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Fig. 6. K11777 inhibition of pancreatic cathepsins. Analysis of pancreatic
extracts of GB123-treated mice with cerulein pancreatitis by SDS-PAGE and
in-gel fluorescence indicated that systemic K11777 suppressed Cat-B, Cat-L,
and Cat-S activity (A), which was confirmed by quantification (B). Vehicle,
n = 4; K111777, n = 6. *P < 0.05, ***P < 0.001.

3B). Quantification of GB123 signals revealed upregulation of
Cat-B by 3.1-fold (P < 0.01), Cat-L by 7.5-fold (P < 0.05),
and Cat-S by 6.1-fold (P < 0.01) in the inflamed pancreas
compared with controls (Fig. 3C).

Cellular localization of activated cathepsins in the inflamed
pancreas. Although previous studies of Cat-B and Cat-L in
pancreatitis examined their role in processing trypsinogen
within pancreatic acinar cells (13, 29, 35, 36), cathepsins are
widely expressed in other cell types, including immune cells,
which are known to infiltrate the inflamed pancreas. To con-
firm activation and to identify the cellular source of cathepsins,
we localized GB123-bound proteases in the pancreas by con-
focal microscopy. Given the deep penetrance of near-infrared
fluorophores, we used two-photon microscopy to collect stacks
of optical sections (400 wm deep, 1-pwm intervals), allowing
localization of GB123 throughout the intact excised pancreas.
This analysis, presented in video format, revealed a marked
increase in the GB123 signal in the inflamed pancreas (Supple-
mental Fig. S1). GB123 fluorescence was increased throughout
the entire depth and in all lobes of the pancreas and was
localized to acinar cells and smaller infiltrating cells. Analysis
of pancreatic sections by single-photon microscopy allowed
characterization of the cellular and subcellular location of
GB123. This analysis confirmed the increase in GB123 fluo-
rescence in the pancreas from cerulein-treated mice and re-
vealed probe accumulation in the basolateral region of acinar
cells (Fig. 4A, arrowheads) and in infiltrating inflammatory
cells within pancreatic vessels and in the parenchyma (Fig. 4A,
arrows). Simultaneous localization of macrophages with use of
antibodies to F4/80 indicated that GB123 was prominently
localized to infiltrating macrophages (Fig. 4B). GB123 also
colocalized with the lysosomal marker LAMP1 in acinar cells
(Fig. 4, C and D, arrowheads) and macrophages (Fig. 4, C and
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D, arrow). Thus cathepsins are activated in macrophages and
acinar cells of the inflamed pancreas.

Cellular localization of active Cat-B, Cat-L, and Cat-S in the
inflamed pancreas. Since the GB123 fluorescence represents
signals from at least three activated cathepsins, we colocalized
GB123 with Cat-B-, Cat-L-, or Cat-S-IR. Cat-B-IR and Cat-
L-IR colocalized with GB123 in lysosomes of acinar cells (Fig.
5, A and B, arrowheads) and macrophages (Fig. 5, A and B,
arrows). However, Cat-S-IR was detected only in macro-
phages, where it colocalized with GB123 (Fig. 5C, arrows).
These results are consistent with the reported limited expres-
sion of Cat-S in cells of mononuclear-phagocytic origin (25),
whereas Cat-B and Cat-L are widely expressed (5).

Contributions of activated cathepsins to pancreatic inflam-
mation and pain. To assess the causative role of cathepsins in
pancreatitis and pancreatic pain, we treated mice with the
cathepsin inhibitor K11777 or vehicle prior to cerulein admin-
istration. We also administered GB123 to verify effective
inhibition of cathepsins within the pancreas. Analysis of pan-
creatic homogenates by electrophoresis and in-gel fluorescence
showed that K11777 inhibited Cat-B by 6.7-fold, Cat-L by
6.5-fold, and Cat-S by 12.5-fold compared with vehicle (all
P < 0.05), confirming effective inhibition of pancreatic cathe-
psins (Fig. 6). In a separate cohort of mice, we examined the
effects of K11777 on inflammatory and pain end points. In
mice treated with vehicle, cerulein caused increased serum amy-
lase activity (Fig. 7A), pancreatic edema (pancreatic weight/total
body, Fig. 7B), and total histological severity scores (Fig. 7C).
K11777 reduced serum amylase by 1.49-fold, edema by 1.32-
fold, and histological severity score by 1.53-fold (all P < 0.05
to vehicle). In particular, cathepsin inhibition reduced zymogen

Fig. 7. K11777 inhibition of cerulein-induced pancreatic inflammation. Mice
were treated with saline and vehicle (black, n = 4), cerulein and vehicle (red,
n = 6) or cerulein and K11777 (blue, n = 6). Cerulein increased serum
amylase (A), pancreatic edema (B) and histological severity score (C), includ-
ing zymogen degranulation, vacuolarization, infiltration of inflammatory
cells and necrosis (D and E). K11777 decreased all end points except for
histological scoring of edema and hemorrhage. *P < 0.05, **P < 0.01.
P < 0.001.
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Fig. 8. K11777 inhibition of cerulein-induced pancreatitis pain. g ‘%
Mice were treated with saline and vehicle (black, n = 4), 206
cerulein and vehicle (red, n = 6) or cerulein and K11777 (blue, g £
n = 6). Cerulein increased the number of c-Fos-IR nuclei in the EF 3
dorsal horn laminae I/II (A and B) and nocifensive behavior (B). o S
K11777 significantly reduced cerulein-induced c-Fos-IR and £z
nocifensive behaviors. **P < 0.01, ***P < 0.001. b 0

degranulation, vacuolization, infiltrating cells within peripan-
creatic fat and in the parenchyma, and necrosis, but it did not
affect microscopic edema (Fig. 7D).

As previously reported, cerulein-induced pancreatitis in-
creased the number of neurons expressing nuclear c-Fos-IR
bilaterally in laminae I/Il of the lower thoracic spinal cord

Control

A

Fig. 9. Localization of activated cathepsins in the spinal cord of mice with pancreatitis. Mice received saline or cerulein followed by 1 intrathecal injection of
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(T8-T10), which receives afferent input from the pancreas
(Fig. 8, A and B) (6). This finding is consistent with the
activation of spinal nociceptors during pancreatitis. K11777
caused a 2.15-fold reduction in the number of neurons express-
ing c-Fos-IR (P < 0.001 to vehicle). To corroborate these
findings, we quantified pain-related behavior. Cerulein-induced

Cerulein

GB123. A: 2-photon imaging of spinal cord (T8-T10) revealed GB123 accumulation throughout the dorsal horn in cerulein-treated mice. DH, dorsal horn; CC,
central canal. B and C: single-photon imaging of sections revealed accumulation of GB123 in NeuN-positive neurons, GFAP-positive astrocytes, and
0OX42-positive microglial cells in cerulein-treated mice; magnified view of boxes in B and C is located on the right. Scale, 50 wm A, 10 pm B and D.
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pancreatitis induced nocifensive behavior, as assessed by time
spent in a hunched position, rearing, and activity levels (Fig. 8C).
K11777 caused a 2.0-fold decrease in this nocifensive behavior
(P < 0.01 to vehicle). These results are consistent with cathe-
psins playing a causative role in cerulein-induced pancreatitis
and pancreatitis pain in mice and suggest that cathepsin block-
ade is a novel therapeutic strategy.

Detection of activated cathepsins in the spinal cord of mice
with pancreatitis. Nerve injury results in the activation of
Cat-S in spinal microglial cells, and Cat-S released from
microglial cells mediates the maintenance of neuropathic pain
(8, 9). Since pancreatitis pain is comprised of inflammatory and
neuropathic components (7, 21), we assessed whether cathep-
sin activity is altered in the spinal cord of control mice and
mice with pancreatitis. After the tenth dose of cerulein, GB123
was injected, and spinal cord (T8-T10) was collected after the
final dose of cerulein. Analysis of a 300-p.m-deep projection of
T9 spinal cord by two-photon microscopy revealed a marked
upregulation of GB123 fluorescence in mice with pancreatitis
compared with control mice (Fig. 94). GB123 was detected in
discrete cells in all laminae of the dorsal horn. Single-photon
analysis of 10-um sections (T8) confirmed increased GB123
signals in discrete cells (Fig. 9B). To identify cell types with
GB123 signals, sections were stained with antibody markers
for neurons (NeuN), astrocytes (glial fibrillary acidic protein,
GFAP), and microglial cells (Ox42). This analysis revealed
accumulation of GB123 in neurons (Fig. 9C) and microglial
cells (Fig. 9E), but not in astrocytes (Fig. 9D) in mice with
pancreatitis. However, the GB123 signals were not sufficiently
intense to permit identification of the individual cathepsins by
electrophoresis. Thus cathepsins are activated in the spinal
cord of mice with cerulein-induced pancreatitis.

Secretion of pancreatic cathepsins in patients with chronic
pancreatitis. To determine whether the activation of pancreatic
cathepsins in the cerulein model recapitulates the human dis-
ease, we evaluated cathepsin activity in pancreatic juice from
patients with chronic pancreatitis. We obtained pancreatic juice
from three patients with chronic pancreatitis undergoing endo-
scopic retrograde cholangiopancreatography. Samples were
pretreated with the HALT protease inhibitor cocktail, K11777,
or vehicle and then labeled by incubation with GB123 and
analyzed by SDS-PAGE and in-gel fluorescence. GB123-la-
beled proteins of the expected mass cathepsins between 29—
37.5 kDa (Fig. 10A). Cat-B, Cat-L, and Cat-S were identified
by immunoprecipitation (Fig. 10B). The two proteins pulled
down by the Cat-B antibody probably represent GB123 label-
ing of both active double- and single-chain forms of Cat-B
(16). GB123 signals were dramatically reduced by HALT and
K11777, conforming identification of activated cathepsins.
Thus activated Cat-B, Cat-L, and Cat-S are present in pancre-
atic juice of patients with chronic pancreatitis.

DISCUSSION

Protease activity is tightly regulated by zymogen processing,
enzyme degradation, endogenous inhibitors, and protease traf-
ficking to subcellular or extracellular compartments. Assess-
ment of the contribution of proteases to disease requires the
ability to identify and localize active proteases in organs and
within cells, which is not possible with use of traditional
fluorogenic enzymatic assays that lack selectivity or are un-
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Fig. 10. Detection of activated cathepsins in pancreatic juice (PJ) from patients
with chronic pancreatitis. A: pancreatic juice from patients (10 pg protein) was
bound to GB123. Probe-bound proteases were detected by SDS-PAGE and
in-gel fluorescence. Probe-bound proteins with masses corresponding to Cat-B,
Cat-L, and Cat-S were detected. HALT and K11777 suppressed signals.
GB 123 bound a nonspecific protein that was unaffected by protease inhibition.
B: immunoprecipitation confirmed identification of Cat-B, Cat-L, and Cat-S.
Representative gel from n = 3 patients.

suitable for localization, or with antibodies that do not discrim-
inate between active and inactive enzymes. By administering a
cathepsin-selective ABP to mice with pancreatitis, we demon-
strated increased activity of Cat-B, Cat-L, and Cat-S in acinar
cells and macrophages of the inflamed pancreas. We also
report increased activity of cathepsins within neurons and
microglial cells of the spinal cord, a novel finding. A cathepsin
inhibitor, which attenuated pancreatitis-induced activation of
pancreatic Cat-B, Cat-L, and Cat-S, suppressed pancreatic
inflammation and pain. We also identified activated Cat-B,
Cat-L, and Cat-S in pancreatic secretions from patients with
chronic pancreatitis pain. Our results support an important role
for intrapancreatic cathepsins in pancreatic inflammation and
pain, and they suggest the possible contribution of centrally
acting cathepsins to pancreatic pain. Furthermore, ABPs are a
useful tool for the identification of enzymatic mediators that
may be predictive biomarkers of disease severity. Similar
approaches have revealed activation of cathepsins in cancer (3,
4) and asthma (18).

Inflammation-induced increase in cathepsin activity in the
pancreas and spinal cord. Our results show active Cat-S in
macrophages and increased activity of Cat-B and Cat-L in
acinar cells and macrophages in the pancreas of mice with
acute secretagogue-induced pancreatitis. Pancreatic exocrine
secretions from patients with chronic pancreatitis pain also
contained activated cathepsins B, L, and S. Cat-B activity and
immunoreactivity is present in pancreatic juice from patients
with hereditary pancreatitis (19), which is consistent with our
results. Our findings support the prior report of immunoreac-
tive Cat-L secretion in patients with chronic pancreatitis (36).
Active Cat-S has not been previously described in the inflamed
pancreas. It is unclear whether pancreatitis-associated in-
creases in cathepsin activity reflect a change in enzyme activity
at the level of the individual molecule due to altered bioavail-
ability of protease inhibitors, to increased zymogen synthesis
or secretion, or to an influx of protease-containing inflamma-
tory cells. Further experiments are needed to discriminate
among these likely possibilities.

By intrathecal administration of GB123 and two-photon
imaging, we observed that pancreatitis increases the activity of
cathepsins in neurons and microglial cells in the dorsal horn of
the spinal cord at levels that receive input from primary spinal
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afferent neurons innervating the pancreas. Increased activity of
cathepsins in the spinal cord during pancreatitis has not been
reported previously. Our findings are consistent with several
reports of activation and release of Cat-S from spinal micro-
glial cells following peripheral nerve injury (8, 9). Because of
the very small amount of tissue available in the mouse spinal
cord, we were unable to specifically identify spinally activated
cathepsins by gel electrophoresis. Further studies are required
to identify the specific cathepsins that are activated in the
spinal cord during pancreatitis and to define their role in
pancreatic pain.

Causative role of cathepsins in pancreatitis and pain. Ad-
ministration of the cathepsin inhibitor K11777 to GB123-
treated mice with cerulein pancreatitis inhibited pancreatic
Cat-B, Cat-L, and Cat-S. K11777 strongly attenuated all in-
dexes of pancreatic inflammation and suppressed both c-Fos
expression by spinal nociceptive neurons and nocifensive be-
havior. These results confirm a critical causative role for
cathepsins in pancreatic inflammation and reveal a new role for
cathepsins in pancreatic pain. Since K11777 does not cross the
blood-brain barrier (J. McKerrow, personal communication),
the analgesic effects of systemic K11777 on pancreatitis pain
are presumably due to peripheral inhibition of pancreatic cathe-
psins.

Mechanisms of cathepsin-induced pancreatic inflammation
and pain. One likely pathway by which increased activity of
pancreatic cathepsins promotes inflammatory pancreatic pain
involves downstream cleavage of trypsinogens and release of
trypsin, which we and others have shown causes pancreatic
inflammation and pain (13, 35). Most studies of cathepsins in
pancreatitis have focused on the mechanisms by which intra-
cellular cathepsins control the premature activation of trypsino-
gen within acinar cells. Lysosomal Cat-B activates trypsinogen
(13, 29, 30, 35), and Cat-L counteracts Cat-B by degrading
trypsinogen and trypsin (36). Our findings support reports that
Cat-B deletion diminishes cerulein-induced trypsinogen acti-
vation and pancreatitis (13) and that Cat-L deletion also re-
duces the severity of pancreatitis via reduction of necrosis and
induction of apoptosis (36). Neither of these studies evaluated
pain, a major symptom of pancreatitis.

Cathepsins are also found in peripheral macrophages and
prior studies have overlooked the contribution of macrophage-
derived cathepsins to the pathogenesis of pancreatitis. Acinar
cell injury results in the formation of chemokines and cyto-
kines that attract inflammatory cells to the pancreas, with
monocytes and macrophages of particular importance to the
pathogenesis of acute pancreatitis (30, 32). Macrophage cathe-
psins may contribute pancreatitis by upregulating cytokine
expression, since Cat-B is required for processing and traffick-
ing of TNF-a (12) and for the maturation and secretion of
IL-1B (34).

During chronic inflammation macrophages destroy extracel-
lular matrix by secreting Cat-B, Cat-L, and Cat-S (27). The
detection of Cat-B, Cat-L, and Cat-S in human pancreatic juice
from patients with chronic pancreatitis indicates secretion of
cathepsins, which are therefore available to participate in
matrix degradation and possibly inflammatory cell signaling.
We were not able to compare cathepsin secretion from patients
with chronic pancreatitis to that of controls as pancreatic juice
was not available from healthy control subjects. Since pancre-
atic duct cannulation during endoscopic retrograde cholangio-
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pancreatography carries a significant risk of inducing acute
pancreatitis, it was not possible to collect samples from healthy
individuals. In pancreatitis, cathepsin-mediated tissue destruc-
tion would be predicted to aggravate pancreatitis-associated
edema and promote infiltration of inflammatory cells. Interest-
ingly, exocytosis of zymogen granules acidifies the pancreatic
duct lumen, particularly when stimulated by cerulein (1),
which could enhance cathepsin activity and aggravate inflam-
mation. Extracellular acidification also sensitizes secreta-
gogue-induced zymogen activation and injury (2).

Secreted Cat-S is active at normal extracellular pH and may
have widespread extracellular actions (28). Inflammatory me-
diators including TNF-a, IFN-vy, and NGF, which are abundant
during pancreatitis, stimulate Cat-S secretion from macro-
phages and microglial cells (22). Since Cat-S derives from
macrophages and spinal microglial cells (8, 9), peripheral and
central neuroimmune mechanisms could mediate its effects on
inflammation and pain. Cat-S can activate protease-activated
receptor-2 (26, 27), which mediates protease-induced neuro-
genic inflammation and pain in several tissues, including the
pancreas (14, 15, 33). Thus Cat-S secreted from pancreatic
macrophages could activate primary spinal afferent neurons to
induce neurogenic inflammation and pain. Further studies are
required to specifically determine the contribution of Cat-S to
pancreatitis and pain.

We conclude that increased activity of Cat-B, Cat-L, and
Cat-S in acute pancreatitis is critical for the development of
inflammation and pain and that inhibition of these proteases
may provide a new approach for the treatment of pancreatitis
pain. ABPs can be used to identify activated proteases that
cause pancreatic disease. Given the recent advances in fluo-
rescence endoscopy and pancreatoscopy (11, 23), near-infrared
ABPs and imaging may provide early diagnosis and mecha-
nistic insights into pancreatic disease.
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