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Abstract

Lysosomal hydrolases such as cathepsin B are apically se-
creted from rabbit pancreatic acinar cells via a regulated as
opposed to a constitutive pathway. Intravenous infusion of the
cholecystokinin analogue caerulein results in highly correlated
apical secretion of digestive and lysosomal enzymes, suggesting
that they are discharged from the same presecretory compart-
ment (zymogen granules). Lysosomal enzymes appear to enter
that compartment as a result of missorting. After 7 h of duct
obstruction is relieved, caerulein-stimulated apical secretion of
cathepsin B and amylase is increased, but the ratio of cathepsin
B to amylase secretion is not different than that following cae-
rulein stimulation of animals never obstructed. These findings
indicate that duct obstruction causes an increased amount of
both lysosomal and digestive enzymes to accumulate within the
secretagogue releasable compartment but that duct obstruction
does not increase the degree of lysosomal enzyme missorting
into that compartment. Pancreatic duct obstruction causes lyso-
somal hydrolases to become colocalized with digestive enzymes
in organelles that, in size and distribution, resemble zymogen
granules but that are not subject to secretion in response to
secretagogue stimulation. These organelles may be of impor-
tance in the development of pancreatitis. (J. Clin. Invest. 1991.
87:865-869.) Key words: pancreatitis * cathepsin B - digestive
enzymes * intracellular trafficking - cell polarity

Introduction

Lysosomal hydrolases are synthesized on the endoplasmic retic-
ulum, and along with other newly synthesized proteins includ-
ing structural proteins and digestive zymogens, are transported
to the Golgi complex. During transit through the Golgi com-
plex, lysosomal hydrolases are glycosylated, 6-mannose phos-
phorylated, and bound by 6-mannose phosphate-specific re-
ceptors (1). As a result, the bound lysosomal hydrolases are
diverted towards the lysosomal compartment and away from
the pathway(s) by which proteins such as digestive zymogens
are exported from the cell.

Rinderknecht and colleagues (2) have reported that lyso-
somal enzymes can be detected in human pancreatic juice and
that the secretion of some, but not all, lysosomal hydrolases
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can be stimulated by the digestive enzyme secretagogue chole-
cystokinin (CCK).' Wehave reported the results of a large num-
ber of studies that suggest that lysosomal hydrolases may play
an important role in the pathogenesis of acute pancreatitis. In a
recent communication, we noted that obstruction of the rabbit
pancreatic duct for 7 h causes subcellular redistribution of lyso-
somal hydrolases and the appearance of lysosomal hydrolases
in organelles that, by their size and distribution, resemble zy-
mogen granules (3). These observations led us to suspect that
pancreatic duct obstruction might have an important effect on
lysosomal enzyme secretion.

Surprisingly, little is known of the mechanisms responsible
for lysosomal enzyme secretion. Most of the studies evaluating
this phenomenon have been performed using nonpolarized cell
types, and the results of those studies have indicated that,
under most conditions, lysosomal enzymes are secreted in a
constitutive manner (4, 5). In this paper, we report the results
of studies that have characterized lysosomal enzyme secretion
from the exocrine pancreas. Pancreatic acinar cells are believed
to secrete digestive enzymes exclusively at the apical surface of
the cell, and in these cells, digestive enzyme secretion occurs
primarily via a well-characterized regulated pathway. We re-
port that a small fraction of the pancreatic content of lysosomal
hydrolases is released from the apical surface of pancreatic cells
under resting conditions and that intravenous infusion of the
cholecystokinin analogue caerulein increases the rate of lyso-
somal enzyme secretion from the apical cell surface. This in-
creased rate of lysosomal enzyme secretion closely parallels the
enhanced rate of digestive enzyme secretion stimulated by
caerulein infusion. These observations indicate that the apical
secretion of lysosomal hydrolases from the exocrine pancreas
occurs primarily via the regulated rather than via the constitu-
tive pathway. Relief of pancreatic duct obstruction was found
to increase the magnitude of secretagogue-stimulated lyso-
somal as well as digestive enzyme secretion. Since the lyso-
somal hydrolase cathepsin B can activate trypsinogen (6, 7) and
trypsin can activate the remaining digestive zymogens, these
observations may help to further elucidate events that underlie
the development of pancreatitis.

Methods

All experiments were performed using New Zealand rabbits of either
sex, weighing 2.2-3.0 kg, purchased from Pine Acre Rabbitary (West
Brattleboro, VT). They were housed in light/dark cycle-regulated, air-
conditioned (23±3°C) quarters and fasted for 16 h before each experi-
ment. Caerulein and secretin were purchased from Sigma Chemical
Co. (St. Louis, MO). CBZ-arginyl-arginine /3-naphthylamide was from
Bachem Biosciences (Philadelphia, PA) and ,B-naphthylamide from
Sigma Chemical Co. Leucine-2-naphthylamide, 4-methylumbelliferyl

1. Abbreviation used in this paper: CCK, cholecystolcinin.
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sulfate, 4-methylumbelliferyl N-acetyl 3-D-galactosaminide, and 4-
methylumbelliferyl N-acetyl f3-D-glucosaminide were purchased from
Sigma Chemical Co. All other reagents were of the highest purity com-
mercially available.

Animal preparation. Rabbits were anesthetized with intravenously
administered pentobarbitol (35 mg/kg initially, supplemented by peri-
odic doses of 10 mg/kg as needed) and a cannula (PE 50) was intro-
duced into the inferior vena cava via the femoral vein. After upper
abdominal midline laparotomy, the pylorus was ligated and a drainage
gastrostomy cannula (PE 70) was placed. The pancreatic duct was can-
nulated (PE 10) extraduodenally. After placement and exteriorization
ofthe various cannulas, the abdominal wound was closed. Core temper-
ature was maintained using a heating pad and overhead lamp. To stim-
ulate and maintain pancreatic fluid secretion, secretin was infused
through the venous catheter at a rate calculated to deliver 2.0 U/kg/h.
When indicated, pancreatic ductal obstruction was produced, after an
initial 30-min period for stabilization, by raising the ductal cannula to a
vertical position and allowing the column of secreted juice to rise until
it reached a steady-state level (usually 17-20 cm above the level of the
pancreas). In nonobstructed animals, the ductal cannula was main-
tained in a horizontal position to permit the free flow of juice. After
completion of each experiment, the animal was killed, the serum amy-
lase activity was measured, the degree of pancreatic edema was evalu-
ated, and the subcellular distribution of amylase as well as cathepsin B
was determined as recently described (3). In each instance, duct-ob-
structed animals were found to have profound hyperamylasemia, pan-
creatic edema, and subcellular redistribution of both amylase and ca-
thepsin B. In contrast, only mild degrees of hyperamylasemia and nei-
ther pancreatic edema nor cathepsin B redistribution was noted in the
nonobstructed rabbits. The observations were consistent with those
recently reported from this laboratory (3).

Enzyme assays. Amylase was measured according to Bernfeld (8)
using soluble starch as the substrate. 1 U of activity is defined as that
which liberates 1 mgof maltose per minute at 30°C. Cathepsin B was
measured as described by McDonald and Ellis using CBZ-arginyl argi-
nine f3-naphthylamide as the substrate (9). 1 U of activity is defined as
that which liberates 1 nmol of ,B-naphthylamide per 5 min at 37°C.
Leucine naphthylamidase, N-acetyl fl-i-galactosidase, N-acetyl f3--
glucosaminidase, and aryl sulfatase were assayed as described by others
(2). 1 U of leucine naphthylamidase activity is defined as that which
liberates 1 nmol of product in 20 min at 25°C. 1 Uof l-D-glucosamini-
dase activity is defined as that which liberates 1 nmol of product in 30
min at 25°C. 1 Uof aryl sulfatase and f3-D-galactosaminidase activity is
defined as that which liberates 1 nmol of product in 30 min at 37°C.
Protein was estimated as described by Lowry et al. (10).

Data presentation. The results reported in this paper represent the
mean±SEMvalues for n determinations each obtained using a differ-
ent animal. The significance of changes was evaluated using Student's I
test. A P value of < 0.05 was considered to be significant.

Results

Caerulein stimulation of lysosomal enzyme and amylase
secretion.
Infusion of secretin (2 U/kg/h) alone was found to result in
near negligible rates of amylase and cathepsin B secretion into
the pancreatic juice. Addition of caerulein to the infusate re-
sulted in a dose-dependent stimulation of both amylase and
cathepsin B output (Fig. 1 A and B) that was detectable in the
presence of 0.2 ug/kg/h caerulein and reached a maximal rate
in the presence of 1.0 ug/kg/h caerulein. This maximal rate of
enzyme secretion, stimulated by 1.0 bg/kg/h caerulein, was in-
hibited by infusion of a higher dose of caerulein (2.0 ug/kg/h).
Caerulein stimulation of cathepsin B and amylase secretion
was constant for 3 h, and as a result, the dose-dependent stimu-
lation noted for 1 h of stimulation (Fig. 1 A) was almost identi-
cal to that found for 3 h of stimulation (Fig. 1 B). There was a

close correlation (P < 0.01) between the output of amylase and
of cathepsin B that occurred in the presence of each of the doses
of caerulein tested (0.2-2.0 ,ug/kg/h, Fig. 2). The relationship
between amylase and cathepsin B output in response to each of
the doses was similar, i.e., when analyzed individually, the re-
gression line obtained for each dose was not significantly differ-
ent from that obtained by combining the results for the remain-
ing secretagogue doses. Caerulein was also noted to stimulate
the secretion of a number of other lysosomal hydrolases into
the pancreatic duct (Table I). In each instance, secretin alone
caused only mild degrees of lysosomal enzyme secretion, while
addition of caerulein (0.5 ,Ag/kg/h) caused a roughly threefold
stimulation of secretion for each of the four lysosomal enzymes
studied.

Fractional output of amylase and cathepsin B. Preliminary
studies were performed to define the percent of total pancreatic
amylase and cathepsin B contained within the splenic lobe of
the pancreas. In subsequent experiments, the percent of splenic
lobe enzyme content that was secreted into the pancreatic duct
over 1 h in response to caerulein (0.5 gg/kg/h) was determined
by direct measurement of enzyme output and splenic lobe con-
tent. This allowed calculation of the percent of total pancreatic
enzyme content that was secreted while still permitting conser-
vation of some of the pancreas for evaluation of edema and
subcellular enzyme redistribution. As shown in Table II, caeru-
lein (0.5 ,g/kg/h) stimulated secretion of 28.0% of total pancre-
atic amylase and 0.5% of total pancreatic cathepsin B into the
pancreatic duct over the 1-h period of observation.

Effect of pancreatic duct obstruction on caerulein-stimu-
lated secretion of amylase, cathepsin B, and other lysosomal
enzymes. After a 30-min period for stabilization after duct can-
nulation and the onset of secretin stimulation, the ductal can-
nula was raised to a vertical position in the "obstructed" group
and left in the horizontal position in the "free-flowing" group.
Secretin (2.0 U/kg/h) was infused for an additional 7 h in all
animals. Thereafter, the vertically placed cannulas of the "ob-
structed" group were returned to the horizontal position and
juice was collected over each of the next 2 h while the animals
received either secretin or secretin plus caerulein (0.5 ,ug/kg/h).
As shown in Fig. 3, little or no amylase and cathepsin B output
from the duct occurred during the first 7 h in the free-flowing
group. Infusion of caerulein during hours 8 and 9 resulted in a
substantial increase in the output of both enzymes. Measure-
ment of amylase and cathepsin output during the first 7 h in the
obstructed group was, obviously, not possible. However, after
free-flow was restored during hours 8 and 9, continued infusion
of secretin alone resulted in near negligible rates of amylase and
cathepsin B output in those animals, while caerulein infusion
(0.5 jg/kg/h) was found to stimulate both amylase and cathep-
sin .output into the pancreatic duct during hours 8 and 9. The
magnitude of cathepsin B as well as amylase secretion stimu-
lated by caerulein in the obstructed group was significantly
greater than in the previously free-flowing group (P < 0.01).
Since caerulein stimulated both amylase and cathepsin B secre-
tion into the duct and the output of each enzyme was greater
after the previous period of ductal obstruction than after the
prior period of free-flowing secretions, we evaluated the ratio
between cathepsin Band amylase secretion after caerulein stim-
ulation in both groups of animals. That ratio (i.e., the ratio of
cathepsin B output to amylase output) secreted in response to
caerulein stimulation after ductal obstruction (0.025±0.004)
was similar to the ratio of cathepsin B to amylase output in
response to caerulein stimulation in animals never subjected to
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iction (0.028±0.004) (n = 9-12 animals, compare A ment membrane proteins such as laminen and heparin sulfate
ig. 3). Caerulein-stimulated output of the other lyso- proteoglycan appear to be selectively and constitutively dis-
rolases measured was also noted to be significantly charged at the basolateral cell surface (1 2), and it is likely that a
animals whose pancreatic juice flow had been similar route for secretion of those proteins is used by pancre-
obstructed by a vertically positioned cannula (Ta- atic acinar cells.

Lysosomal hydrolases comprise only a small fraction of
acinar cell proteins and only a small portion of the lysosomal

on enzyme mass is secreted. Those lysosomal enzymes that are not
secreted are diverted from the secretory pathway and trans-

.e.inbypcaccported to the acidic prelysosomal (endosomal) compartment.epending on the protein involved, may utilize either Sorting of lysosomal hydrolases from secretory enzymes is be-
)r constitutive pathways, and in these structurally lieved to occur in the trans-Golgi network where the mannose-ells, be confined to either the apical (i.e., lumenal) or 6-phosphorylated lysosomal hydrolases are captured by man-lcell surfaces. The most well characterized Of thecrTsctnose-6-phosphate receptors and packaged in transport vesicles)athways in pancreatic acinar cells is that used for (1). Secretion of lysosomal hydrolases has been observed to
nzyme secretion. Those proteins appear to be dis- . . .
ahihlyreguatemecanim tht ocursonl at occur in many types of cells and it iS generally believed that

,
ayactlysosomal enzyme secretion is a constitutive process (4, 5). The5urface (1 1). The pathways involved and the mecha- observation, reported by Rinderknecht and colleagues (2), thatonsible for secretion of other proteins by pancreatic the lysosomal enzyme content of human pancreatic juice could

sare less clear. In other types of cells, certain base-
be increased by administration of CCK, suggested to us that, at
least in the pancreas, lysosomal enzyme secretion might not be
constitutive but rather, that it might be a regulated process.

Studies using human subjects and endoscopically collected
samples, however, present certain limitations. For example,
the fraction of lysosomal enzyme content that is discharged
into the ductal space cannot be calculated if human subjects
are used because the total pancreatic content of a particular

-* * lysosomal enzyme cannot be measured. While the concentra-
tion of the lysosomal enzyme in pancreatic juice can be calcu-

* / lated, the output of that enzyme may be underestimated if
some portion of that secreted juice passes around the endoscop-
ically placed cannula and escapes collection. Finally, the num-
ber of observations that can be made, the ability to do dose-re-
sponse studies, and the capability of testing the effects of duct
obstruction are limited if human volunteers are used as the

vvv/VV experimental subjects.
-g,, . * In this paper we report the results of studies that have char-

acterized lysosomal hydrolase secretion by the rabbit pancreas.
Om We have studied secretion of lysosomal hydrolases into the
>5 1 o 1 5 20 25 30 35 pancreatic juice, and in this way, confined our observations to

changes reflecting discharge across the apical surface of exo-
CATHEPSIN (U/kg.hr) crine pancreatic cells. Wehave found that near negligible

orrelation between cathepsin B and amylase output amounts of cathepsin B and relatively small amounts of other
y various doses of caerulein. Data are taken from Fig. 1 lysosomal enzymes are present in the juice collected from ani-

nbols represent different doses of caerulein as follows: (o) mals infused with the secretagogue secretin, a hormone that
h; (v) 0.05 Ag/kg/h; (o) 0.20 ,ug/kg/h; (A) 0.50 Ag/kg/h; (A) primarily stimulates water and bicarbonate secretion from
h; (m) 2.00 ,ug/kg/h. duct cells. Addition of the CCKanalogue caerulein results in a
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Table I. Output of Lysosomal Enzymes in Rabbit Pancreatic Juice

Free-flowing
Fold Obstructed

Enzyme Secretin Caerulein stimulation Caerulein

U/kg/h U/kg/h

Leucine naphthylamidase 0.92±0.08 2.10±0.18 2.3 4.10±0.53*
N-Acetyl 3-D-galactosaminidase 2.29±0.21 6.71±0.74 2.9 1 1.00±1.91*
N-Acetyl O-D-glucosaminidase 2.40±0.17 6.46±0.39 2.7 10.96±1.91*
Aryl sulfatase 0.91±0.14 2.43±0.37 2.7 3.60±0.54*

In free-flowing animals, the 1-h output of lysosomal enzymes was measured during infusion of secretin (2 U/kg/h) with or without caerulein (0.5
Ag/kg/h). In obstructed animals, secretin (2 U/kg/h) was infused and the duct obstructed for 7 h after which the obstruction was released,
secretin (2 U/kg/h) plus caerulein (0.5 ,ug/kg/h) were infused, and lysosomal enzyme output was measured over the next hour. Results represent
mean±SEMvalues for four to five animals in each group. Asterisk denotes P < 0.05 when caerulein-stimulated secretion in obstructed animals
was compared with caerulein-stimulated secretion in free-flowing animals.

significant stimulation of the secretion of each of the lysosomal
enzymes measured and the dose-response relationship for cae-
rulein-stimulated lysosomal enzyme secretion is closely corre-
lated with that for caerulein-stimulated digestive enzyme (amy-
lase) secretion. These observations strongly suggest that the
stimulated secretion of lysosomal enzymes into pancreatic
juice reflects an acinar cell response and that the secreted diges-
tive enzymes and lysosomal hydrolases are discharged from the
same presecretory compartment, i.e., zymogen granules. An
alternative interpretation that cannot be excluded but which,
because of its complexity, seems less attractive would be that
lysosomal and digestive enzymes are discharged at the apical
cell surface from separate compartments, each of which is regu-
lated by secretagogues such as caerulein. Although we have
found no evidence to support this latter mechanism, immuno-
localization studies at the electron microscopic level would be
required to completely resolve this issue. In either case, how-
ever, it is clear that apical discharge of lysosomal hydrolases
from rabbit acinar cells is, primarily, a regulated process that is
closely correlated with the regulated secretion of digestive zy-
mogens.

Rinderknecht et al. (2) reported that some but not all of the
lysosomal enzymes that they evaluated were secreted into hu-
man pancreatic juice in response to secretagogue stimulation.
In contrast, we have evaluated the same lysosomal hydrolases
and found that the output of each, in rabbit pancreatic juice, is
increased in response to caerulein stimulation. While these dis-
cordant observations might reflect species differences, it would
seem more likely that they result from the fact that enzyme

Table II. Secretion ofAmylase and Cathepsin B

Value Amylase Cathepsin B

Splenic lobe (percent of total pancreatic
content) 40.0±1.4 37.9±0.9

Amount secreted (percent of splenic lobe) 70±14 1.4±0.2
Amount secreted (percent of total

pancreatic content) 28 0.5

The content of amylase and cathepsin B within the splenic lobe of the
pancreas and within the entire pancreas was measured as described
in the text. The percent of total pancreatic amylase and cathepsin B
secreted over 1 h in response to caerulein (0.5 Ag/kg/h) was measured.
Results represent mean±SEMvalues from 10 different animals.

activity was not immediately measured by Rindernecht et al.
after they collected their samples and that, with storage, some
but not all of the lysosomal enzymes may have become inacti-
vated.

During a 1-h period of secretagogue stimulation, 0.5% of
total cathepsin B content and 28% of total amylase content are
discharged from the apical cell surface into the ductal space.
Since amylase secretion is believed to occur only via that route
and from zymogen granules, these observations suggest that

- 1.8% of total cathepsin B content could potentially be re-
leased at the apical cell surface, i.e., that 1.8% of total cathepsin
B is carried out of the cell via the digestive enzyme secretory
pathway. This value provides an estimate, therefore, of the de-
gree of lysosomal enzyme missorting that occurs into the regu-
lated pathway for protein secretion. That missorting could re-
sult from several potential mechanisms. For example, lyso-
somal enzymes might be trapped in the bulk flow of digestive
zymogens, and thus, inadvertently packaged in condensing vac-
uoles. Failure of mannose-6-phosphate receptors to capture all
of the lysosomal hydrolases could indicate that there are inade-
quate numbers of receptors or that, for steric or other reasons,
binding of enzymes to receptors is constrained. Either of these
two possibilities would be compatible with our recent observa-
tions that caerulein-stimulated but not basal secretion of ca-
thepsin B at the apical surface of acinar cells in the unob-
structed rat pancreas is increased after administration of the
lysosomatropic agents chloroquine and methylamine (Hirano,
T., A. Saluja, and M. Steer, submitted for publication). Those
observations would indicate that regulated apical secretion is at
least one of the default pathways for lysosomal enzyme secre-
tion. Another possible explanation for the findings in this
paper is that sorting of lysosomal from digestive enzymes dur-
ing transit through the trans-Golgi network is complete but
that, subsequent to sorting, lysosomal enzyme-containing or-
ganelles fuse with zymogen-containing structures and lyso-
somal hydrolases are reinserted into the digestive enzyme se-
cretory pathway. Studies using techniques of immunolocaliza-
tion will be needed to evaluate these various possibilities.
Future studies should also address the possibility that lyso-
somal hydrolases are also discharged from the basolateral sur-
face of acinar cells via either constitutive or regulated mecha-
nisms since such discharge would have gone undetected during
the currently reported studies.

After relief of pancreatic duct obstruction, the magnitude of
caerulein-stimulated cathepsin B and amylase secretion is in-
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Figure 3. Effect of pancreatic duct obstruction on caerulein-stimulated cathepsin B and amylase secretion. Free-flowing and obstructed animals
were stimulated with secretin (2.0 U/kg/h) for 9 h as described in the text. During hours 8 and 9, obstruction was relieved in the previously
obstructed group and secretion was stimulated in both the previously free-flowing (open bars, n = 7) and previously obstructed (hatched bars, n

= 12) animals by infusion of caerulein (0.5 jug/kg/h). For comparison, a separate group of previously obstructed animals (solid bars, n = 6)
were stimulated with only secretin (2.0 U/kg/h) during hours 8 and 9. Arrow indicates time at which obstruction was relieved. Data represent

mean and vertical bars the SEMvalues. Caerulein stimulation resulted in significantly greater cathepsin B (A) and amylase (B) output after
relief of obstruction (P < 0.01).

creased but the ratio of cathepsin B to amylase secretion is not
different from that noted after caerulein stimulation of animals
never subjected to duct obstruction. This finding indicates that
duct obstruction does not increase the relative degree of lyso-
somal enzyme missorting into the secretagogue releasable com-

partment but that duct obstruction does expand the enzyme

content of that compartment. Presumably, this reflects the ac-

cumulation of mature but undischarged zymogen granules.
The observation that the unstimulated output (i.e., output dur-
ing secretin but not caerulein stimulation) of lysosomal en-

zymes does not increase after relief of duct obstruction indi-
cates that duct obstruction does not increase the apical consti-
tutive release of lysosomal enzymes.

In a recent report, we described the effects of duct obstruc-
tion on the subcellular localization of digestive and lysosomal
enzymes (3). The amylase content of the rabbit pancreas was

found to be increased after 7 h of duct obstruction but cathep-
sin B content remained unchanged. On the other hand, the
percent of total cathepsin B but not that of amylase contained
within the zymogen granule-enriched subcellular fraction was

increased after duct obstruction. Finally, organelles resembling
zymogen granules were noted to have an increased content of
lysosomal hydrolases but not digestive enzymes after duct ob-
struction. Weconcluded that duct obstruction led to lysosomal
and digestive enzyme colocalization within those granule-like
organelles and that, since the lysosomal enzyme cathepsin B
can activate trypsinogen (6, 7) and trypsin can activate the
remaining digestive zymogens, the colocalization of lysosomal
and digestive enzymes could result in activation of digestive
enzymes within those organelles (13). Based on the observa-
tions reported in this paper we are led to conclude that the
contents of the granule-like organelles that appear after duct
obstruction and that contain colocalized lysosomal and diges-
tive enzymes are not subject to caerulein-stimulated secretion
after duct obstruction has been relieved, because if they were

secreted, a rise in the cathepsin B to amylase ratio in the se-

creted juice would have been anticipated. The ultimate fate of
these organelles may be of considerable importance to the

pathogenesis of acute pancreatitis since it is within these struc-
tures that digestive enzyme activation could occur.
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