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Corticotropin-releasing Factor Receptor 2 Mediates
Sex-Specific Cellular Stress Responses
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Although females suffer twice as much as males from stress-related disorders, sex-specific participating and pathogenic cellu-
lar stress mechanisms remain uncharacterized. Using corticotropin-releasing factor receptor 2-deficient (Crhr2”~) and wild-type
(WT) mice, we show that CRF receptor type 2 (CRF,) and its high-affinity ligand, urocortin 1 (Ucn1), are key mediators of the en-
doplasmic reticulum (ER) stress response in a murine model of acute pancreatic inflammation. Ucn1 was expressed de novo in
acinar cells of male, but not female WT mice during acute inflammation. Upon insult, acinar Ucn1 induction was markedly atten-
uated in male but not female Crhr2”~ mice. Crhr,”” mice of both sexes show exacerbated acinar cell inflammation and necrosis.
Electron microscopy showed mild ER damage in WT male mice and markedly distorted ER structure in Crhr2”~ male mice during
pancreatitis. WT and Crhr2”~ female mice showed similarly distorted ER ultrastructure that was less severe than distortion seen in
Crhr2”~ male mice. Damage in ER structure was accompanied by increased ubiquitination, pelF2, and mis-targeted localization
of vimentin in WT mice that was further exacerbated in Crhr2”~ mice of both sexes during pancreatitis. Exogenous Ucn1 rescued
many aspects of histological damage and cellular stress response, including restoration of ER structure in male WT and Crhr2”~
mice, but not in females. Instead, females often showed increased damage. Thus, specific cellular pathways involved in coping
and resolution seem to be distinct to each sex. Our results demonstrate the importance of identifying sex-specific pathogenic
mechanisms and their value in designing effective therapeutics.
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INTRODUCTION

Classically, the stress response involves
central neurohormonal activation of the
corticotropin-releasing-factor (CRF) sys-
tem via the hypothalamic—pituitary—
adrenal (HPA) axis. The effectors and re-
sponders consist of the neuropeptides
CRE, urocortins 1-3 (Ucn1-3), and two
G protein—coupled receptors, CRF type 1
(CRF,) and CRF type 2 (CRF,). The lig-
and CREF is primarily responsible for reg-
ulating and/or initiating stress responses
via activation of the HPA axis (1),
whereas the urocortins play a vital role

in the peripheral stress response. Even
though they are ubiquitously present
throughout mammalian tissues, CRE,
Ucn1-3 and their receptors are variably
expressed in the skin (2), skeletal muscle
(3), immune system (4), lung (5), heart
(6), genitourinary system (7) and gas-
trointestinal (GI) system (8).
Accumulating evidence demonstrates
localized, cellular expression of Ucenl in
response to GI inflammation (9-14). CRF
and the urocortin ligands bind CRF, and
CRF, with varying affinities. Ucnl binds
with equal affinities to both CRF, and
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CREF,, but binds with a ten-fold higher
affinity to CRF, than to CRF (15). Others
and we have shown that Uenl and CRF,
are required for normal resolution of GI
inflammatory diseases like colitis
(9,13,14,16,17). The lack of CRF, in the GI
tract leads to increased inflammation and
delayed healing (9,13,18), perpetuating
the insult. Patients with inflammatory
bowel diseases (IBD) have higher inci-
dences of acute and chronic pancreatitis
(19), but the precise role of the CRF sys-
tem in the inflammatory process or cellu-
lar signaling is unclear.

Recently, sex differences in Ucenl sig-
naling have been described in the
midbrain and may result in different
HPA axis-associated CRF responses to
emotional stress between the sexes
(20,21). The CRF system has been shown
to be vitally important to embryo implan-
tation (22,23) and maternal-fetal stress
patterns, further suggesting sex-defined
responses. Moreover, females are more
prone to stress-related disorders, which



include inflammatory and functional gas-
trointestinal (GI) diseases (20,24,25).

Acute pancreatitis, a common inflamma-
tory-mediated disease of the GI tract, con-
fers significant morbidity and mortality in
up to 30% of patients whose disease pro-
gresses to systemic, multiorgan dysfunc-
tion (26-28). Although the progression of
the disease is unpredictable, the patho-
genic mechanisms of pancreatitis have
largely been identified in animal models.
The disease is a complex process regulated
by intracellular and extracellular stress cas-
cades. Intracellular acinar pathways result-
ing in premature activation of degradative
enzymes, disrupted inflammatory signal-
ing nuclear factor-kB (NF-«B), calcium-
signaling defects, endoplasmic reticulum
(ER) stress defects and dysfunctional secre-
tory pathways have all been identified
mechanisms that contribute to the patho-
genesis of pancreatitis (26,29-33). Although
the CRF system has been linked to protein
secretion by acinar and f cells in the regu-
lation of glycemia (34-36), during inflam-
mation, where Ucnl and CRF, play impor-
tant roles, the role of this system on acinar
cell secretion has not been studied. Fur-
thermore, the cellular mechanism(s) that
lead to disrupted acinar cell function or re-
sultant cellular stress-coping mechanisms
during an inflammatory insult are unclear.

We sought to understand the role of
acinar Ucnl and CREF, in the pathogenesis
of pancreatic inflammation. Specifically,
we wished to delineate the molecular
mechanisms and cellular pathways by
which CRF, and Ucnl mediate the actions
of an inflammatory insult in a sex-specific
manner. To do this, we used a caerulein-
induced model of acute pancreatitis in
mice. We also examined the differences
between sexes in response to the stress of
inflammation.

MATERIALS AND METHODS

Animal Studies and Pancreatitis
Model

Crhr2™ (C57/bl6 background) mice
were a generous gift from Mary Stenzel-
Poore, Oregon Health Sciences University,
Portland, OR, USA (37). Crhr2*"~ x Crhr2*~

mice were bred to obtain Crir2** (wild-
type [WT]), Crhr2*~ and Crhr2”" male and
female mice. Littermates 8-10 wks of age
weighing ~20-25g were used for all ex-
periments described. The mice were
housed in a temperature- and light-
controlled room (22°C; 12-h light/12-h
dark cycle) and were bred at a University
of California, San Francisco (UCSF) hous-
ing facility. They had ad libitum access to
food and water. Six, once hourly, subcuta-
neous injections of caerulein, a cholecys-
tokinin analogue (Sigma-Aldrich, St.
Louis, MO, USA; C-9026, 50 ug/kg), were
used to induce pancreatitis according to a
previously defined experimental pancre-
atitis model (30). Saline was injected as a
vehicle control. Astressin 2B (A2B), a
CREF,-specific antagonist (Sigma-Aldrich;
A5227, 30 ug/kg), or Uenl (Sigma-
Aldrich; U6631, 30 ug/kg) was injected
intraperitoneally 30 min before the first
caerulein injection. Subsequently, Ucenl
and A2B were injected hourly together
with caerulein. Mice were euthanized 1 h
after the last injection. All in vivo experi-
ments were repeated at three indepen-
dent times by using littermates from all
three genotypes, for a total of 6-12
animals/group/genotype. The Institu-
tional Animal Care and Use Committee at
UCSEF approved all procedures.

Immunohistochemistry and
Histological Evaluation

Mice were transcardially perfused with
4% paraformaldehyde (PFA); pancreas
were removed, postfixed in 4% PFA,
washed with PBS, followed by ethanol
dehydration and paraffin embedding.
Pancreatic tissue was sectioned at 5 um,
deparaffinized in xylene and rehydrated
in ethanol series. The following primary
antibodies and dilutions were used: anti-
Ucnl (Sigma-Aldrich; U4757, rabbit,
1:300), anti-amylase (sheep, 1:1,000), anti-
ubiquitin (Cell Signaling, Davers, MA,
USA; 3933, rabbit, 1:1,000), anti-pelF2a
(Cell Signaling, 119A11, rabbit, 1:100),
and anti-Vimentin (DakoCytomation,
Carpinteria, CA, USA; M0725, mouse,
1:100). Secondary antibodies used were
species-specific FITC or Rhodamine
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Red™-X (Jackson ImmunoResearch,
West Grove, PA, USA; 115-297-003, goat,
1:200) fluorescent antibodies, and sec-
tions were viewed by confocal mi-
croscopy. Serial sections were stained
with hematoxylin and eosin to determine
histopathological changes and analyzed
using Image]64 software (NIH, Bethesda,
MD, USA). A histologist scored coded
tissue sections for necrosis, vacuoliza-
tion, polymorphonuclear (PMN) cell in-
filtration and zymogen degranulation
(0-5 scale) as described previously (30).

Western Blot Analysis

Tissue samples were homogenized in
lysis buffer and processed for Western
blotting as described (38). Total protein
(40 pg) transferred to PVDF membranes
(Immobilon-FL, Millipore, Billerica, MA,
USA) was incubated with anti-pERK1/2
(Santa Cruz Biotechnology Inc., Dallas,
TX, USA; E-4, mouse, 1:1,000) and anti-
ERK2 (Santa Cruz Biotechnology Inc.;
C-14, rabbit, 1:5,000) and visualized with
Alexa Fluor® 680 (Li-COR Biosciences,
Lincoln, NE, USA; 1:20,000) and goat
IRDye™800 (Li-COR Biosciences). Blots
were analyzed with the Odyssey Infrared
Imaging System (Li-COR Biosciences),
and densitometry was reported as previ-
ously described (38).

Enzyme-Linked Immunsorbent Assay
(ELISA) for Detection of Serum
Urocortin 1

Ucnl concentration (pg/mL) in
murine serum and pancreatic tissue
lysate was quantified by using the Uro-
cortin Fluorescent EIA Kit (Phoenix Phar-
maceuticals, Burlingame, CA, USA; FEK-
019-15) according to the manufacturer’s
protocol. Resultant relative fluorescent
units were measured at 450 nm.

Electron Microscopy

Control and experimental male and fe-
male mice were deeply anesthetized by
using Nembutal and transcardially per-
fused with phosphate-buffered saline
(PBS), followed by 2% glutaraldehyde/
2% formaldehyde in 0.1 mol/L phosphate-
buffered solution (39). Pancreatic tissue
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was cut into small blocks and fixed
overnight. Postfixation was done with
1% Os0O,, en bloc staining with 2%
uranyl acetate, followed by ethanol de-
hydration and embedding in epoxy
resin. Semithin and ultrathin sections
were cut and stained with toluidine blue
and uranyl acetate for examination
under the light microscope and electron
microscope, respectively. Electron micro-
graphs were taken at 120 kV with a JEOL
1400/ charge-coupled device (CCD) digi-
tal camera.

Cell Culture and Amylase Secretion
Assay

Pancreatic acinar cells (AR42]) were
cultured in F-12K nutrient mixture,
Kaighn'’s modification, + 2 mmol/L
L-glutamine, + 10% fetal bovine serum
(FBS). Cells were seeded onto poly-D-
lysine coated plates at a density of 2 x
10° cells/well. Cells were preincubated
for 30 min at 37°C in the presence or ab-
sence of 107 mol/L Ucn1 (Sigma-
Aldrich; U6631) or 10°° mol/L CREF, re-
ceptor antagonist followed by treatment
for 15 min with vehicle or 107 mol/L
caerulein (Sigma-Aldrich; C-9026). Amy-
lase content in the medium and cell
lysate was measured by using Infinity
amylase reagent (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) as de-
scribed (40). The secreted amylase com-
ponent was expressed as a percentage of
the total amylase content (medium + cell
lysate) and normalized to total protein
concentration determined by using a
bicinchoninic acid (BCA) colorimetric
assay. See Supplementary Methods for
method for measuring intracellular
calcium.

Semiquantitative RT-PCR

RNA was isolated from rat pancreatic
tissue or AR42] acinar cells treated with
either vehicle or caerulein by using
TRIzol (Invitrogen/Life Technologies,
Carlsbad, CA, USA) according to the
manufacturer’s protocol. RT-PCR was
performed by using gene-specific
primers for rat Uenl (forward: 5-CTCCT
GGTAGCGTTGCTGC-3'; reverse:

WT + Saline

Male
Acinar Cells Islet Cells

Female
Acinar Cells

WT + Cae

Crhr2/-+ Cae

Figure 1. De novo induction of Ucn1 in exocrine acinar cells. Pancreatic sections were
stained with anti-Ucn1 antfibody and visualized under a confocal microscope. Represen-
tative sections are shown from saline-treated WT (A, D, G), caerulein-treated (+ Cae) WT
(B. E, H). and caerulein-treated Crhr2”~ (C, F I) pancreatic sections (60x; inset magnifica-
fion: 173x) from male and female mice (n = 6/group).

5-GCCCACCGAATCGAATATGATGC-3')
for 30 cycles with the following cycling
parameter: 95°C for 30 s, 66°C for 30 s,
72°C for 30 s by using conditions de-
scribed elsewhere (14). Cyclophilin (for-
ward: 5-TGCAGACGCCGCTGTCTC-3’;
reverse: 5-TGCTCTCCTGAGCTACAG-3;
annealing temperature 60°C) was selected
as an unrelated housekeeping gene for
normalization; and band intensities were
quantified by using Image]64 software
(NIH). Primer sets for CRF, Ucn2 and
CREF receptors are provided in Supple-
mentary Table S1.

Statistical Analysis

Data are shown as mean + standard
error of mean (SEM). Group differences
were analyzed by using analysis of vari-
ance (ANOVA) followed by Bonferroni
posttests (Prism; GraphPad Software
Inc.). Student f test was used to compare
two groups when appropriate. Two-
sided p values =0.05 were considered sta-
tistically significant.

All supplementary materials are available
online at wwuw.molmed.org.
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RESULTS

Ucnl Is Induced De Novo during
Acute Pancredtitis.

Although -cell glucose regulation has
been linked to the CRF system and Ucnl
expression has been reported in islet cells
during periods of stress (34-36), the role of
the CRF system in exocrine acinar cells,
which show context-dependent protein se-
cretion, has not been established. To exam-
ine the role of Ucnl and CRF, in acinar
cells during pancreatic stress and inflam-
mation, we used caerulein to induce pan-
creatitis in mice. Our results showed that
under normal physiologic conditions
(baseline), Ucnl was localized in islet cells,
but not in acinar cells (Figures 1A, D, Sup-
plementary Figure S1A). After acute pan-
creatitis was induced, male WT and
Crhr2*" mice displayed de novo, context-
dependent induction of Ucn1 in acinar
cells, a new and novel finding (Figure 1E,
Supplementary Figures SIA-C), but base-
line islet cell localization of Ucnl did not
change (Figures 1B, C). In contrast, male
Crhr2” mice showed attenuated de 1novo
Ucn1 induction in acinar cells (Figure 1F).
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Figure 2. CRF, actions are key determinants of an inflarnmatory insult. Representative light
micrographs (40x; A, acinar cells, IC, islet cells) of H&E stained pancreas sections from
male and female saline-treated WT, caerulein-treated WT, and caerulein-treated Crhr2™”~
mice (A). Graphical representation of histologic damage scores graded by a pathologist
is shown. Duplicate sections were scored for necrosis, vacuolization, polymorphonuclear
cell infiltration and zymogen granule formation in vehicle-treated WT (Con, white bars),
caerulein-treated WT (grey bars) and caerulein-treated Crhr2” = (blue bars) mice. Severity
scores increased in all histopathologic categories for male Crhr2”~ mice (*p < 0.05 versus
WT) (B). Total score, necrosis and vacuolization increased in female Crhr2”” mice (*p <
0.05) (C). Ucn1 freatment (hashed grey and blue bars) significantly decreased all scores
for male Crhr2”/~ except PMN infiltrate, which was decreased in male WT mice (**p <
0.05). Ucn1 freatment either worsened histologic damage in female WT and Crhr2”~ mice
or had no effect on variables examined (C). Statistical analyses were performed be-
tween same-sex groups by using ANOVA, followed by Bonferroni posttests. Data represent

score = SEM of 12 mice/group.

However, male Crir2" or WT mice
treated with a CRF,-specific antagonist,
A2B, retained their ability to induce aci-
nar Ucnl expression (Supplementary Fig-
ures S1A, C). Surprisingly, and unlike their
male littermates, female mice showed no
significant change in acinar Ucn1 expres-
sion after inflammation was induced (Fig-
ures 1G-I). Baseline Ucnl was evident in
control female WT mice, and pancreatitis
did not change its expression in either WT
or Crhr2”" mice (Figures 1G-).

Because Ucnl can have endocrine,
paracrine or autocrine effects, we deter-
mined if circulating levels of Ucn1 also

changed during acute pancreatitis. Un-
like local levels of Ucnl in the pancreatic
acinar cells, serum concentration of Ucnl
did not vary significantly among control,
WT, and Crhr2” male mice (Supplemen-
tary Figure S1D), or between Crhr2""
mice and WT mice pretreated with
astressin 2B (WT+A2B) (Supplementary
Figure S1D). Since Ucn1 binds both CRF
receptors with equal affinity and can
exert its effect via activation of either re-
ceptor, we next ascertained if these two
receptors were present in the pancreas.
At baseline, low levels of CRF, were
present and its messenger RNA (mRNA)

MOL MED 19:212-222, 2013 |

RESEARCH ARTICLE

levels increased during pancreatitis in
WT male and female mice (Supplemen-
tary Figure S1E). As expected, CRF,
mRNA was not detected in pancreas of
Crhr2”/~ male and female mice (Supple-
mentary Figure S1E). Interestingly,
mRNA for CRF, receptor was not de-
tected in pancreas of either WT or
Crhr2”/~ male and female mice, whereas
CRF, was present in brain mRNA, which
served as a positive control (Supplemen-
tary Figure S1E).

CRF, Deficiency Renders Males and
Females Susceptible to Acute
Pancreatitis.

Because CRF, actions are antiinflamma-
tory (9,13), we predicted that CRF, defi-
ciency would exacerbate inflammation. To
test this prediction, histopathology scores
were obtained from control and pancreati-
tis tissues. Pancreatitis resulted in signifi-
cant pancreatic histologic damage in WT
mice of both sexes (Figures 2A-C). As
predicted, histological damage was fur-
ther increased in Crhr2”" mice of both
sexes (Figures 2A-C, blue bars). Histo-
logic damage was similarly exacerbated
in male Crhr2*~ and WT+A2B-treated
mice (Supplementary Figures S2A, B).
Necrosis, vacuolization, polymorphonu-
clear (PMN) cell infiltration and zymogen
degranulation were significantly increased
in male Crhr2”" mice, whereas only
necrosis and vacuolization were signifi-
cantly increased in females (Figure 2C).
Pancreatic PMN infiltration, quantified
by MPO activity, increased to similar lev-
els in male and female WT and male
Crhr2*" mice after caerulein treatment
(Supplementary Figures S3A, B), but in
WT+A2B mice, pancreatic MPO activity
increased by two-fold over that in WT
mice (Supplementary Figure S3B). In fe-
male Crhir2” mice, pancreatic MPO activ-
ity remained similar to that of female WT
mice, correlating with the degree of PMN
infiltration. These findings suggest that
CREF, is protective during acute inflam-
mation, but indicate that males and fe-
males respond differently to stressful
conditions when CRF, and/or Ucn sig-
naling is disrupted.
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Figure 3. Ucn1 colocalizes with amylase in acinar cells. UcnT mRNA was induced de novo in
acinar AR42J cells treated with 107 mol/L caerulein for 1 h. CRF mRNA expression was pres-
ent under basal conditions and was not induced de novo. Ucn2 and CRF; mRNA were not
detected at baseline (Con) or after caerulein treatment in acinar cells, but were present in
brain (Br) mRNA. Cyclophilin was used as a normalization control (A). Caerulein treatment in-
creased amylase-IR in acinar cells in WT mice and colocalized with Ucn1-IR in male and fe-
male mice (B, C), respectively (63x); sections stained without any primary antibody served
as negative controls (D). Serum amylase activity increased over basal (control) levels (*p <
0.05) in WT (grey bars) and Crhr2”~ (blue bars) mice (E). and Ucn1 treatment (hashed grey
and blue bars) significantly decreased amylase release (**p < 0.05 versus WT; ***p < 0.05 ver-
sus Crhr2”"). Amylase release from AR42J cells (F). Caerulein treatment increased amylase
release (*p < 0.05) and 107 mol/L Ucn1 treatment decreased release (**p < 0.05). Statistical
analyses were by ANOVA. Data represent mean + SEM of three replicates per group.

Ucnl1 Is Induced De Novo in Cultured
Acinar (AR42J) Cells.

To confirm our in vivo finding that Ucnl
is induced de novo in acinar cells and is not
being released from elsewhere via inner-
vation found in the acinar cells, we deter-
mined the presence of Ucnl mRNA by RT-
PCR in cultured pancreatic acinar cells
(AR42]), with or without caerulein treat-
ment. As in vivo, Ucnl mRNA was unde-
tectable at baseline (control) in AR42] cells,
but was highly induced upon caerulein
treatment (Figure 3A, Supplementary Fig-
ure S4A), confirming that Uenl is ex-
pressed locally in the acinar cells. Impor-
tantly, CRF was expressed under basal
conditions in AR42] cells (Figure 3A) and
showed a two-fold increase in mRNA

(Supplementary Figure S4A). Furthermore,
neither CRF, nor Ucn2 were expressed
under basal conditions or after caerulein
treatment in acinar cells (Figure 3A). We
predicted that this de novo increase in Uenl
during inflammation would alter function.
To test this, we measured changes in intra-
cellular calcium (Ca*") responses in AR42]
cells at baseline and after pretreatment
with caerulein. As expected, treatment of
ARA42]J cells with 100 nmol/L Ucnlor CRF
evoked a robust Ca** response (Supple-
mentary Figures 54B, C). Caerulein pre-
treatment abolished Ucn1-evoked Ca** re-
sponses (Supplementary Figure S4B, blue
line), whereas CRF-evoked Ca?* responses
remained largely unchanged (Supplemen-
tary Figure S4C, red line). These results
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suggest that de novo induction of Ucen1 is
of functional significance during stressful
conditions and that small increases in CRF
mRNA levels do not result in measurable
functional changes. Furthermore, Ucn1-
evoked changes in Ca”" responses were at-
tenuated after pretreatment of cells with
A2B, a CREF,-specific antagonist, but re-
mained at par with control cells after pre-
treatment with CP154526, a CRF,-specific
antagonist (Supplementary Figure S4D).
Thus, this further confirms that Ucn1 ac-
tions in acinar cells are mediated via CRF,,
but not CRF, (Supplementary Figure S4D).

Ucn1 Treatment Reduces
Hyperamylasemia and Amylase
Release in Acinar Cells.

Increased amylase release from acinar
cells reflects acinar cell damage and is an
early pathologic feature in animal and
human models of pancreatitis (26). We con-
firmed that after caerulein treatment, amy-
lase immunoreactivity (amylase-IR) was
increased in the acinar cells and colocal-
ized with Uenl1-IR in both male and female
mice (Figures 3B, C), but not in negative
controls (Figure 3D). Pancreatitis resulted
in hyperamylasemia in WT and Crir27"
mice (Figure 3E). Because Ucnl was in-
duced de novo in the exocrine acinar cells of
WT, but not Crlir2”" mice, we reasoned
that Uenl might rescue and stabilize some,
if not all, aspects of acinar cell damage. As
predicted, exogenous Ucn1 decreased
serum amylase levels in WT and Crhr2”/~
mice (Figure 3E, hatched bars). This find-
ing is further supported by our in vivo re-
sult that acute caerulein treatment of AR42J
cells increased amylase release into the me-
dium and Ucnl treatment of AR42]J cells
significantly decreased caerulein-induced
amylase release (Figure 3F). These findings
suggest that an acinar cell-specific, de novo
induction of Ucnl, is vital to cellular cop-
ing responses during inflammation.

Ucn1 Treatment Reduces Pancreatic
Inflammation Only in Male Mice.
Because Ucnl has known protective ef-
fects during inflammation in many pe-
ripheral organ systems (6,9,17,41), we
wondered if this was true in the pancre-
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Figure 4. CRF, is central fo the maintenance of organelle integrity and the endoplasmic
reticulum stress responses. Representative electron microscopy (EM) shows normal acinar
cell ultrastructure in saline-treated WT (A) or saline-treated Crhr2” (B) mice (n = 4/group)
with normal appearing acinar cell ultrastructure. During pancreatitis, WT male mice show
a marked increase in zymogen granule (ZG) formation, mild expansion of rough ER and
intraluminal material (C), consistent with ER stress. Infrequent, small autophagic bodies (*)
containing densely staining material were found. During pancredtitis, Crhr2”/~ mice show
markedly dilated rough ER (D); ER whorls and increased infraluminal inclusion bodies were
visible, all of which were increased relatfive to what was seen in WT pancreatitis. Frequent,
multiple large autophagic bodies (white *) that contained numerous ribosomes and
membrane components were seen. (M, mitochondria; N, nucleus; RER, rough endoplas-
mic reticulum; SG, secretory granules; ZG, zymogen granule). Exogenous Ucn1 treatment
during pancreatitis markedly reduces ER ultrastructure damage and number of au-
tophagic bodies in both WT and Crhr2”/~ male mice (E, F).

T+Sa|ine ' B
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Figure 5. Lack of Crhr2”~ in female mice results in a milder ER phenotype. WT female con-
frols show normal organelle ulfrastructure (A) similar to their male littermates. When pan-
creatitis is induced, females, unlike their male counterparts, show milder ER ultrastructure
damage in both WT (B) and Crhr2”~ (C) genotypes. (N: nucleus, RER: rough endoplasmic
reticulum, ZG: zymogen granule).
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atic tissue as well. The ability of Uenl to
reduce acinar amylase release prompted
us to investigate if exogenous Ucenl
would rescue Crhr2”" mice from the se-
quelae of pancreatitis. As predicted,
Ucnl administered concurrently with
caerulein decreased the overall severity
of histologic damage in male Crhr2”"
mice (Figure 2B); that is, progression to
necrosis, vacuolization and zymogen de-
granulation all improved. In male WT
mice, Ucnl decreased the number of
PMN cell infiltrate, but otherwise had lit-
tle effect on inflammation severity (Fig-
ure 2B). In sharp contrast to Uen1’s effect
in male Crhr2”/~ mice, Ucn1 showed no
protective effect in female Crhr2™/~ mice
(Figure 2C), suggesting that Ucn1 confers
an antiinflammatory or protective effect
in male mice only.

CRF, Deficiency Results in Changes to
the Ultrastructure of the Endoplasmic
Reticulum.

Dysfunctional pancreatic exocrine se-
cretion during pancreatitis manifests in
pathologic zymogen formation and the
release of activated peptidases (42). The
increased vacuolization and loss of zy-
mogen granules we observed in Crhir2”"
mice suggested that CRF, was involved
in maintaining cellular organelle in-
tegrity and affected cellular protein ma-
chinery. Electron microscopy showed no
discernable differences in acinar cell ul-
trastructure between male and female
WT mice (Figures 4A, 5A), or Criwr2 ™"
mice, at baseline (Figure 4B). Pancreatitis
increased peripheral nuclear chromatin
condensation and mitochondrial size
similarly in male WT and Crhr2”" mice
(Figure 4C, D). In male WT mice, there
was minor disruption of the rough ER
and a few autophagic compartments
were discernable (Figure 4C), but the
rough ER of male Crhr2”~ mice was
strikingly distorted, with numerous
whorls and intraluminal inclusion bodies
(Figure 4C versus 4D). The male Crhr2/~
mice also had many large cytoplasmic
autophagic compartments that contained
aggregates of ribosomes and rough ER
membrane components (Figure 4D), sug-
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Figure 6. CRF, disrupts the ER stress response. Pancreatic sections immunostained for ER
stress pathway protfeins. Representative light micrographs (60x; inset: 300x; A, acinar cells,
IC, islet cells) immunostained for ubiquitin and pelF2o. in WT and Crhr2”~ male and female
conftrol mice or mice treated with caerulein alone or caerulein + Ucn1 are shown. Mistar-
geting of vimentin is evident in Crhr2”~ mice of both sexes (magnification: 63x; nuclei
stained with 4',6-diamidino-2-phenylindole (DAPI); n = 6/group).

gesting increased ER stress. Pancreatitis
resulted in distorted rough ER ultrastruc-
ture in the male Crhr2*" mice, and to a
lesser degree in WT+A2B mice (Supple-
mentary Figure S4). In contrast to the
male mice, female WT and Crhr2™ mice
displayed similarly distorted ER struc-
ture during pancreatitis (Figure 5B, C).
However, female WT mice displayed
worse ER damage than male WT mice,
whereas female Crhr2”" mice displayed
markedly less damaged ER than their
male Crhr2”" mice (Figures 5B and C ver-
sus 4B and C). Thus, the baseline re-
sponse to the stress of inflammation ap-
pears to be more tempered in females
and more dramatic and fast in males.

Ucnl1 and CRF, Alter the ER Stress
Pathway in Males Alone.

The ER stress response is activated
early in the development of acute pan-
creatitis (31). This response may be char-
acterized in several steps that include ac-
tivation of the unfolded protein response
(UPR) to inhibit protein translation. The
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UPR aids in directing misfolded proteins
toward ubiquitin-dependent degradation
(43). We therefore examined whether ER
distortion in Crhr2”" mice contributes to
the UPR and ubiquitinates proteins for
degradation. We found that caerulein
treatment increased accumulation of
ubiquitinated proteins by 10-fold in male
WT mice, and by more than 220-fold in
Crhr2”" mice (Figures 6, 7A). In female
Crhr2”" mice, the accumulation of ubig-
uitinated proteins increased by only 10-
fold over that in female WT mice (Fig-
ures 6, 7A). As predicted, exogenous
Ucnl markedly decreased ubiquitination
in male Crhr2™/~ mice, but did not affect
ubiquitination in female WT or Crhr2™
mice (Figures 6, 7A).

To reduce demand on the protein-
folding machinery, cells increase phos-
phorylation of elF2a. (pelF2a), resulting
in reduced protein translation (44). We
postulated that uncontrolled protein
ubiquitination in Crhr2”~ mice might be
due to the inability to increase pelF2a.
During pancreatitis, expression of pelF2a
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was localized in distinct compartments of
acinar cells in WT and Crhr2”" mice (Fig-
ures 6, 7B), but induction of pelF2a was
markedly compromised in Crir2”" mice
(Figures 6, 7B). As expected, exogenous
Ucn1 decreased pancreatitis-induced
pelF2a in male WT mice, suggesting de-
creased UPR. Uenl did not significantly
alter pelF2c. levels in male Crir2”" mice
(Figures 6, 7B). We next examined if
restoration of ubiquitination and pelF2a
signaling in male mice was accompanied
by improved ER ultrastructure after Uenl
treatment. Indeed, in male WT and
Crhr2” mice, Ucn1 treatment improved
ER ultrastructure defects (Figures 4E, F);
notably, the distortion seen in Crhr2”
mice improved dramatically.

Conversely, in female WT and Crhr2”"
mice, pelF2a levels did not vary signifi-
cantly (Figures 6, 7B). Female WT and
Crhr2”" mice had increases in pancreatitis-
induced pelF2a, and remarkably, Uenl
treatment had little effect on pelF2a lev-
els (Figures 6, 7B). The results of these
experiments suggested two things: first,
that CRF, deficiency resulted in cellular
organelle architectural defects that Ucnl
may be able to rescue in males; and sec-
ond, that CRF, regulates stress responses
not only at the organ level, functioning
as a neuromodulator, but also at the
organelle level, functioning to maintain
organelle integrity. The difference be-
tween males and females is surprising,
but suggests that females may have more
redundant ER stress pathways to main-
tain homeostasis.

Ucnl Treatment Restores Vimentin
Mistargeting in Male, but Not Female
Crhr2”~ Mice.

Cellular microenvironments and appro-
priate subcellular localization are impor-
tant in fine-tuning cellular responses (45)
and provide resistance against stressors.
Vimentin, a highly conserved and widely
expressed intermediate filamentous pro-
tein, is involved in facilitating cytoskeletal
cross-talk and cellular targeting of pro-
teins (45). We identified vimentin as a
CRF-interacting protein by coimmuno-
precipitation and mass spectrometry
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(S Mahajan and A Bhargava, unpublished
results). Because vimentin is often found
associated with either the nucleus or the
ER and is integral to cell viability, we as-
certained if lack of CRF, altered pancreatic
vimentin expression or its localization. We
found that at baseline, vimentin was ex-
pressed perinuclearly in male and female
WT mice (Figure 6). During pancreatitis,
vimentin translocated to the plasma mem-
brane in male WT mice and its expression
increased 5-fold (Figures 6, 7C). In male
Crhr2” mice, vimentin expression in-
creased 15-fold, and its expression was

mistargeted to the intracellular matrix.
Ucnl treatment during pancreatitis de-
creased total vimentin expression and de-
creased its intracellular expression in male
WT, and to a lesser degree in male
Crhr2™/~ mice (Figures 6, 7C).

During pancreatitis, in female WT and
Crhr2™/~ mice, vimentin expression in-
creased modestly and discrete plasma
membrane localization was not visible
(Figures 6, 7C). Unlike in males, Ucnl
treatment did not restore the perinuclear
localization of vimentin, or decrease its
expression in females. These findings, to-
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gether with the ultrastructure, ubiquiti-
nation, and pelF2a results, show that
dysfunctional CRF,/Ucn1 circuit dramat-
ically affects ER stress responses in male,
but not in female, mice.

Ucn1 Modulates Extracellular Signal-
Regulated Kinase (ERK) Signaling
Responses in Female Mice Only

Downstream modulators of ER stress
include the mitogen-activated protein ki-
nase pathway (MAPK/ERK) (46). Others
and we have shown that ERK signaling
modulates the inflammatory response
during colitis (9,41), and that colon-
specific knockdown of CRF, by RNA in-
terference markedly attenuates phospho-
rylation of ERK (pERK) (9). To determine
whether CRF, deficiency compromised
ERK signaling in either sex during pan-
creatitis, we quantified increases in pERK
levels in pancreatic lysates by Western
blot analysis. We found that during pan-
creatitis, pERK levels tended to increase
modestly in male WT and Crir2”" mice
over baseline, and were not affected by
Ucnl1 treatment (Figures 7D, E). In female
WT and Crhr2”" mice, PERK levels in-
creased significantly over baseline, but
unlike in males, Ucn1 significantly de-
creased pERK levels (Figures 7D, E). Al-
though ERK phosphorylation is associ-
ated with early pancreatic damage, the
pathway is dynamic and may be tempo-
rally activated and deactivated (47,48). It
may be that Uenl and/or CREF, recruit
distinct MAPK signaling pathways in
males and females.

DISCUSSION

As our understanding of GI inflamma-
tory diseases improves, we find that neu-
rohormonal stress responders, in particu-
lar the CRF system, play an important
role. Others and we have shown that
Ucn1 and CREF, are required for resolu-
tion of GI inflammatory diseases like
gastritis and colitis (9,13,14,16,17,31,49).
Loss of CRF, leads to increased inflam-
mation, delayed healing, and exacerbates
the inflammatory insult (9,18,43). Using
acute pancreatitis as another model of in-
flammation, we found that CRF, defi-
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ciency renders both males and females
more susceptible to inflammation.

As the pathobiology of acute pancreati-
tis becomes better understood, the precise
nature of inflammation that leads to aci-
nar cell dysfunction has yet to be estab-
lished. Our confocal microscopy and RT-
PCR results show that Ucn1, but not its
closely related neuropeptide hormones,
CRF and Ucn2, is induced de novo in the
exocrine pancreatic acinar cells when
acute pancreatitis is induced, whereas the
source of Ucn1 in the islet cells remains to
be established. Furthermore, while CRF,
mRNA levels are increased during pan-
creatitis in WT mice, CRF; mRNA is un-
detectable during pancreatitis, suggesting
that Ucn1 does not mediate its effect via
CREF, in this model of pancreatitis. CRF,
and CRF, expression on a subset of f§ cells
has been previously reported (35,50). In
agreement with our findings, the same
study did not find CRF, expression in aci-
nar cells, but reported presence of CRF,
and CREF, in f cells and MING6 cells (50).
Most components of histologic damage
were increased in male Crhr2”~ mice rela-
tive to their WT littermates, whereas only
necrosis and vacuolization were increased
in female Crhr2™/~ mice relative to their
WT littermates. Interestingly, Uen1 re-
duced the extent of histologic damage in
male Crhr2”/~ mice more effectively than
in male WT mice, whereas Ucn1 treat-
ment had no effect in either female WT or
Crhr2”~ mice. Our finding that loss of
CREF, has a particularly profound effect on
PMN cell infiltration suggests that CRF, is
crucial to recruitment of immune cells in
both males and females and shows a par-
ticularly novel function for CRF, in regu-
lating immune cell function. Others have
proposed that the CRF receptors act in a
regulatory loop that aids in local contain-
ment of inflammation (41). Acutely, this
autoregulatory loop might aid in main-
taining homeostasis at the local level.

Autophagy of the exocrine pancreas
plays an important role in the progres-
sion of pancreatitis, but cellular and mo-
lecular defects that lead to autophagy are
unclear. An early pathologic feature of
pancreatitis is increased amylase release

from acinar cells (26). In our experi-
ments, caerulein-induced pancreatitis re-
sulted in hyperamylasemia in male and
female WT and Crhr2”" mice. Further-
more, Uenl treatment decreased amylase
release in vivo and in vitro, suggesting
that disruption of Ucn1-CRF, signaling
contributes to pathologic secretory mech-
anisms during acute pancreatitis.

Recent evidence suggests that acinar cell
damage is caused by at least two mutually
exclusive events—the first is independent
of trypsinogen activation, and the second
is immune cell dependent (27). In males,
Ucn1 had more profound effects in rescu-
ing inflammation in Crhr2”~ mice than in
WT mice, suggesting that Ucn1 can still
act via a mutated CRF, receptor. Possibly,
these Crhr2”~ mice that lack transmem-
brane domains 3 and 4 (37) may express
this deficient receptor at different levels in
females than in males, accounting for a
differential response to Uenl in males. The
lack of CRF, suggests that Ucn1 actions
during pancreatitis are not mediated by
compensatory changes in CRF,. Further-
more, increase in Ucen1, and not CRF, in
acinar cells is of functional consequence as
after caerulein treatment, Ucn1 was unable
to evoke a Ca** response, whereas addi-
tion of CRF continued to evoke a robust
Ca”" response. We have previously shown
how these two ligands can mediate differ-
ential trafficking and signaling responses
via the same receptor in a context-
dependent manner (38). But the fact that
the WT females did not respond to exoge-
nous Ucn1 treatment, unlike their WT
male counterparts, would suggest that an-
other, yet identified receptor might medi-
ate some of the effects of Ucnl in the pe-
riphery. Alternatively, the CRF, receptor
can interact with distinct ancillary proteins
in a sex-specific manner during stress of
inflammation. Our findings show that
only a subset of variables contributing to
pancreatic damage are CRF, dependent
and that they vary between the sexes,
whereas other variables are distinct sex-
dependent responses, as summarized in
Supplementary Figure S6.

The pancreatic acinar cell is rich in ER,
with the richness reflecting its role in di-
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gestive enzyme secretion and also making
it an attractive model to study ER and or-
ganelle ultrastructure in response to in-
flammatory stress. ER stress and vac-
uolization contribute to the increased
autophagy seen during pancreatitis (51).
Here, we show for the first time that dis-
ruption in the signaling of Uenl and its
high-affinity receptor, CRF,, results in
gross morphological distortion of the aci-
nar ER ultrastructure, which is accompa-
nied by sex-specific changes in the ER
stress signaling components. Previously,
ER stress has been studied in the context
of alcohol consumption (52); and the re-
sults showed that alcohol consumption
leads to an increased UPR response, ac-
companied by disorganized and dis-
rupted ER (53). Because alcohol can have
pleiotropic effects on cell and organelle
function, disrupted ER in that scenario is
not surprising. We did not expect to find
gross rough ER distortion or dilation in
Crhr2” and Crhr2*" mice, or after phar-
macological inhibition (A2B treatment).
Our ultrastructure findings clearly show
that CRF, dysfunction results in cellular
organelle defects. CRF, is well established
as a central regulator of the stress re-
sponse, functioning as a neuromodulator
(54), but our ER ultrastructure data show
a significant role of CRF, at the organelle
level, where the appropriate function of
Ucn/CREF, signaling might be to protect
organelle integrity. Alcohol ingestion is a
main contributor to pancreatitis in males
(52), yet not everyone who consumes al-
cohol develops pancreatitis. In those who
do, the phenotypic effects are variable. Al-
cohol is a known modulator of the CRF
system (54,55) and disrupts the ER stress
response (52).

The signaling events that accompany
ER stress are not well characterized. Our
study shows that ER disruption in male
Crhr2”~ mice is accompanied by signifi-
cant ubiquitination and that Uenl1 signifi-
cantly reduces the ubiquitinated protein
levels in male mice, but not females.
Moreover, we think that uncontrolled pro-
tein ubiquitination in male Crhr2”~ mice
might be due to the inability to regulate
phosphorylation status of elF2c. Not only



may protein synthesis and secretion be af-
fected, but protein mistargeting also ap-
pears to occur in Crhr2™~ mice; all of
these findings are consistent with rough
ER disruption. We found that perinuclear
staining of the filamentous protein vi-
mentin was restored in male mice after
Ucnl treatment, whereas in females, dis-
crete perinuclear expression of vimentin
was lacking to start with, and pancreatitis
only modestly increased its expression.
Furthermore, in Crhr2™”/~ mice that still ex-
press a mutated version of CRF, receptor,
other proteins required for normal signal-
ing can be sequestered or squelched. This
observation supports our findings that in-
teraction between CRF, and vimentin
might be critical for a microdomain locale
of the CRF, and that vimentin might be
critical for microdomain locale of the
CRF, complex and downstream activation
of signaling pathways. Our MAPK/ERK
signaling results indicate that phosphory-
lation of ERK1/2 occurs in females alone,
reinforcing the notion that cellular stress
coping and inflammatory resolution path-
ways are distinct in males and females.
These results also suggest that to combat
inflammation, Ucn1 uses MAPK /ERK-de-
pendent pathways in females. Thus, ER
architectural distortion after an inflamma-
tory insult in Crhr2”" mice and Crhr2*"
mice, and after pharmacological inhibi-
tion of CRF, in WT mice, confirmed that
basic intracellular stress responses of non-
immune cells are different between the
sexes. This difference is linked to the local
presence or absence of CRF, and Ucnl.
The role of the sex hormones testos-
terone and estrogen in pancreatic inflam-
mation is unequivocal. Estrogen can have
protective effects on cultured acinar cells
and works to decrease acinar cell apopto-
sis in a dose-dependent manner (56). Es-
trogen replacement therapy worsens pan-
creatitis outcomes in females with
another comorbidity, such as hyperlipi-
demia (57,58). Low levels of testosterone,
on the other hand, result in worsened
survival outcomes in male patients with
pancreatic adenomas (59). Here we show
that females are resistant to protective ef-
fects of exogenous Ucnl administration,

suggesting that estrogen or testosterone
are not the primary contributors to in-
flammation, and do not significantly in-
terfere with CRF,/Ucnl1 signaling. Taken
together, our findings suggest that Ucnl
administration could rescue key deleteri-
ous aspects of pancreatitis in males.
Twice as many women as men suffer
from stress-related disorders, including
anxiety, depression and gastrointestinal
diseases (20,24,25). The classic “flight
or fight” stress response involves neuro-
hormonal activation of the CRF system
via the HPA axis. Perturbations in the
CREF system have been implicated
in preeclampsia, a life-threatening
maternal—fetal disease in which delivery
of a preterm infant is often the only cure
for significant maternal—fetal stress
(22,23). Despite the known preponder-
ance of stress-related diseases in females,
the use of female animal subjects is
perpetually lacking and the resultant
sex-specific molecular pathogenesis in
disease responses remains vastly under-
studied. Furthermore, as the dynamic re-
lationship between stress and inflamma-
tion has become evident, CRF receptor
antagonists and related molecular targets
have been intensely studied and used as
promising therapeutic targets for these
pathophysiologic mechanisms. Most
CRF-based therapeutics, though promis-
ing in male animal subjects, fail in clini-
cal trials.

CONCLUSION

Our findings demonstrate a distinct
role for CRF, and Ucnl signaling in me-
diating the stress-related exacerbation of
pancreatic inflammation, and show that
the cellular mechanisms by which the
CRF system propagates its actions are
sex-specific. We provide evidence that
suggests the reason for CRF-based clini-
cal treatment failures may not lie in the
therapeutics themselves, but in the sex-
specific response to the therapeutics. Fi-
nally, in the greater evolutionary scheme,
our observations are an example of how
males and females differently maintain
homeostasis and temper stress responses
to inflammation.
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