomas (Federation Proc 1 265) proposed
a similar explanation for Barrington s results
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welght (16) The crystalline material of Greengard
and Ivy gives a positive Biuret test but 1s negative to
the Miilon, ninhydrin, and Hophins-Cole 1eactions
Hammarsten confirms the absence of the ninhydrin re~
actionin active secretin but finds it present in prepa-~
rations that have beeninactivated (36) It seems clear
that chemically different products with similar or1iden-~
tical physiological properties have been jsolated from
the Intestine and called “secretin ” Greengard and
Ivy suggest that the secretin of the Hammersten group
may have the same relation to their (Greengard and
Ivy’s} product that thyroglobulin has to thyroxin

All observers agree that secretin is a basic sub-
stance that readily forms salts with free acids Ac-
cording to Agren (37) its 1soelectric point and point of
minimum solubility is at pH 7 8 It 15 relatively sta-
ble in acid solution and absolutely stable in the drv
state when pure It is not destroyed by boiling or
autoclaving at 100°C for 30 mnutes but 1s guckly
destroyed by N/5 acid or alkali at boiling tempera-
ture (32)

PHYSIOLOGIC ACTIONS OF SECRETIN

The original crude secretinof Baylissand Starling,
besides increasing the flow of pancreatic ymce, -
creased the volume (38) and pepsin content (39, 40) of
gastric juice and stimulated secretion of succus en-
tericus (41), Brunner’s gland secretion (42, 43}, bile
(1) and urine (44), 1t has also been reported to in-
crease the flow of saliva, lachrymal flmd and lymph
(2) It caused contraction of the gall bladder {45),
duodenum (46) and spleen (47) Other secretin prepa-~
rations have been said to lower blood sugar (48, 49)
and to increase the red-cell (50) and hemoglobin con~
tent of the blood All the early secretin preparations
caused a marked fall 1n blood pressure

Many of these actions, particularly the fall in
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The purest secretin available increases the se-
cretion of bile by the liver although it does not
cayse contraction of the gall bladder (55) Only
Takacs (56) claims to have prepared secretin which
did not stimulatebile formation and his method of ob.
serving bile flow {chronfc bihary fistula) may not
have been adequate Secretin causes only a moderate
increase in hle flow (57, 33) and none at all if the
hiver is already secreting vigorously (Fig 18) The
maximal rate of bile flow that can be induced by se-
eretin is only about one.tenth the rate that can be at-
tained by administering hile acids and it camnot be
increased by increasing the dose of secretin (33)
The 1increase in the amount of bile formed is usually
less than the increase in the amount of pancreatic
juice secreted in response to a gwen dose of secretin
{57, 33) and the latent period of the Hver is longer
than that of the pancreas {58) Most of these facts are
Mustrated in Fig 18 which was kindly prepared for
uge inihis d jon by Dr Fried from some of
his studies *

Friedman and Snape {59) found that different “se-
cretins” (intestinal extracts) differed in the ratro of
their choleretic effects to their secretory effects on
the panereas  All potent secretin preparations were
effective in stimulating the liver but not all extracts

R

the comtmon bile duct time fn 20 secands S— point of
admlnistration of secretin  The figures indicate the num-
ber of draps of pancreatic juice and of bile secreted during
4 10 minute period immediately preceding and follawing the
injection of secreitn  In the experiment shown on the bot-
ftom record the dog was given 3 cc of 207 decholin intra-
venously 2 hours 40 minutes before the seeretin injection
Records from an acute experiment with Nembutal anesthe-

sta cholecystectomy cystic duct and accessory pasereatic
duct lgated

e
*Wih 1 I Pincus W J Snape and Elizabeth King
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Copy of several kymographic records showing the
effect of various doses of a secretin preparation on secre-
tion from the pancreas and liver P —drops of pancreatic
juice from the main pancreatic duct L —drops of bile from
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The purest secretin available increases the se-
cretion of bile by the liver although it does not
cause contraction of the gall bladder (55) Only
Takacs (56) claims to have prepared secretin which
did not stimulatebile formation and his method of ob-
serving bile flow (chronic hliary fistula) may not
have been adequate Secretin causes only a moderate
increase in hile flow (57, 33) and none at all if the
liver is already secreting vigorously (Fig 18) The
maximal rate of bile flow that can be induced by se-
cretin is only about one-tenth the rate that can be at-
tained by administering bile acids and 1t cannot be
increased by increasing the dose of secretin (33)
The increase in the amount of bile formed 15 usually
less than the increase mn the amount of pancreatic
Juice secreted in response to a given dose of secretin
(57, 33) and the latent period of the liver 1s longer
than that of thepancreas (58) Most of these facts are
illustrated 1n Fig 18 which was kindly prepared for
use in this discussion by Dr Friedman from some of
his studies *

Friedman and Snape (59) found that different “se-
cretins” (intestinal extracts) differed in the ratio of
their choleretic effects to their secretory effects on
the pancreas All potent secretin preparations were
effective in stimulating the liver but not all extracts

-~

the common bile duct, time in 20 seconds S--pomt of
administration of secretin  The figures indicate the num-
ber of drops of pancreatic jutce and of bile secreted during
2 10-minute period immediately preceding and following the
injection of secretin In the experiment shown on the bot-
tom record the dog was given 1 cc of 204 decholin intra-
venously 2 hours 40 minutes before the secretin injection
Records from an acute experiment with Nembutal anesthe-

sia, cholecystectomy cystic duct and accessory pancreatic
duet ligated

_—
*With1 J Pincus W J Snape and Elizabeth King
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Copy of several kymographic records showing the
effect of various doses of a secretin preparation on secre-
tion from the pancreas and liver P —drops of pancreatic
juice from the main pancreatic duct, L —drops of bile from
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venously 16 cat units (1 clinical unit) per kilo body
weight of the secretin preparation and continued to col-
lect the duodenaland gastric contentsover a period of
two hours Volume, bicarbonate, amylase and trypsin
and, in later studies (55, 64, 66}, hilirubin were deter-
mined on the material collected from the duodenum

Characteristic deviations from normal values were
found 1n acute and chronic pancreatiis and in cancer
of the pancreas The most significant changes were
in the absolute and relative amounts of the two en-
zymes, volume and bicarbonate were frequently within
the normal range even in severe pancreatic disease
(see Chapter VIH) Ths test has since been used by
numerous observers abroad and 1n this country espe-
¢ally by Diamond and his co-workers (67)

Because secretin may not specifically stimulate
enzyme output 1t has been suggested that an ecbolic
stimulus should be added to the test for pancreatic
function Comfort and Osterberg (68) have proposed
using secretin and Mecholyl and have shown that the
latter increases the enzyme output Since Frisk and
Wehn (69) and Lagerlof and Welin (70) have shown
that insulin ncreases the enzyme output during se-
cretin stimulation, Friedman and Snape (71) have ex-
plored the possibulity of using 1nsulin as an accessory
stimulus for enzyme production They found that in
all cases 1n which the enzyme output was below nor-
mal this condition was evident from the secretin test
alone and 1t did not appear that the use of insulin
yielded any additional information of diagnostic value
The same will probably prove tobe true for Mecholyl,
Pancreozymin and other agents proposed to mcrease
enzyme output

The secretin test has been found also to yield use-
ful information regarding the functional state of the
gall bladder (27b, 55, 67,72) It will be recalled that
although secretin increases the output of bile from
the Isver 1t does not cause the gall bladder to empty,
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that were effective on the liver were effective on the
pancreas They suggest that there may be 4 specific
liver hormone (hepatcerinin) in the intestine

The effect, if any, of pure secretin on the In-
testinal glands remains to be determined  The
Hammarsten group thought their crystalline secretin
Increased the output of succus entericus but Nasset
(60} states that they now agree with mm that thelr
method of study was not adequate to prove a secretag-
ogue action A sample of secretin prepared for clin-
ical use by Friedman’s method # failed to excite
the small intestine” by Nasset’s method of assav (60),
and Sonnenschein, Grossman, and Ivy (61) have re-
cently reported that secretin is probably not the agent
m intestinal extracts that stimulates the glands of
Brupner in the duodenum

SECRETIN TEST FOR PANCREATIC FUNCTION

Early attempts {62, 63) to use secretin as a test
for pancreatic function proved unsatisfactory because
of inadequate methods of collecting the julce or the
toxicity of the secretin preparations When Pancreo-
test became available through the cooperation of the
Hammarsten group (20) with a Swedish manufacturer,*
about 1936, Agren, Lagerls! and Berplund (64) under-
took to develop adequate methods for the estimation
of pancreatic function in patients In order to secure
pancreatic juice as free as possible from contamina-
tion with gastric juice they collected the gastric and
duodenal contents separately through a special two-
lumen tube so placed that one lumen opened into the
pyloric portion of the stomach and the other into the
dupdenum After a control period they injected intra~

e
*Astra Sodertalje Sweden A domestic secrelin
preparation (Friedman 23} is now available from
Wyeth Incorporated
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erated into the blood from the lving intestine and
nothing to suggest the conditions under which it might
function In the experiments of Farrell and Ivy (8)
with the transplanted pancreas there were no signifi-
cant differences in the enzyme content of the secre.
tion whether they used HC1 or various foods as stim-
uli even though some of the foods which theyused have
a powerful echolic action on the pancreas when 1t has
jts normal nerve supply This result may be inter.
preted as indicating that the ecbolic effect of food 15
not demonstrable in the totally denervated pancreas
and is not, therefore, dependent on a hormonal mech.
anism The action of all the known ecbolic stimulf 1s
suppressed by atropine (Chapter V) which is said not
to modify the action of pancreozymin Until these as-
pectsof the situationare clarified it wall be necessary
to reserve judgment with respect to the status of pan..
creozymin 2s a new hormone
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consequently the bile secreted during a test is nor~
mally stored in the gall bladder and does not appear m
the duodenal contents 1If the gail bladder hasbeen re-
moved or if it 1s so diseased as to be nonfunctional
the secreted bile is poured into the duoderum and ap-
pears in all the samples collected Three types of
response are recognized (1) no bile in any sample ~
indicates obstruction in the biliary system,* (2) some
but not all samples are free of hle or contain only
traces..a normal response, (3) all samples heavily
colored with bile-.indicates a non-functioning gail
bladder The results interpreted in this way show
good correlation with the clinical and x-ray findings

(72)

PANCREQZYMIN

It has long been known that crude secretin stimu-
lates the pancreas to secrete juice with a greater
concentration of enzymes than that obtained with puri-
fied secretin A fraction thought to be responsible
for the echolic action of crude secretin was prepared
from alcoholic extracts of the intestinal mucosa by
Harper and Raper (73} in 1943 and gnven the name
pancreozymin  Their preparation did not stimulate
the flow of pancreatic juice but in the presence of se-
cretin it increased the output of enzymes Later
Greengard and others (74) reported separating a sum-
ilar material from their crude secretin by means of
anuine precipitation  Their product, hike secretin,
lost its activity on incubation with blood serum

1t 1{s easy to believe that pancreozymin is a spe-
eific hormone which, by its ecbolic action, comple-
ments the hydrelatic effect of secretin However,
there is as yet no evidence that panereozymin is lib-
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Chapter VI

THE FUNCTIONAL INNERVATION
OF THE PANCREAS

ROBABLY the first published observations clearly
Pindicaﬂng the existence of secretory® nerves for
the pancreas were those of Heldenhain (1, 2) although
neevious work (Bernard, Bernsteln and others, for
references see Babkin, 3) had indicated that pancreatic
function was subject tonervous influences Heldenhain
chserved that electrical stimulationof the spinal cord
often 1utiated pancreatic secretion or increased the
flow of juice if the pancreas was 2iready secreting
He also made the Important observation that the julce

secreted in response to nerve stimulation containe
more solids than the secretion Heidenhai

considered that the extrinsic nerves of the pancreas
did not act as direct secretory nerves but were regu-
latory in thelr function like the nerves of the heart

It was not until Pavlev (4) devised his unigue
method for demonstrating the function of the vagus
Rerves in chironic animals that a clearer understand.
Ing of the extrinsic innervation became possible He
exposed one of the vagus nerves in a pancreatic iis-
tula dog under anesthesia and after cutting it brought
the peripheral portion tnta the wound directly under

e

B
This word 15 used throughout 1n the usual sense of
Camsing secretion and not with the s

ascribed to 1t by Herdenhawn

pecial meaning
Chapter v)

{See ntroduction
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Chapter VI

THE FUNCTIONAL INNERVATION
OF THE PANCREAS

ROBABLY the first published observations clearly

indicating the existence of secretory* nerves for
the pancreas were those of Heidenhain (1, 2) although
previous work (Bernard, Bernstein and others, for
references see Babkin, 3) hadindicated that pancreatic
functionwas subject tonervousinfluences Heidenham
observed that electrical stimulationof the spinal cord
often initiated pancreatic secretion or increased the
flow of juice if the pancreas was already secreting
He also made the important observation that the juice
secreted 1n response to nerve stimulation contained
more solids than the spontaneous secretion Heidenhain
considered that the extrinsic nerves of the pancreas
did not act as direct secretory nerves but were regu-
latory in their function like the nerves of the heart

It was not until Pavlov (4) devised his umque
method for demonstrating the function of the vagus
nerves 1n chronic animals that a clearer understand-
ing of the extringsic innervation became possible He
exposed one of the vagus nerves in a pancreatic fis-
tula dog under anesthesia and after cutting it brought
the peripheral portion into the wound directly under

*This word 15 used throughout in the usual sense of
causing secretion and not with the special meaning
ascribed to it by Heidenhain (See introduction
Chapter V)

105
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the skin The wound was closed with sutures and the
animal allowed to recover When the nerve was again
exposed four to eight days later, this time wathout
anesthesia, stimulation of the peripheral portion
caused an abundant secretionof pancreatic juce The
failure to obtain similar results in acute experiments
was due, as Pavlov thought, to the presence of inhib-
itory fibers in the pancreatic branches of the vagus
and to the depressant effects of the anesthesia and
trauma associated with the recent operation His
method had the added advantage that the cardio-
inhibitory fibers,which degenerated earlier than the
pancreatic fibers, lost their function during the in-
terval between the preliminary operation and the ex-
periment

Pavlov also devised a method for demonstrating
the secretory funchon of the vag: in acute experi-
ments In dogs under light chloroform anesthestia he
severed the spinal cord below the medulla and con-
tinued the experiment without further anesthesia The
exact procedure has been described by Babkin (3)
Under these conditions electrical stimulation of the
peripheral vagus caused the pancreas to secrete but
only after a long latent period and often only after
several periods of alternate stimulation and rest If
the pancreas was already secrefing, stimulation of
the vagus interrupted the secretion momentaridy
These results were interpreted as further evidence
that the vagi convey two kinds of fibers to the pan-
creas, excitatory and inhihitory

The presence of mhibitory fibers was further dem-
onstrated by Popielski* (5a, b} who showed that stim-
ulation of the peripheral vagus could inhibit the
secretory activity induced by HClan the intestine He
reported that certain branchesof the vagi in the thorax
[P
#] am 1ndebted to Dr S A Kornarov for an English

tran.lation of Popielskt s Russian thesis



FUNCTIONAL INNERVATION OF PANCREAS 107

and abdomenwere purely inmbitory while others were
purely excitatory In the latter category he described
a nerve bundle associated with the artery and vein of
the pancreas which elicited a response from the pan-
creas comparable to that of the submaxillary gland
to stimulation of the chorda tympani The artery re-
ferred to 15 probably the superior pancreaticoduo-
denal (see Richins, Ref 16, Chapter I) We (6) have
confirmed the presence of secretory fibers in the
nerve accompanying this artery but did not obtain the
spectacular results reported by Popielsk:

The results reported by Pavlov and his pupils have
been confirmed 1n their more general aspects by all
subsequent investigators who have repeated their ex-
periments However, von Anrep (7) was unable to
confirm Popielski’s results with regard to the sepa-
rate secretory and inlbitory branches of the vag:, he
found that all branches that affected the pancreas con-
tained both types of fibers His work 1s of particular
wterest because he offered an explanation for the in-
hibitory effect of vagus stimulation which 1s now gen-
erallyaccepted Henoted that the pancreas increased
in volume when the vagus nerves were stimulated
provided there was “inhubition” of secretion but not 1f
a free flow of juice occurred He concluded that dur-
g the mhibitory phase the juice was secreted but
retained 1in the gland owingto contraction of the ducts
Von Anrep’s hypothesis was later confirmed by Koro-
vitsky (8) to the extent of provang that stimulation of
the vag causes contraction of the larger ducts Tak-
1ng advantage of the fact that the pancreatic ducts
anastomose within the gland, he caused fluid to flow
into the duct system through one duct and out through
theother The flow stopped when the vagus nerve was
stimulated or pilocarpine admrnistered but began
again when atropine was given

Other methods thanthose described by Paviov have
since proved adequate for the study of the pancreatic
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vagus in anesthetized animals  Babkin (§) found that
under chloralose anesthesia stimulationof the vagt be-
low the heart increased pancreatic secretion in dogs
with the central nervous system intact Previous sec-
tionof the splanchnics had a favorable effecton the re-
sults Ina series of experiments on dogs we (6) have
been able to confirm Babkin’s findings with regard
to the favorable influence of chloralose anesthesia,
especially when combined with urethane narcosis

Our experiments were undertaken primarily to
test the effect of degeneration of one vagus on the se-
cretory response to stimulation of the other nerve
In one-third of the animals the right vagus was cut 10
to 21 days before the experiments These ammals
gave somewhat better results than the controls but
the difference was not great enough to be conclusive
We did not usually encounter the long latent periods
mentioned in Pavloy’s work nor the frequent failure
of response to the first few stimulations although
these manifestations of inbition were evident in
some of our animals

We found that amimals wath food residues in the
stomach secreted better in response to shmulation of
the vagus nerves than did starved animals Ligature
of the pylorus did not alter this relationship (Fig 19
and 20) Although ths Iatter fact proves that in most
nstances gastric HCI could not have been responsible
for the individual bouts of ecretion that occurred
during stimulation of the vagus nerves, the evidence
jndicates that the presence of an accessory stimulus
o secretion such as might accompany the occasional
passage of gastric contents ito the duodenum 15 1m-
portant if not essential for the type of vigorous se-
cretory response that we observed For example, in
many experiments closure of the pylorus with a sub-
mucous higature did not at once greatly modify the
effect of the vaguson secretion but after a few simula~
tions the response to each became less (Fig 19) and
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finally ceased altogether After an effective dose of
secretin had been given and its immediate effects had
passed off another series of secretory responses to
stimulation of the vagus could be obtained The re-
sult accords with the observation of Gayet and Gul.
laumie (11a) who found that stimulation of the vagus
nerves caused a several-fold increase in the re-
sponse of the pancreas to secretin An example of
synergism betweensecretinand the actionof the vagus
isshownin Fig 20 taken fromone of our experiments

Evidently one effect of the vagi 1s to augment the
action of other stimuli, nevertheless the nerves are
capableunder some circumstances of increasing pan-
creatic secretion independently Nakagawa and his
co-workers (12) and later Crittenden and Ivy (13) ob-
served that stimulation of the vag: elicited pancreatic
secretion in dogs after removal of the entire small
intestine The latter observed continuous secretion in
the absence of the secretin mechanism and also dem-
onstrated a secretory response to sham feeding n
enterectomized ammals

PROPERTIES OF PANCREATIC JUICE SECRETED
IN RESPONSE TO STIMULATION OF THE VAGUS

All who have studied the problem agree that pan-
ereatic juice secreted during stimulation of the vagus
nerves or during the action of parasympathomimetic
drugs contains a greater concentration of enzymes
than that secreted during the action of secretin or of
HCI in the intestine For example, Babkin and Savich
(17) found that when acid was the stimulus the pan-
creatic juice contained 1 67 per cent solids, whereas
stimulation of the vagus yielded a juice with a solid
content of 7 43 per cent The 1ncrease in solids 1s
entirely in the organic frachion and signifies an in-
crease in enzyme content as shown in Table VIII
(Savich, 15) The effect of the vagi on the pancreas
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vagus in anesthetized ammals  Babkin (9) found that
under chloralose anesthesia stimulationof the vagi be-
Iow the heart increased pancreatic secretion in dogs
with the central nervaus system intact Previous sec-
tionof the splanchnics hadafavorable effecton the re-
sults In a series of experiments on dogs we (6) have
been able te confirm Babkin’s findings with regard
to the favorable influence of chioralose anesthesia,
especially when combined with urethane narcosis
Qur experiments were undertaken primarily to
test the effect of degeneration of one vagus on the se-
cretory response to stimulation of the other nerve
In one-third of the animals the right vagus was cut 10
to 21 days before the experiments These animals
gave somewhat better results than the controls but
the difference was not great enough to be conclusive
We did not usually encounter the long latent periods
mentioned in Pavlov’s work nor the frequent faifure
of response to the first few stimulations although
these manifestations of nhitition were evident in
some of our animals
We found that ammals with food residues in the

stomach secreted better in response to stimuliation of
the vagus nerves than did starved animals Ligature
of the pylorus did not alter this relationship (Fig 19
and 20) Although ths latter fact proves that m most
instances gastric HCI could not have been responsible
for the individual bouts of secretfon that occurred
during stimulation of the vagus nerves, the evidence
indicates that the presence of an accessory stimulus
to secretion such as might accompany the occasional
passage of gastric contents into the duodenum s 1m-

ortant if not essential for the type of vigorous se-

cretory response that we observed For example, in
many experiments closure of the pylorus with a sub-

mucous ligature did not at once greatly modify the
effect of the vaguson secretion but after a few stimula-

tions the response to each became less (Fig 19) and
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even if they did they would not warrant the conclusion
that the juice contained only active trypsin Babkin
(3, p 469), who made a more thorough study of the
problem, concluded that the amount of nitially active
trypsin in the juice depends on the total amount of
enzyme present rather than on the method of stimu-
lation Gayet and Gullaumie (11b) and Guillaumie
(10) reached a similar conclusion The latter re-
ported that the tryptic activity before activation with
enterokinase was relatively no greater in “vagus
jutce” than 1n “secretin juice” if the difference 1in total
enzyme content of the juice was taken into account

SPLANCHNIC SECRETORY FIBERS

Soon after the discovery of the secretory fibers 1n
the vagus nerves Kudrevezki (18) demonstrated the
presence of fibers with a similar function in the
splanchmic nerves of dogs Here also 1nbitory ef-
fects mterfered with the secretion but this difficulty
was overcome by Paviov’s method of partial degener-
ation of the nerves or by using mechanmical stimuli
Savich (15) was able to obtain secretion 1n some dogs
by direct tetanization of the splanchnics without pre-
vious degeneration Baxter (19) demonstrated the
presence in rabbits of secretory fibers in the splanch-
nicnerves, and Babkin, Hebb and Sergeyeva (20) stud-
ied them 1n cats as well as in dogs The last named
investigators found that the secretion in cats was in-
hibited during the actual shmulation but increased
beyond the control rate after cessation of the elec-
trical stimulus They also confirmed the previous
observation of Kuré (21) that the secretory pathway
was not interrupted by painting the celiac ganglion
with meotine In fact this procedure increased the
effect so that secretion was increased during the ac-
tual stimulation as well 2s later

In the experiments just described (20) the inhibi-
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18, therefore, primarily ecbolic with only a moder-
ate hydrelaticaction, indeed in the cat only the ecbolic
action can be demonstrated (8, 16)

The statement is often seen in textbooks that pan-
creatic juice secreted during stimulation of the vagus
nerves contains active trypsin but the juice obtamned
with secretin does not Tlus statement 15 based on

TABLE Vil
Retabulation of some data from Savich {15) showing secretion of

active trypsin by the pancreas as well as an increase in total tryptic
actlvity on stimulation of the vagus

Digestion of Egg White (Mett}
Relative Rate
Stimulus Pancreailc Julce | Juice + Duodenal
of Secretion Contents
mm mm
HO 12 o0 49
Het 13 00 45
Vagus 3 17 T2
Vagus 3 14 71
Vagus 7 [ 68
Vagus 9 trace 62

Secretin 28 00 54

the observations of Savich (15) on pancreatic juice
collected in acute experiments on dogs with the duct
canpulated His trypsin determinations were made by
the Mett method which requires prolonged incubation
of the juice with the substrate Under these circum-
stances he found that some of the samples obtamned
during stimulation of the vagus nerves caused a cer-
tain amount of digestion of egg-white without addition
of enterckinage from the intestine Even these sam-
ples showed much greater proteolytic activity when
mxed with duodenal contents (Table VIII) These ex-
periments merely prove that the trypsmn jn some sam-
ples was active at some time during the period of
jncubationwith the substrate Theydonot necessarily
show that it was active at the start (see Chap III) but
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even if they did they would not warrant the conclusion
that the juice contained only active trypsin Babkin
(3, p 469), who made a more thorough study of the
problem, concluded that the amount of initially active
trypsin 1n the juice depends on the total amount of
enzyme present rather than on the method of stimu-~
lation Gayet and Guillaumie {t1b} and Gullaumie
{10) reached a simular conclusion The latter re-
ported that the tryptic activity before activation with
enterokinase was relatively no greater in “vagus
juice” than in “secretin Juice”:f the difference 1n total
enzyme content of the juice was taken into account

SPLANCHNIC SECRETORY FIBERS

Soon after the discovery of the secretory fibers in
the vagus nerves Kudrevezki (18) demonstrated the
presence of fibers with a similar funchon in the
splanchnic nerves of dogs Here also inhibitory ef-
fects imterfered with the secretion but this difficulty
wasovercome by Pavlov’s method of partial degener-
atien of the nerves or by using mechamcal stimuli
Savich (15) was able to obtain secretion in some dogs
by direct ion of the splanch without pre-
vious degeneration Baxter (19) demonstrated the
presence in rabbits of secretory fibers 1n the splanch-
nicnerves, and Babkin, Hebb and Sergeyeva (20) stud-
ied them in cats as well as in dogs The last named
investigators found that the secretion in cats was in-
hibited during the actual stimulation but mncreased
beyond the control rate after cessation of the elec.
trical stimulus They also confirmed the previous
observation of Kure (21) that the secretory pathway
was not interrupted by painting the celiac ganglion
with nicotine In fact this procedure increased the
effect so that secretion was increased during the ac.
tual stimulation as well as later

In the experiments just described (20) the inhibi-
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tory effects were less pronounced 1f the adrenal gland
on the stimulated side was ligated Most observers
have reported that epinephrin inhibits pancreatic se-
cretion but Goldstein (22), using a perfused pancreas,
found that if the vasoconstriction was compensated by
an increase in perfusion pressure epmephrine in-
creased the enzyme output Certainly the mhibitory
effects of epinephrine as well as those associated
with stimulation of the splanchmic nerves are due 1n
part to vasoconstriction On the other hand Harper
and Vass (23), because they observed an increase in
enzyme output after cutting the splanchnic nerves in
cats, concluded that these nerves contain specific m-
hibitory fibers for the acmous cells Babkin (9, 20)
has suggested that contraction of the ducts may also
be a factor 1n the inhibition

Most observers agree that the splanchmc secre-
tory fibers are paralyzed by atropine Babkin and co-
workers (20) provided direct evidence that they are
cholinergic by detecting an increase m acetylcholine
mn the pancreatic vein following splanchme stimula-
tion The pancreatic juice secreted during shimula-
tion of the splanchnic nerves, like that obtained during
vagus stimulation, 1s rich in orgamc matter and con-
tainsa high concentration of enzymes (15) Generally
speaking the splanchnics are less effective than the
vag: as either ecbolic or hydrelatic agents

Kuntz (35) has recently confirmed the presence of
sympathetic secretory and inhibitory elements for the
pancreas 1 the celiac plexus The secretory fibers
he finds, as have others, are cholinergic and the m-
hibitory elements are adrenergic  Since he holds
with Richins (36) that all sympathetic fibers to the
pancreas end 1n relation to blood vessels he concludes
that the secretory and nhibitory effects are exclu-
sively referable to tonic changes 1n the vascular bed

Stimulation of either the splanchnics or the vag:
causes significant changesn the microscopic appear-
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ance of the acinous cells, due chiefly to dissolution
of zymogen granules A fuller discussion of these
changes will be given in the next chapter

INFLUENCE OF THE EXTRINSIC NERVES
ON PANCREATIC BLOOD FLOW

Pavlov (4}, Gottlieb (24) and more recently Babkin
{9) and many others have reported that the secretory
activity of the pancreas 1s greatly influenced by
changes in its blood supply Conditions which de-
crease the blood flow through the gland dimimsh se-
cretion while agents that increase the blood flow tend
to augment secretory activity (25, 26) Bernard, and
Kuhne and Lea (see Heidenhain (2)) observed local
vasodilation in the pancreas during active secretion
Since the extrinsic nerves of the pancreas supply not
only the secretory elements but also the pancreatic
arteries, a part of their influence may be attributed
to changes in blood flow through the gland

Following the early work of Frangois-Franck and
Hallion {27) there has been general agreement that the
splanchmic nerves contain vasoconstrictor fibers for
the pancreas By analogy with the vasomotor supply
of other abdominal organs it may be assumed that
they also convey vasodilators but these appear not to
havebeen demonstrated specafically for the pancreas

Stimulation of the vagi has generally been found to
increase the blood flow through the pancreas but the
evidence that this is due to the action of vasodilator
fibers 1s not wholly satisfactory Frangois- Franck
and Hallion {27) enclosed the pancreas in a plethysm-
ograph and cobserved an increase in volume of the
gland when the vagus fibers along the esophagus were
stimulated, they assumed that the increase 1n volume
was due to vasodilation It will be recalled that von
Anrep (7) obtained a similar result but attributed it to
an accumulation of secretion within the gland He
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stated that the vagl were without effect on the pan-
creatic vessels Gayet and Guillaumie (28) enclosed
the gland in a plethysmograph and at the same time
measured blood flow with a “hemorheometer,”a mod
ification of Ludwig’s stromuhr They found that the
Increase in volume during stimulation of the vagus
nerves was associated with an increase in blood flow
and had lttle relation to retention of secretion n the
ducts
Bennett and Still (29) noted that any increase in
pressure within the ducts caused an increase in blood
flowas measured by an automatic mechanical stromuhr
in the pancreaticoduodenal vein Their observation
makes 1t almost impossible to prove the existence of
a direct vasodilator action of the vagus nerves since
an 1ncrease in intraductal pressure is almost certan
to follow stimulation of fibers which both augment se-
cretion and contract the ducts An apparently free
flow of juice from the ducts does not, of course, prove
that it 1s not flowing under increased pressure The
point is largely academic since an increase in blood
flow, however it is brought about, may be expected to
favor secretory activity

Acid in the duodenum (30) and also secretin (29,
31) increase the blood flow through the pancreas but
the mechanism is in doubt Only 1n the case of duo-
denal stimulationis there any probability that vasodi-
lator reflexes are involved The effect of secretin
may be attributed to either an increase in pressure
within the ducts (29) or the action of local metabolites

\
REGULATION OF PANCREATIC SECRETION

It 15 évident from the data reviewed in Chapter V
that all the Qldlvndual food substances which serve as

pancreatic st::lx excite secretion of pancreatic juice

1 which enzy
tion than in the

es are present in greater concentra-
juice secreted in response to acid or
N
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secretin. The same is true of the secretion produced
m the usual course of digestion (2, 3} The ordinary
functional actinity of the pancreas, therefore, involves
reachons to echolic stimult not accounted for by the
secretin mechanism. The extrinsic innervation could
pronide such stimuli but the extent to which it does is
2 matter for experimental determination

Cutting the extrinsic nerves has surprisingly little
effect on pancreatic function No observable loss of
function results from divasionof the splanchme nerves
Alter the vagy are cut the cephalic phase of secretion
1s, of course, lacking but the ecbolic effect of meals
1sstill present though definitely less thannormal (32)
Incontrast, paralytic doses of atropine profoundly de-
press the secrebion of enzymes in response to all
types of alimentary stimuli  If anv conclusion can be
drawn from these facts it is that there 1s more to the
innervation of the pancreas than 1s comprised in the
vagus and splanchnie fibers This conclusion accords
with the situation 1n other abdominal organs in which
the innervation1s much better understood, specifically
the stomach and small intestine Carlson (33) has
compared the extrinsic nerves that supply these or-
gans to association fibers between reflex centers and
there is no doubt that the viscera m
torespond reflexly to local stimuli (34) mn the absence
of the extrinsic mnervation

The earliest concepts of the innervation of the pan-
creas comprised the 1dea of local reflex mechamsms
(5¢) but these were generally forgotten after the dis-
covery of secretin It is only recently that we have
come to reahize that the secretin hypothesis explains
practically nothing except the response of the pancreas
to acid and that acid is only one of many stimuli :n-
volved in the regulation of pancreatic function, The
echolic effects of food and the relatively satisfactory
functioning of the pancreas in achlorhydrics are not
satisfactorily explzired by the secretin hypothesis
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stated that the vagi were without effect on the pan
creatic vessels Gayet and Guillaumie (28) enclosed
the gland in 2 plethysmograph and at the same time
measured blood flow with a “hemorheometer,”a mod
ification of Ludwig’s stromubr They found that the
increase in volume during stimulation of the vagus
nerves was associated with an increase in blood flow
and had little relation to retention of secretion 1n the
ducts

Bennett and Still (29) noted that any increase 1n
pressure within the ducts caused an ncrease in blood
flow as measured by an automatic mechanical stromuhr
in the pancreaticoduodenal vein Their observation
makes it almost impossible to prove the existence of
a direct vasodilator action of the vagus nerves since
an increase in intraductal pressure is almost certam
to follow stimulation of fibers which both augment se
cretion and contract the ducts An apparently free
flow of juice from the ducts does not, of course, prove
that it 1s not flowing under increased pressure The
point is largely academic since an increase In blood
flow, however it is brought about, may be expected to
favor secretory activity

Acid in the duodenum (30) and also secretin (29,
31) increase the blood flow through the pancreas but
the mechanism is in doubt Only in the case of duo-
denal stimulationis there any probability that vasodi-
1ator reflexes are involved The effect of secretin
may be attributed to either an increase mn pressure
within the ducts (29) or the action of local metabolites

REGI\ILATION OF PANCREATIC SECRETION

1t is Swident from the data reviewed in Chapter V
that all the l\ndlvidual food substances which serve as
pancreatic stimull excite secretion of pancreatic juice
in which enzymes are present in greater concentra-
tion than in thejuice secreted in response to acid or
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secretin The same is true of the secretion produced
1n the usual course of digestion (2, 3) The ordinary
functional activity of the pancreas, therefore, involves
reactions to ecbolic stimuli not accounted for by the
secretin mechanism The extrinsic innervation could
provide such stimul: but the extent to which it does is
a matter for experimental determination

Cutting the extrinsic nerves has surprisingly little
effect on pancreatic function No observable loss of
function results from division of the splanchnic nerves
After the vagi are cut the cephalic phase of secretion
is, of course, lacking but the ecbolic effect of meals
is still present though definitely less thannormal (32)
Incontrast, paralytic doses of atropine profoundly de-
press the secretion of enzymes in response to all
types of alimentary stimuli If any conclusion can be
drawn from these facts 1t 1s that there 1s more to the
mnervation of the pancreas than is comprised in the
vagus and splanchnic fibers This conclusion accords
with the situation in other abdominal organs in which
the innervation1s much better understood, specifically
the stomach and small intestine Carlson (33) has
compared the extrinsic nerves that supply these or-
gans to association fibers between reilex centers and
there {s no doubt that the viscera mentioned continue
torespond reflexly to local stimuli (34) in the absence
of the extrinsic 1nnervation

The earliest concepts of the innervation of the pan-
creas comprised the idea of local reflex mechanisms
{5c) but these were generally forgotten after the dis-
covery of secretin It 1s only recently that we have
come to realize that the secretin hypothesis explains
practically nothing except the response of the pancreas
to acid and that acld is only one of many stimuli in-
volved in the regulation of pancreatic function The
ecbolic effects of food and the relatively satisfactory
functioning of the pancreas in achlorhydrics are not
satisfactorily explained by the secretin hypothesis
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nor is the hydrelatic effect of food in those consider
able intervals during digestion in which the intestinal
acidity is too low to serve as a pancreatic stimulus
In so far as these functions persist in the absence of
the extrinsic innervation they may be due to local re-
flexes or to humoral agents Among the possible hu-
moral agents with an ecbolic action, pancreozymin
and blood glucose are the more promising from the
standpoint of available experimental data

Local reflex paths, if they exist, probably consist
of connections between the intrinsic ganglia of the
pancreas and the enteric nerve plexus The develop-
mental relations 1n the embryo strongly suggest the
possibility of such connections but nerther their pres-
ence nor their absence appears to have been demon-
strated by morphological methods The possibility of
intestino-pancreatic reflexes by way of the sympa-
thetic ganglia may also be considered Should local
reflex paths ultimately be demonstrated the extrinsic
nerves could be considered not only as efferent paths
1n long reflex arcs but also as association fibers, to
facilitate (or inhibit) local reflexes The former func-
tion1s evident during the cephalic phase of pancreatic
secretion and the latter may mamfest itself durmng
the 1ntestinal phase by increased responsiveness of
the pancreas to intestinal stimuli
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Chapter VIO

THE MECHANISM
OF PANCREATIC SECRETION

1 SECRETION OF INORGANIC CONSTITUENTS

N spite of conclusive evidence that secretion of en-
zymes by the pancreas1s controlled separately from
secretion of fiwd and bicarbonate, it 1s commonly be.
lieved that the acinous cells elaborate the entire se-
cretion This belief 1s based on the absence of other
suitably situated cellular elements havipg the struc-
tural features commonly associated with secretory
cells  Also there is some evidence that fluid passes
through theacinous cells when the pancreasis secret-
ing even in the absence of specific ecbolic stimuh
For example, Babkin, Rubaschkan and Savich (1) stud-
1ed the pancreas microscopically after acid stimu-
lation and concluded that the minor changes observed
in the acinous cells were due to the passage of flud
throughthe cells Thepresenceof intracellular struec-
tures which have been interpreted as secretory can-
alicul: {Chap 1) 1s also suggestive
On the other hand some recent work indicates the
possibility of dissociation of functions so complete as
to demand a reexamination of the problem Lagerlof
(2) has reported that in many patients with pancre-
atitls the bicarbonate secretion may be normal even
though the enzyme output is reduced, for example,
of 32 patients with this disease 21 secreted a normal
amount of bicarbonate when given secretin but only 12
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produced a normal concentration of enzymes In
similar patients Friedman and Snape (3) found some
whose pancreatic juice was wholly without trypiic
achivity but who secreted a normal amount of alka~
lne flurd 1n response to secretin In a series of ex-
periments on dogs Grossman and Ivy (4) observed the
opposite type of dissociation of functions In animals
that were made diabetic with alloxan the concentration
of enzymes in the pancreatic juice remained normal
but theusual threshold dose of secretn failed to cause
secretion of fluid The acinous cells in the alloxan-
treated animals retained a normal appearance but the
cells of the intralobular ducts showed vacuolization
The authors suggested the possibility that the duct
cells participate in the elaboration of pancreatic julce
and are, perhaps, the cells that respond to the action
of secretin At present we do not know which pancre-
atic cells secrete bicarbonate

Sourceof bicarbonate  Numerous efforts have been
made fo learn whether the bicarbonate of the pancre-
atic juice comes from the blood or from some other
source within the gland butunti} very recently no con-
vincing experiments have been reported The experi-~
ments of Still, Bennett and Scott (11) are often cited
ag evidence that much of the bicarbonate of the juice
comes from the carbon dioxide produced by the oxi-
dative metabolism of the cells These investigators
meas ured the carbon dioxideand oxygen content of the
arterial and venous blood of the pancreas and found
that although the venous carbon dioxide fell, some-
times below arterial levels, during the early stages
of secretion, it rose above resting levels if the se-
cretion was prolonged

These observations prove that the total metabolic
carbon dioxide s occasionally less but usually greater
in amount than the total which appears as bicarbonate
1 the julce but they have no direct bearing on the
source of bicarbonate in the juice The quantity
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measured, the arteriovenous carbon dioxide differ-
ence, will always be equal to the total metabolic car-
bon dioxide mmnus that secreted in the jmce The re-
sult mill be the same whether the carbon dioxide of the
juice1s subtracted directlyfrom the blood or from the
metabolic carbon dioxide before 1t is added to the
blood The wayin which the metabolic carbon dioxide
is divided between the juice and the blood cannot be
calculated from these data nor can the amount of blood
bicarbonate which 1s secreted 1n the juice

Montgomery and co-workers (5) found that radio-
active sodium appeared 1n the juice within three mi~
nutes after 1t was injected into the blood, after fif-
teen mnutes the concentration 1n the juice became
equal to thatinplasma and remained so throughout the
experimental period Ball, Tucker and others (6) 1n-
jected bicarbonate contatmng radioactive carbon into
the blood while collecting pancreatic juice The radio-
actimty of the jmce attained a level four to five times
that of the blood, correspondingtothe ratioof total bi-
carbonate 1n juice and blood Ths latter observation
proves that the greaterpart of the bicarbonate of pan-
creatic Juice comes from the blood

The oxygen consumption of the pancreas The
knowledge that we have concerming the exchange of
energy by the pancreas during secretion has been ob-
tained 1n experimentsin which secretin was used as a
stimulus so that the work done was mainly concerned
with secretion of flmd and bicarbonate Bancroft and
Starling (9) measured the oxygen consumptwon of the
pancreasat restand duringthe action of secretin The
oxygen consumptionwas hngh (0 05¢cc /gm /min }inthe
resting gland and was increased about 30 per cent dur-
ing the action of secretin  Gerard and Still (10) saw
about the same percentile increaseinoxygen consump-
tion (20 to 50% Av 30%) when secretin wasapplied to
slices of pancreatic tissue 1n the Warburg apparatus
Other tissues (except Iiver 1n one experiment) showed
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no change in respiration when secretin was added
With the gland in situ Still and others (8, 11) observed
much larger increases in respiration (300% as mndi-
cated by CO, output) during the action of secretin
Resting oxygen consumption in their experiments
averaged 0 029 cc per gram per minute The 1n
crease In oxygen consumption after secretin per-
sisted for aslong as 30 minutes after the secretion had
ceased, indicating accumulation of an oxygen debt dur-
ing the period of activity The excess oxygen required
over the amount supplied during active secretion
amounted 1 some instances to 50 per cent of the total
oxygen utilized Respiratory quotients of the pancre-
as ranged from 0 71 to 1 01 (resting average 0 87)
Secretory pressure 1n the pancreatic ducts The
pressure developed when the pancreas is stimulated
with the ducts occluded ranges around 300 mm H,0
(about 22 mm Hg) The reported results of several
measurements are given in Table IX As Babkin (19)

TABLE IX

Secretory pressure {n pancreatic ducts in mm HpO

[ o

Henry and Wollheim (13) 219 225

Dog J c;ej Rabbit | Monkey

Kuwschinski {14) 284
(21 mm Hg)
Herring and Stmpson (16) 313 303 217
Harms (17) 178 427
Zucker Newburger and 280 320
Berg (183)
Zucker Newburger and 340 390
Berg (18b}

has pornted out, the pressure that develops when the
ducts are occluded is probably a measure, not of the
secretory pressure as such, but of the ability of the
finer ducts to retamn fluid under pressure The pan
creas becomes edematous when the ducts are occluded
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(16), indicating penetration of the ducts by the secre-
tion  Experiments with injection of the ducts (Chap
1) have shown that they are readily penetrated by in-
jection flnds under fairly low pressure

Apparently noattempt has been made to determine
the influence, 1f any, of the protein content of the jurce
on the secretory pressure This would be of interest
because if a positive correlation were found 1t would
suggest that the secretory pressure 1s really 2 mea.
sure of the colloid osmotic pressure of the pancreatic
juice

The maximal pressures developed 1n the pancre-
atic ducts correspond rather closely to the maximal
secretory pressures of the liver as measured in the
hle ducts but Harms (17) found that when both pres..
sures were measured simultaneously 1n the same ani-
mal the pressure 1in the pancreatic ducts was gener-
ally higher, by irom 38t0150 mm H,0 He found the
bihary pressure higher only early in digestion when
both pressures were low

Permeability of the pancreas Any discussion of
permeability in connection with the pancreas must of
necessity be in general terms We know only which
substances appear 1n the juice when they are present
1n, or added to, the blood, in most instances we do not
know through which of several possible cell groups
they penetrate

Some or all of the pancreatic cells are sufficiently
permeable to water and some electrolytes to main-
tain osmotic equilibrium with the blood (20, 21) Com-.
plete permeability to sodium (5, 20, 21) has been de-
monstrated Although the calcium concentrationin the
pancreatic juice 1s less than in the blood, the deficit
is probably not due to relative impermeability of the
cells to calcium but to the fact that much of the cal.
cium of the blood 1s bound by protein and 1s not dif-
fusible (Komarov and others, 7)

In contrast with its apparent free permeability to
most cations the pancreas exhibits a high degree of
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no change in respiration when secretin was added
With the gland in situ Still and others (8, 11) observed
much larger increases in respiration (300% as indi-
cated by CO, output) during the action of secretin
Resting oxygen consumption mn their experiments
averaged 0029 cc per gram per minute The in
crease 1n oxygen consumption after secretin per-
sisted for as long as 30 minutes after the secretion had
ceased, indicating accumulation of an oxygen debt dur
ing the period of activity The excess oxygen required
over the amount supplied during active secretion
amounted 1n some instances to 50 per cent of the total
oxygen utilized Respiratory quotients of the pancre-
as ranged from 0 71 to 1 01 (resting average 0 87)
Secretory pressure inthe pancreatic ducts The
pressure developed when the pancreas is stimulated
with the ducts occluded ranges around 300 mm HZO
(about 22 mm Hg) The reported results of several
measurements are given 1n Table IX As Babkin (19)

TABLE IX

Secretory pressure in pancreatic ducts in mm. HpO

r Observer l Dog [ cat [ Rabbit !Monkty

Henry and Wollhetm (13) 219 225
Kuwschinski (14)

284
(21 mm Hg)
217

Herring and Simpson (16) 313 303
Harms (17} 178 427
Zucker Newburger and 280 320

Berg (18a)
Zucker Newburger and 340 3%0

Berg (18b)

has pointed out, the pressure that develops when the
ducts are occluded 1s probably a measure, not of the
secretory pressure as such, but of the ability of the
finer ducts to retain fluid under pressure The pan
creas becomes edematous when the ducts are occluded
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pressure 1In faer =eryarsres B Jover hoad pres.
sureaugment the response o SEITEIINT SO, ST
times toasurpnsieg syteer {Fip. 71N Thisis postiso
ularly tree of vasoftizter TEToSs £ 2§ prmii;?
and mitrites which —zvmeresse 2 Low ol b ood even
though the pressmre £270s  Peruo- {13) hos show= 10t
the secretovy prescure mmv exseed the Hood pres-
sure for a time when o2 ¥ood presztre is Iovemed
by venesection 20d the conerers S € teted theonzh
the vag

The carbohydrzte metebolicm of thepaccreas:
Babkin (23) and lisprrils kave epresized the 1moov-
tance of carbohydrate zs 2z source cof energy for the
secretory work of the pencreas The possible re-
lation of the blood suzar level to the output of pancre-
atic enzymes has been discussed brniefly in Ckapler V
The pancreatic tissue contans glycogenand the amount
can be mncreased by admmstration of glucose Insu-
lin imnterferes with deposition of glycogen but does not
of itself deplete the glycogenstores of the gland (242)
Miss Hebb (24b) found the pancreas slightly perme-
able to glucose in that varying amounts of sugar ap-
peared in the pancreatic juice in the presence of
hyperglycemia, with blood sugar levels between 100
and 200 mg per cent the sugar in the juice ranged
from traces to 10 mg per cent Larger amounts, up
to 100 mg per cent, appeared in the juice when the
blood sugar levels were further increased She re-
ported that stunulation of the vagus nerves decreased
the amounts of sugar in the juice (see Babkin, (23) p
T74) but the output waskmet affected by atropine (24b)
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selectivity in the transfer of anions Only traces of
phosphate are present in the juice and the chloride
concentrationislower and the bicarbonate proportion-
ally higher than in the blood Ball et al (6) as well as
Hober (22) have attempted to explain these facts on
the assumption that the pancreas is freely permeable
to bicarbonate but less permeable to chloride and
phosphate It is probably true that some portion of
the secretory mechanism, acinous cells or ducts, 1s
freely permeable to those substances which appear in
equal concentration in the blood and panereatic juice,
but 1t is not so evident that differences in concentra-
tion of other substances can be fully explained by
corresponding differences in permeability Davenport
(12) has pomnted out that this theory requires that the
energy for secretion must come only from the blood
pressure, and that there is not enough energy avail-
able from this source to provide for secrehon of the
inorganic constituents even when the pressure of the
juice 15 low He calculates the energy available from
the blood pressure as follows If the capillary pres-
sure is 30 mm and the pressure of the juice zero 50
that the pressure falls through30 mm Hg or 40 5 cm
H;0, for each liter (1000 gm) of juice secreted there
is a decrease in potential energy of §40 5) (1000) gm
cm One gm cm equals 2 34 x 10-° calories The
energy available from this source 1s therefore (40 5}
(1000) (2 34 x 10~% = 0 95 gram-calories for each liter
of jmcesecreted This value appears negligible when
compared with the energy actually expended as indi-
cated by theincrease in oxygen consumption Daven-
port estimates the minimum amount of energy required
to separate the inorganic constituents of one lter of
pancreatic juice from the blood plasma to be of the
order of 100 gram calories

Although the secretory activity of the pancreas is
d dent on an quate blood supply (See Chap
vﬁ), it is nfluenced more by blood flow than blood
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pressure In fact many agents that lower blood pres-
sureaugment the responsetosecretory stimuli, some-~
times toasurprising extent (Fig 21) Ths is partic-
ularly true of vasodilator substances such as peptone
and nitrites which may increase the flow of blood even
though the pressure falls Pavlov (15) has shown that
the secretory pressure may exceed the blood pres-
sure for a time when the blood pressure 15 lowered
by venesection and the pancreas is stimulated through
the vagi

The carbohydrate metabolism of thepancreas
Babkin (23) and his pupils have emphasized the impor-
tance of carbohydrate as a source of energy for the
secretory work of the pancreas The possible re-
Iationof the blood sugar level to the output of pancre-
aticenzymes has been discussed brieflyin Chaper V
The pancreatic tissue contains glycogenand the amount
can be increased by admimistration of glucose Insu-
lin interferes with deposition of glycogen but does not
of itself deplete the glycogenstores of the gland (24a)
Miss Hebb (24b) found the pancreas slightly perme-
able to glucose 1in that varying amounts of sugar ap-
peared in the pancreatic juice in the presence of
hyperglycemia, with blood sugar levels between 100
and 200 mg per cent the sugar in the juice ranged
from traces to 10 mg per cent Larger amounts, up
to 100 mg per cent, appeared 1in the juice when the
blood sugar levels were further increased She re-
ported that stimulation of the vagus nerves decreased
the amounts of sugar in the juice (see Babkin, (23} p
774) but the cutput was not aifected by atropine (24b)

2 SYNTHESIS AND SECRETION OF ENZYMES

‘The production of enzymes bythe pancreasinvolves
two distinct processes, (1) synthesis within the gland
and (2) discharge of enzymes into the secretion The
first is believed to be a continuous processnot subject
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selectivity in the transfer of anions Only traces of
phosphate are present in the juice and the chloride
concentration is lower and the bicarbonate proportion~
ally higher than in the blood Ball et al (6) as well as
Hober (22} have attempted to explain these facts on
the assumption that the pancreas is freely permeable
to bicarbonate but less permeable to chloride and
phosphate It 1s probably true that some portion of
the secretory mechanism, acinous cells or ducts, is
ireely permeable to those substances which appear in
equal concentration in the blood and pancreatic juice,
but 1t is not so evident that differences in concentra-
tion of other substances can be fully explained by
carresponding differences inpermeability Davenport
{12) has pointed out that this theory requires that the
energy for secretion must come only from the blood
pressure, and that there 1s not enough energy avail-
able from this source to provide for secretion of the
inorganic constituents even when the pressure of the
juice is low He calculates the energy available from
the blood pressure as follows If the capillary pres-
sure is 30 mm and the pressure of the juice zero so
that the pressure falls through30 mm Hg or 40 5 em
H;,O0, for each liter (1000 gm) of juice secreted there
is a decrease in potential energy of gm 5) (1000) gm
em  One gm cm equals 2 34 x 10-° calories The
energy available from this source is therefore (40 5}
(1000) {2 34 x 10-5 = 0 95 gram-calories for each liter
of julcesecreted This value appears negligible when
compared with the energy actually expended as indi~
cated by the increase in oxygen consumption Daven-
port estimates the minimum amount of energy required
to separate the mnorgamc constituents of one liter of
pancreatic julce from the blood plasma to be of the
order of 100 gram calories
Although the secretory activity of the pancreas is
i! dent on an ad te blood supply (See Chap

1), it is influenced ‘more by blood flow than blood
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pressure In fact many agents that lower blood pres-
sure augment the response tosecretory stimulf, some-
times toasurprising extent (Fig 21) This is partic-
ularly true of vasodilator substances such as peptone
and nitrites which may increase the flow of blood even
though the pressure falls Pavlov (15) has shown that
the secretory pressure may exceed the blood pres-
sure for a time when the blood pressure is lowered
byvenesection and the pancreas is stimulated through
the vagt
The carbohydrate metabolism of thepancreas

Babkin (23) and his pupils have emphasized the impor-
tance of carbohydrate as a source of energy for the
secretory work of the pancreas The possible re-
lationof the blood sugar level to the output of pancre-
aticenzymes has been discussed briefly in Chap*er V

The pancreatic tissue contains glycogenand the amount
can be increased by administration of glucose Insu-
lin interferes with deposition of glycogen but does not
of 1tself deplete the glycogen stores of the gland (24a)

Miss Hebb (24b) found the pancreas slightly perme-
able to glucose 1n that varying amounts of sugar ap-
peared in the pancreatic juice in the presence of
hyperglycemia, with blood sugar levels between 100
and 200 mg per cent the sugar in the juice ranged
from traces to 10 mg per cent Larger amounts, up
to 100 mg per cent, appeared in the juice when the
blood sugar levels were further increased She re~
ported that stimulation of the vagus nerves decreased
the amounts of sugar in the juice (see Babkin, (23) p

74) but the output was not aifected by atropine (24b)

2 SYNTHESIS AND SECRETION OF ENZYMES

The production of enzymes by the pancreas involves
two distinet processes, (1) synthesis within the gland
and (2) discharge of enzymes into the secretion The
first is believed to be a continuous process not subject
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to rapid change and, so far as we know, is influenced
only by the laws of chemical equihibrium and by those
factorsin the internal environment that determine the
rate of cellular metabolism in general It results in
the elaboration and storage within the acinous cells of
the characteristic pancreatic enzymes or their pre-
cursors Accumulationof zymogen granules within the
cells is visible evidence of this process The second
process, discharge of enzymes, is the characteristic
response to echbolic stimuli and involves the passage
of stored material into the lumen of the acinus and
eventually into theducts This process, although ulti-
mately dependent on synthesis, is independently con-
trolled and may proceed so rapidly in response ta spe-
cific stimuli that 1t outstrips synthesis leaving the cell
depleted of visible zymogen material Secretion of
enzymes will be considered first since more 1s known
about 1t and the knowledge provides some essential
background for the discussion of synthesis

Secretion of enzymes Much of what we know of
the mechanisms involved in the discharge of enzymes
by the acinous cells of the pancreas had been learned
by study of the microscopic appearance of the gland
before, and after secretion Heidenhain (25) studied
stained sections of the pancreas of dogs 1n the fasting
state and at various times after feeding He de-
scribed the following changes in the appearance of the
cells during andafter secretion (digestionofa meal) as
compared with the resting cells (1) The entire cell
was reduced 1n s1ze (2} The granular inner or apical
zone was diminished insize more than the outer clear
zone, the latter, although smaller, now occupied rela-
tively more of the cell volume (3) The zymogen
granules of the inner zone were smaller 1n size and
fewer innumber than in the resting cell and those that
remained were congregated near the apical border of
the cell Similar differences were observed between
the resting and active cells of the rablt’s pancreas
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Flgure 21

Effect of a fall in blood pressure on pancreatic secre-
tion Two kymographic records each showing successively
from above downward blood pressure (Hg manometer),
time in one minute Intervals and drops of pancreatic juice
as vertical lines In each record two responses to intra-
venous administration of 4 units of secretin {Pancreotest)
are shown, one before and one after a fall in blood pres-
sure Note that after the blood pressure was reduced
(vasodilation} either with ether (upper record) or with
sodlum nitrite (lower record) the same dose of secretin
produced more than three times as much juice as before
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Figure 22

Pancreas of a dog A -in the fasting state B - after
stimulation of the vagus nerves C — after secreting 1n re-
spanse to acid D —after secreting in response to soap

From Babkin Rubaschkin and Savich (1) Arch f
mikr Anat 1909 Also Babkin Die Aussere Sekretion der
Verdauungsdrusen Second Edition Springer Berlin 1928

same time, secretion which took the same stain as the
intracellular granules accumulated in the smaller
ducts Stimulation of the splanchmic nerves had less
effect than the vagi when the adrenal glands were in-
tact but after ligation of the adrenal vessels the re-
sults more nearly approached those of vagus stimu-
lation

Sergeyevanoticed that the acinous cells 1n the im-
mediate vicinity of the 1slets contained more granules
thanthe others, especially in the partly depleted gland,
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but thesewere not correlated with phases of digestion
since n this animal digestion s almost a continuous
process Kuhne and Lea (26) studied the pancreas of
the living rabbit in situ and confirmed Heidenham’s
observations with respect to the changes that occur in
the cells during active secretion

Heidenhain (25) gave convincing proof that the
zymogen granules are, in fact, the precursors of the
enzymes which appearin the secretion He found that
the enzyme content of the pancreas varied directly
with the granule content of the cells Simularly, if
the pancreas was exhausted by continuous secretion
through a fistula the granules disappeared from the
cells and enzymes were absent from the secretion as
well as from extracts of the gland Others (1, 27, 28)
have seen the granules pass directly into the secretion
or dissolve in vacuoles which were later extruded into
the lumen of the acinus

The changes 1n the appearance of the acinous cells
during digestion may be taken as evidence that the
pancreas 1s being acted upon by ecbolic stimuli  The
most thorough study of the effects of specific shmuli
was made by Babkin, Rubaschkn and Savich (1) They
found that stimulation of the vagus or splanchmcnerves
caused a decrease in the number of zymogen granules
1n the acinous cells and migration of those that re-
matned 1nto the apical regionof the cells Stimulation
by means of soap had a sumlar effect but HCI caused
only moderate changes and these were attributed to
mechanical washing out of a few granules by the pas-
sage of fluid through the cells Some of their 1llus-
trations are reproduced 1n F1g 22

The experiments just referred to were done on
dogs They were later repeated on cats by Sergeyeva
(29) under Babkin’s directionand quite similar results
obtamned In the cat stimulation of the vagus alone
caused no visible secretion but the acinous cells
nevertheless discharged their granules and, at the
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Various considerations lead to the conclusion that
the synthesis of enzymes proceeds within the cell until
a dynamic equilibrium 1s established between the zy-
mogen material and the various substances that enter
mto the reactions involved 1n 1ts synthesis With this
as a basic concept Langstroth, McRae and Komarov
(33) made a combined experimental and mathematical
analysis of the synthesis of enzymes based on the out-
put of enzymes during the action of secretin Their
study led them to the conclusion that the rate of syn-
thesis was not influenced by the action of the para-
sympathetic nerves nor by the presence of secretin
within the cells, that it 1s determined by the relative
amounts of zymogen material (the end product of syn~
thesis) and of various unknown substances supplied
continuously to the gland cells from the blood

Hirsch (30) studied the regeneration of granules 1n
the pancreas of living white mice by direct micro-
scopic observation of the gland after the cells had been
depleted by giving prlocarpine until they contained only
a few granules New granules first appeared in the
basal portionof the cell as tiny specks attached to the
mitochondria They continued in this relation for only
a short time, 10 - 17 minutes, and then became free
and began a curious to and fro motion in the cyto-
plasm, meanwhile ncreasing in size They also in-
creased in number at first but later the numbers de.
creased Whether or not the decrease in numbers
was caused by fusion of particles the author did not
decide After 11/2 to 3 hours the larger granules
changed their type of motion and began to drift toward
the apical zone of the cell where they eventually came
torest Here they grew still larger and changed their
reaction to stains, finally becoming mature zymogen
granules Only about two.thirds of the granules had
matured in10 - 11 hours but the author expressed the
opimon that the cells would already have been capable
of secreting in 3 1/2 hours Duthie (34) repeated and
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and thus formed visible “halos” of darker stamning
cells around theislets Stimulationof the vag: brought
these “halos” into contrast by causing depletion of the
other cells, leaving those around the 1slets more or
less inthe resting condition Stimulation of the splanch-
nics with the adrenal vessels hgated depleted the
“halo” cells as well as the others Some light may be
cast on this phenomenon by the peculiar arrangement
of the blood vessels 1n the vicimty of the 1slets which
was mentioned 1n Chapter I There 1t was pointed put
that the acinous cells surrounding the 1slets receive
blood that has just previously passed through the
sinusoids of the isletsand may therefore contain more
msulin than the systemic arterial blood that supples
the remainder of the gland These observations again
suggest a close relation between the secretion of
enzymes and the carbohydrate metabolism of the se-
creting cells as recently emphasized by Babkin (23)
The effects on the appearance of the acinous cells
of stimulation of the vagus nerves may be duplicated
by administration of parasympathomimetic drugs such
as pilocarpme (27, 30), or choline chlor:ide (29) The
presence of peptone in the intestine has a simlar
effect (Chap V) and so does pancreozymin (31)
Synthesis of enzymes The first investigation of
the restitution of zymogen material within the pancre-
atic cells following their depletion by active secretion
was undertaken by Heidenhain (25) and by Grutzner
(32) They studied the enzymatic activity of pancre-
atic extracts made from the glands of dogs that had
been killed at various times after feeding As €X-
pected, the enzyme content of the glands decreased
during the first sixto ten hours, 1t then gradually in-
creased until a near maximum was attamed at the
14th to 16th hour after feeding Thereafter the tryp-
sin remained constant, the amylase decreased some-
what but the lipase content continued to rise slowly

until the 40th hour
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confirmed these observations He agreed that the
granules appear first in the basal zone of the cell on
ornear the mitochondria and then migrate to theapical
zone where they become enmeshed in the Golg appa

ratus and come to rest He distingumished the mm-
mature from the mature granule by the fact that the
former stains with vital red while the latter does not
Others have held that the zymogen granules appear
first 1n relation to the Golgi material For a dis-
cussion of this view see Babkin (23)

It maybe of interest in this connection to note that
granules appear in the acinous cells of the developing
pancreas as Soon as the acim are formed, on the 17th
or 18th day of development in the embryo rat (35)

Electrical changes 1n the pancreas The pancreas,
like other tissue, exhibits a negative electrical po-
tential relative to resting tissue when stimulated
Von Anrep and Daly (36) placed two electrodes, one on
the tail of the pancreasand the other within the pancre
atic duct, in anesthetized cats and recorded the po-
tential difference with a galvanometer During bouts
of secretion induced by secretin the tail (acinous
tissue) showed a negative potential relative to theduct
Control experiments proved that these potentials were
not caused by a fall 1n blood pressure nor by the flow
of juice past the electrode in the duct

Hasama (37) useda unipolar method with a record-
ing electrode on the pancreas and an mndifferent elec-
trode elsewhere on the body of the animal Stimula-
tion of the vagus or splanchmic nerves or injection of
secretin brought about a negative potential in the
pancreas, relative to the body of the amimal, which
paralleled the secretion of pancreatic juice
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85
chemical nature of, 93 et
seq
commercial, 88
crystalline, 87,88
discovery of, 84
distribution of, 85 et seq
apecies differences, 86
in dogs' intestine, average
content, 86
echbolic action of, 95
effect of
on liver, 96,97
on pancreas, 95
bleed flow of, 116
oxygen consumption, 123
hydrelatic action of, g5
{nactivation of by proteoly-
tic enzymes, 93
isoelectric point of, 94
methods of preparation of,
87 et segq
molecular weight of, 93
nitrogen content of, 93
physiological actions of,
94 et seq
stablity of, 94
synergism of with vagus
innervation, 108,109
units of, 90
Secretin hypothesis, 117
Secretin test of pancreatic
function, 98 et seq

Secretion, pancreatic See
pancreatic secretion
Secretory nerves of pan-
creas, 12,105,117
Secretory stimuli, defined,
62
Soaps as pancreatic stimuli,
K¢}
Sodium bicarbonate  See
bicarbonate
Sodium chloride, See
chloride
Sodium, radioactive, 123
Spnal cord, stimulation of,
105
Splanchnic nerves,
anatomy of, 12
cholfnergic and adrener-
gic fibers in, 114
ecbalic action of, 113
effect of cutting, 117
effect of stimulation of
on acinous cells, 130,
132
inhibitory fibers in, 113
secretory fibers in, 12,
113 et seq
vasomotor fibers of, 114,
115
visceral afferent fibers in,

Starch, 75

Steatorrhea, 50

Succus entericus, 95

Sucrase, 42

Suprarenal (adrenal) gland,
114

effect of litigation of on
response to splanchnic
stimulation, 131
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