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Accepted for publication

October 22, 2019. Galanin (Gal) is a peptide with a role in neuroendocrine regulation of the liver. In this study, we

assessed the role of Gal and its receptors, Gal receptor 1 (GalR1) and Gal receptor 2 (GalR2), in
cholangiocyte proliferation and liver fibrosis in multidrug resistance protein 2 knockout (Mdr2K0) mice
as a model of chronic hepatic cholestasis. The distribution of Gal, GalR1, and GalR2 in specific liver cell
types was assessed by laser-capture microdissection and confocal microscopy. Galanin immunoreactivity
was detected in cholangiocytes, hepatic stellate cells (HSCs), and hepatocytes. Cholangiocytes
expressed GalR1, whereas HSCs and hepatocytes expressed GalR2. Strategies were used to either
stimulate or block GalR1 and GalR2 in FVB/N (wild-type) and Mdr2KO mice and measure biliary hy-
perplasia and hepatic fibrosis by quantitative PCR and immunostaining of specific markers. Galanin
treatment increased cholangiocyte proliferation and fibrogenesis in both FVB/N and Mdr2KO mice.
Suppression of GalR1, GalR2, or both receptors in Mdr2KO mice resulted in reduced bile duct mass and
hepatic fibrosis. In vitro knockdown of GalR1l in cholangiocytes reduced a-smooth muscle actin
expression in LX-2 cells treated with cholangiocyte-conditioned media. A GalR2 antagonist inhibited
HSC activation when Gal was administered directly to LX-2 cells, but not via cholangiocyte-conditioned
media. These data demonstrate that Gal contributes not only to cholangiocyte proliferation but also to
liver fibrogenesis via the coordinate activation of GalR1l in cholangiocytes and GalR2 in HSCs.
(Am J Pathol 2020, 190: 586—601; https://doi.org/10.1016/j.ajpath.2019.10.023)
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Galanin (Gal) is a 29—amino acid neuropeptide, distributed
throughout the central and peripheral nervous system, with
high concentrations in the amygdaloid nuclei, hypothala-
mus, locus coeruleus, and sacral spinal cord.' ™ Central Gal
administration was found to stimulate the release of hypo-
thalamic vasoactive intestinal peptide, resulting in pituitary
secretion of prolactin and growth hormone via growth hormone
releasing hormone.”~ Galanin has been shown to colocalize
with several neuromodulators, including growth hormone
releasing hormone, substance P, and vasoactive intestinal
peptide, in the hypothalamus. Galanin is also expressed in
the gastrointestinal tract, with highest concentration in the

duodenum, and progressively lower abundance in the
stomach, small intestine, and colon.® Galanin was also
identified in endocrine tissues, such as anterior pituitary and ad-
renal glands, being characterized as a neuroendocrine peptide.”’
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Galanin Promotes Liver Fibrosis

Galanin regulates neuroendocrine signaling pathways that
modulate food intake, especially fat intake and meta-
bolism.'*'" Galanin exerts its actions through three types of
receptors, known as Gal receptor 1 (GalR1), Gal receptor 2
(GalR2), and Gal receptor 3 (GalR3), which are G-pro-
tein—coupled receptors with different distribution
throughout the body.'>'” Specifically, GalR1 is expressed
in the basal forebrain, hypothalamus, and spinal cord,
whereas GalR2 has a wider distribution in the brain, pitui-
tary gland, and peripheral tissues.'*'¥ GalR3 is expressed
at moderate levels only in discrete regions of the brain and
at low levels in many central and peripheral tissues.'®
GalR1 is expressed in cholangiocytes, where Gal is
increased in experimental cholestasis, mediating chol-
angiocyte proliferation.”’ All known Gal receptors are
seven-transmembrane G-protein—coupled receptors with
different G-protein coupling and signaling functions,
contributing to the diversity of Gal-mediated effects.” GalR 1
signals through Gy, protein, resulting in cAMP and cAMP
responsive element binding protein signaling, whereas
GalR2 can activate G153 and Ggq; in addition to Gi,o.g

In the liver, a significant amount of Gal is produced and
released into the systemic circulation during sympathetic
nerve stimulation.”> Endogenous hepatic Gal acts directly
on the liver to selectively modulate norepinephrine’s
metabolic action.”” We recently demonstrated that Gal
stimulates cholangiocyte proliferation via GalR1-mediated
extracellular signal-regulated kinase 1/2—ribosomal S6 ki-
nase (RSK)—cAMP responsive element binding protein
signaling pathway in a rodent model of cholestasis.”’
However, the role of Gal signaling in fibrogenesis is un-
clear. Therefore, this study aims to assess the role of Gal and
its receptors GalR1 and GalR2 in liver fibrosis in multidrug
resistance protein 2 knockout (Mdr2KO) mice as a model of
chronic hepatic inflammation and cholestasis and in vitro in
LX-2 human hepatic stellate cells (HSCs).

Materials and Methods

Chemicals, Kits, Antibodies, and Tissue Culture Media

All chemicals were purchased from Millipore-Sigma (Bur-
lington, MA), unless otherwise stated, and were of the
highest grade available. Galanin Enzyme Immunoassay kit
was purchased from Peninsula Laboratories International
(San Carlos, CA). RNeasy kit for isolation of RNA from
cells and tissue was from Qiagen (Frederik, MD). Galanin
receptor 1 (GalR1) vivo-morpholino sequences for mouse
(GalR1 sequence 1: 5-TTCACCATAGCCAGTTCCA
TCACTT-3’; and sequence 2: 5-AGTTGTGCCAGC-
CAGGGAAAACT-3') and a mismatch sequence (5'-
TTGAGCATACCCACTTCGATCCTT-3') were from Gene
Tools (Philomath, OR). GalR1 siRNA, recombinant galanin
(1 to 29), M617, AR-M, M871, and M40 were purchased
from Tocris (Minneapolis, MN). Hematoxylin and VectaS-
tain kits for immunohistochemistry (IHC) staining were
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from Vector Laboratories (Burlingame, CA). In IHC and
immunofluorescence (IF) assays, the following antibodies
from Abcam (Cambridge, MA) were used: Gal, cytokeratin
(CK) 19, CK8, desmin, and a-smooth muscle actin
(2-SMA). Culture media, including Dulbecco’s modified
Eagle’s medium, minimal essential medium, and the sup-
plements (ie, fetal bovine serum and penicillin/strepto-
mycin) were from Gibco BRL, purchased through Thermo
Fisher Scientific (Waltham, MA).

Animal Experiments

FVB/NJ (FVBN) and Mdr2KO mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and maintained
in a temperature-controlled environment at 20°C to 22°C
with a 12:12-hour light-dark cycle, having free access to
food and drinking water. All animal procedures were per-
formed in accord with the guidelines of Baylor Scott &
White Health (Temple, TX) Institutional Animal Care and
Use Committee, with approved protocols. In time-course
experiments, 1-week—old, 1-month—old, 2-month—old, and
4-month—old male and female FVBN and Mdr2KO mice
were used. In experiments designed to measure the effect of
various agonists and antagonists of Gal receptors on liver
fibrosis in Mdr2KO mice, 2-month—old male and female
Mdr2KO mice, as well as age-matched FVBN mice as
negative controls, were used. Four to five mice in each
group of age/sex/type (FVBN or Mdr2KO) were used. In
parallel, an equal number of 2-month—old male and female
FVBN and Mdr2KO mice were treated with vehicle only
(saline or 20% dimethyl sulfoxide). Galanin, M871, and
M40 peptides were dissolved in saline or 20% dimethyl
sulfoxide in saline, depending on their solubility, and
administered by using Alzet osmotic minipumps (Cupertino,
CA). Galanin, M871, and M40 were administered at a rate
of 4 nmol/kg per day (mice weights being 25 to 30 g). Vivo-
morpholino oligonucleotides, including two distinct se-
quences specific to mouse GalR1 and one mouse GalR1
mismatch control, were administered at a rate of 25
pg/mouse per day for 14 days, after which the mice were
euthanized for blood and liver tissue collection.

Assessment of mRNA Expression

Assessment of gene expression at the mRNA level in liver
tissue or cultured cells was performed by real-time quanti-
tative PCR (qPCR) for Gal, GalR1, GalR2, CK19, o-SMA,
collagen type 1A1 (CollAl), metalloproteinase 2 (MMP2),
and tissue inhibitor of metalloproteinase 1 (TIMP1). Fold
changes in gene expression were normalized to glyceral-
dehyde-3-phosphate dehydrogenase and f-actin house-
keeping genes. Total RNA was isolated by using RNeasy
kit, followed by cDNA synthesis with iScript kit from Bio-
Rad Life Sciences (Hercules, CA) and qPCR using iTaq
Universal SYBR-Green Supermix from the same company.
RT? gPCR Primer Assays were purchased from Qiagen Inc.
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(Germantown, MD). A thermal cycler AriaMax Real Time
PCR system from Agilent Technologies (Santa Clara, CA)
was used for running qPCR. The data were analyzed, as
previously described.”’ The Gal and CK19 mRNA expres-
sion in liver tissue of Mdr2KO and FVBN mice was
correlated by correlation analysis. The correlation coeffi-
cient was calculated from the linear plot of the Gal mRNA
fold change values versus CK/9 mRNA fold change values.

Assessment of Biliary Hyperplasia and Liver Fibrosis in
Mdr2KO and FVBN Mice

Biliary hyperplasia was assessed by measuring the intra-
hepatic biliary duct mass (IBDM) by IHC for CK19. He-
patic fibrosis markers, such as a-SMA and desmin, were
assayed by IHC of liver tissue from mice treated with GalR1
vivo-morpholino oligonucleotides or various agonists and
antagonists of Gal receptors. Thus, for IHC, liver tissue
sections (4 um thick) were immunolabeled with primary
antibodies specific to proteins of interest and then processed
for staining with VectaStain kits. The IHC slides were
scanned with a Leica SCN400 scanner (Leica Microsystems
Inc., Buffalo Grove, IL) at x20 magnification, followed by
screenshots at x 10 magnification; and image analysis was
performed with Image] software version 1.41 (NIH,
Bethesda, MD; https://imagej.nih.gov/ij). For all samples and
controls, the percentage areas of stained pixels were
calculated and compared for significant differences. Liver
samples were also assayed by using Sirius Red—specific
staining of collagens I and III, which are increased in hepat-
ic fibrosis, with the kit from IHC World (Ellicott City, MD).

Assessment of Gal Concentration

Galanin was assessed in serum and liver samples of
Mdr2KO and FVBN mice, by using an enzyme-linked
immunosorbent assay kit purchased from Peninsula Labo-
ratories International (San Carlos, CA), according to the
manufacturer’s instructions.

Assessment of Gal, GalR1, and GalR2 Expression in
Liver by Laser-Capture Microdissection

Frozen sections of liver (8 um thick) from 2-month—old
male and female FVBN and Mdr2KO mice were processed
for IF by blocking of non-specific binding with 4% bovine
serum albumin in phosphate-buffered saline (PBS) supple-
mented with 0.5% Tween 20, followed by overnight incu-
bation with 2 to 5 pg/mL primary antibody in PBS
supplemented with 0.5% Tween 20/bovine serum albumin
at 4°C and subsequent labeling with Alexa Fluor
488—conjugated secondary antibody incubation for 1 hour
at room temperature. The liver sections were labeled with
antibodies specific to CK19 marker of cholangiocytes, CK8
marker of hepatocytes, and desmin marker of HSCs. Sub-
sequently, a Leica LMD7000 microdissection system

588

(Temple Health & Bioscience District, Temple, TX) was
used to isolate the specific liver cells. The RNA isolation
from batches of 500 to 1000 cells was achieved using
Arcturus PicoPure Frozen RNA Isolation kit from Thermo
Fisher Scientific (Waltham, MA). The expression of Gal
and its receptors GalRI and GalR2 was then accomplished
by the same procedure described for qPCR.

Assessment of Gal Distribution in Different Types of
Liver Cells by Confocal Microscopy

The presence of Gal inside or on the surface of chol-
angiocytes, HSCs, and hepatocytes was studied by double-
fluorescent labeling of liver frozen sections with a mix of
antibodies specific to Gal and one of the three cell markers
(ie, CK19 for cholangiocytes, CK8 for hepatocytes, and
desmin for HSCs). The overlay of red fluorescence—labeled
Gal with the green fluorescence—labeled cells was observed
by using a confocal laser scanning system from Leica
Microsystems Inc. (Buffalo Grove, IL).

Assessment of Liver Enzymes, Creatinine, Blood Urea
Nitrogen, and Creatine Kinase

Serum alanine aminotransferase, aspartate aminotrans-
ferase, alkaline phosphatase, creatinine, blood urea nitro-
gen, and creatine kinase were measured using the IDEXX
Catalyst One instrument from IDEXX Laboratories, Inc.
(Houston, TX).

Assessment of Cholangiocyte-Mediated Activation of
HSCs in Culture

In vitro experiments were run with mouse cholangiocytes and
human LX-2 cells purchased from ATCC (Manassas, VA). The
cells were grown according to the instructions from ATCC. In
GalRI knockdown experiments, the expression of GalRI
mRNA was silenced in cholangiocytes by transfecting the cells
with mouse GalRI-specific siRNA from OriGene (Rockville,
MD), using Lipofectamine 2000 Reagent from Thermo Fisher
Scientific (Waltham, MA), according to the manufacturer’s
instructions. Cholangiocytes or LX-2 cells were treated with
the GalR1 and GalR2 agonists (Gal, 100 nmol/L; M617, 10
nmol/L; AR-M, 10 nmol/L; M871, 100 nmol/L; M40, 10 nmol/
L) for 24 hours. After 24 hours, the conditioned media from
cholangiocytes were used to treat a subset of LX-2 cells to
determine the cross talk between cholangiocytes and LX-2 cells
in HSC activation. The effect of GalR1 and GalR?2 agonists and
antagonists on LX-2 cell activation was tested by measuring
changes in a-SMA and Coll Al expression by qPCR and IF
confocal microscopy. For IF, LX-2 cells grown on coverslips
inside 6-well plates were fixed with 4% paraformaldehyde and
blocked with 4% bovine serum albumin in PBS supplemented
with 0.5% Tween 20, followed by incubation with 2 to 5 pg/mL
primary antibody in PBS supplemented with 0.5% Tween 20
overnight at 4°C and subsequent labeling with Cy3-conjugated
secondary antibody incubation for 1 hour at room temperature.
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After washings, coverslips were mounted in prolong Gold
Antifade Mounting media with DAPI from Thermo Fisher
Scientific (Waltham, MA).

Statistical Analysis

Quantifications by qPCR, enzyme-linked immunosorbent assay,
and image analysis were analyzed by calculating the average and
SEM of three replicates for each group of tested animals. The
number of animals (72) used for each treatment or as controls was
four to five, and is specified in Results for each experiment. The
statistical difference was calculated by using the #-test, and was
considered significant when P < 0.05. When multiple groups of
animals were compared, the two-way analysis of variance, fol-
lowed by an appropriate post-hoc test with GraphPad Prism
software version 6.0 (San Diego, CA), was used.

Results

Time Course of Gal Expression in the Liver of Mdr2K0
Mice Positively Correlates with (K19 Expression

Gal and CK19 mRNA expression were assessed in livers of
male and female FVBN and Mdr2KO mice from 1 week to
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4 months of age. Gal mRNA was more abundant in
Mdr2KO mice than in FVBN controls at all time points
tested, and the highest levels were detected at the age of 2
months for male and female Mdr2KO mice (Figure 1A). In
both FVBN and Mdr2KO mice, Gal mRNA increased with
age up to 2 months, then regressed at 4 months. Interest-
ingly, when the mRNA of CK79 was assessed in the same
liver samples, a similar pattern of expression was found
(Figure 1B). There was a slow and minimal increase of
CK19 mRNA in FVBN mice over time, up to 2 months, and
a regression afterward, with no sex-related differences. In
Mdr2KO mice, CK19 expression was greater than in FVBN
mice at every tested time point, and it followed the same
pattern as in FVBN mice, increasing up to 2 months and
then decreasing by 4 months of age. For both Gal and
CK19, the mRNA expression was significantly higher in
females than in males at 2 months of age. Because Mdr2KO
mice have been characterized with a period of biliary hy-
perplasia, followed by ductopenia, the expression of Gal
and CK19 was correlated in livers of FVBN and Mdr2KO
mice (Figure 1C). A positive correlation was found between
Gal and CKI19 expression regardless of genotype, age, or
sex, with a correlation coefficient of 0.8545. To confirm
these data, Gal peptide concentration was assayed in the
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Figure 1  Time course of Gal and cytokeratin 19 (CK19) expression in the liver of Mdr2KO versus FVBN mice. A and B: mRNAs of Gal (A) and CK19 marker

of cholangiocytes (B) were assessed by real-time quantitative PCR in liver of male and female FVBN and Mdr2KO mice from 1 week to 4 months of age. C:
Linear correlation plot of CK19 mRNA versus Gal mRNA in FVBN and Mdr2KO mice at 1 week to 4 months of age. D: Galanin concentration in liver of FVBN
and Mdr2KO mice, at 1 week, 1 month, 2 months, and 4 months of age. E: Galanin immunohistochemistry (IHC) in the liver of 2-month—old male and
female FVBN and Mdr2KO mice. Black arrows indicate small bile ducts; blue arrows, large bile ducts. F: Bar plot of Gal expression measured as area
percentage of stained pixels in IHC images of Galin E. n = 4 (A, B, D and F). *P < 0.05 1, 2, and 4 months versus 1 week; TP < 0.05 Mdr2KO versus FVBN;

P < 0.05 female versus males. Scale bar = 100 um (E).
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liver of male and female FVBN and Mdr2KO mice
(Figure 1D). The peptide was not detected in liver from
1-week—old mice, but it reached levels of 1 to 16 pg/ng
protein in older mice, with the highest concentrations
observed in 2-month—old Mdr2KO mice. At all tested time
points, Gal concentration in the liver was greater in
Mdr2KO mice than in FVBN controls, indicating a signif-
icant increase in hepatic Gal associated with cholestasis in
Mdr2KO mice. Galanin assay by IHC demonstrated a
remarkable increase in Gal-specific staining in Mdr2KO
mice compared with FVBN mice (Figure 1E), with immu-
noreactivity found predominantly in cholangiocytes. Image
analysis of Gal IHC staining confirmed a significant in-
crease in Gal in liver of Mdr2KO mice compared with
FVBN mice (Figure 1F).

Distribution of Gal and Its Receptors GalR1 and GalR2
in Hepatic Cells

Because Gal is commonly considered to be synthesized
exclusively in central or peripheral parts of the nervous
system, and the notion of Gal being produced in liver cells is
new,2I Gal mRNA expression was studied in chol-
angiocytes, HSCs, and hepatocytes by dissecting CK19-,
desmin-, and CK8-positive cells, respectively, using laser-
capture microdissection. The ACt values (which is defined
as the Ct value of the target gene minus the Ct value of the
housekeeping gene) of Gal, GalRI, and GalR2 versus
B-actin, shown in Supplemental Table S1, suggest that
cholangiocytes expressed GalR1 > Gal >> GalR2, whereas
hepatocytes and HSCs expressed GalR2 >> Gal or GalR1.
The fold change values of the mRNAs of these genes were
also calculated (Figure 2), indicating that Ga/lRI mRNA is
expressed mostly in cholangiocytes, whereas GalR2 mRNA
is predominantly expressed in hepatocytes and HSCs
(Figure 2).

The distribution of Gal in various types of cells within the
liver was also investigated by IF and confocal microscopy
(Figure 3). Galanin was more abundant in liver of male and
female Mdr2KO mice than in FVBN controls (Figure 3).
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Colocalization of Gal with CK19 indicated that Gal was
present in the cholangiocytes (Figure 3A). In Mdr2KO
mice, Gal also colocalized with desmin, a marker of HSCs
(Figure 3B), and with CK8 marker of hepatocytes
(Figure 3C), demonstrating that Gal is associated with these
cells, which had been shown to express Gal receptors by
laser-capture microdissection (Figure 2).

GalR1 Vivo-Morpholino Treatment of Mdr2K0 Mice
Reduces IBDM and Liver Fibrosis

To further explore the function of GalR1 in hepatic chole-
stasis, FVBN and Mdr2KO mice were administered GalRI-
specific vivo-morpholino sequences to reduce expression of
this particular Gal receptor, which is expressed in intra-
hepatic cholangiocytes. The IBDM was then assessed by
gPCR (Supplemental Figure S1A) and IHC of chol-
angiocyte marker CK19 (Figure 4, A and B). Both GalRI
vivo-morpholino sequences significantly reduced CKI19
mRNA and CKI19 protein in male and female Mdr2KO
mice compared with mismatch vivo-morpholino—treated
mice (Supplemental Figure SIA and Figure 4, A and B).
The proliferating cell nuclear antigen (PCNA) marker of cell
proliferation was significantly reduced in Mdr2KO mice
treated with GalRI-specific vivo-morpholino compared with
Mdr2KO mice treated with the mismatch control sequence
(Supplemental Figure S1B).

At the mRNA level, the expression of fibrosis markers
a-SMA, CollAl, MMP2, and TIMP1 was down-regulated
in male and female Mdr2KO mice treated with GalR1-
specific vivo-morpholino, compared with mismatch-treated
controls (Supplemental Figure S1, C—F). However, the
inhibitory effect of GalR1 vivo-morpholino sequences was
smaller for a-SMA and CollAl fibrotic markers than for
CK19 and PCNA markers of cholangiocyte proliferation
(Supplemental Figure S1). The protein expression of desmin
(Figure 4, C and D), a-SMA (Figure 4, E and F), and col-
lagens I and III (Figure 4, G and H) was also measured and
indicated a significant decrease of these fibrotic markers in
Mdr2KO mice treated with GalR1 vivo-morpholino
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Figure 2  Expression of Gal and its receptors GalR1 and GalR2 in cholangiocytes, hepatic stellate cells (HSCs), and hepatocytes in liver of FVBN and Mdr2K0
mice by laser-capture microdissection (LCM). Liver sections from male and female FVBN and Mdr2K0 mice, 2 months of age, were processed by LCM. A: Relative
expression of Gal mRNA in cytokeratin (CK) 19—immunolabeled cholangiocytes, CK8-immunolabeled hepatocytes, and desmin-immunolabeled HSCs. B:
Relative expression of GalRZ1 mRNA in CK19-, CK8-, and desmin-immunolabeled cells. C: Relative expression of GalR2 mRNA in CK19-, CK8-, and desmin-
immunolabeled cells. n = 4 (A—C). *P < 0.05 Mdr2KO0 versus FVBN; TP < 0.05 CK8 or desmin versus CK19.
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compared with mismatch-treated mice. Desmin was found
to be the least affected by GalRl vivo-morpholinos
(Figure 4D). These data support that the effect of GalR1
vivo-morpholino sequences were smaller for fibrosis
markers than for cholangiocyte markers, suggesting that
GalR1 is critical in Gal-induced biliary hyperplasia and, to a
lesser extent, in Gal-induced fibrogenesis.

GalR2-Specific Antagonist M871 Alleviates Liver
Fibrosis in Mdr2K0 Mice without Changing IBDM

To assess the role of GalR2 in Gal-induced cholangiocyte
proliferation, male and female Mdr2KO and FVBN mice
were treated with vehicle or M871, a GalR2-specific
antagonist. The data indicate that M871 did not affect
CK19 or PCNA mRNA expression in male or female

The American Journal of Pathology m ajp.amjpathol.org
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Figure 3  Colocalization of Gal with markers of
cholangiocytes, hepatic stellate cells (HSCs), and
hepatocytes in liver of FVBN and Mdr2KO mice.
Liver sections from 2-month—old FVBN and
Mdr2KO mice were immunolabeled and imaged by
confocal microscopy to determine Gal distribution
in cholangiocytes [cytokeratin (CK) 19; A], HSCs
(desmin; B), or hepatocytes (CK8; C). Galanin is
shown in red; CK19, CK8, and desmin are in green;
and the overlapping pixels are shown in yellow.
Arrows point to cells that express both Gal and
the respective, specific cell marker. Scale bars =
100 pm (A—C).

Mdr2KO mice (Supplemental Figure S2, A and B). The
same results were obtained when assessing CK19 protein
expression (Figure 5, A and B).

a-SMA, CollAl, MMP2, and TIMPI mRNAs were
down-regulated in Mdr2KO mice treated with MS871
(Supplemental Figure S2, C—F). At protein level, desmin
was significantly decreased in Mdr2KO mice as a result of
treatment with GalR2 antagonist M871 (Figure 5, C and D).
The assessment of a-SMA (Figure 5, E and F), and of
collagen types I and III by Sirius Red staining (Figure 5, G
and H), confirmed that M871 was able to reduce hepatic
fibrosis in Mdr2KO mice. The results indicate that inhibition
of GalR2 is conducive to a significant reduction of hepatic
fibrosis markers in Mdr2KO mice compared with mice
treated with vehicle only, while not having any effect on
biliary hyperplasia.
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An Antagonist of Both GalR1 and GalR2 Reduces
Cholangiocyte Proliferation and Hepatic Fibrosis in
Mdr2KO Mice

M40, a non-specific antagonist of GalR1 and GalR2, was used
to test the role of these receptors on Gal-induced biliary hy-
perplasia and hepatic fibrosis. M40 treatment caused a sig-
nificant down-regulation of CK19 and PCNA mRNAs in
Mdr2KO mice (Supplemental Figure S3, A and B). Further
experiments to determine changes in CK19 protein expression
showed that treatment with M40 resulted in strong reduction
of IBDM in Mdr2KO mice (Figure 6, A and B) when
compared with Mdr2KO mice treated with vehicle.

Expression of fibrogenesis markers, including o-SMA,
CollAl, MMP2, and TIMPI, at mRNA level was also
down-regulated in Mdr2KO mice treated with M40
(Supplemental Figure S3, C—F). Protein expression of
fibrosis-related genes, including desmin (Figure 6, C and
D), a-SMA (Figure 6, E and F), and collagens I and III
(Figure 6, G and H), confirmed that M40 treatment of
Mdr2KO mice resulted in a significant reduction of hepatic
fibrosis. The results indicated that M40 decreased both
cholangiocyte proliferation and hepatic fibrogenesis in
Mdr2KO mice.

Antagonists of Gal Receptors Reduce Systemic Gal and
Liver Enzymes in Mdr2K0 Mice

Serum concentrations of Gal were measured in FVBN and
Mdr2KO mice that had been treated with M871 or M40
versus vehicle only (Figure 7). The results suggest that
these antagonists of Gal receptors caused a modest but
significant alleviation of the abnormally high levels of Gal
in Mdr2KO mice. All tested liver enzymes were elevated
in Mdr2KO mice compared with FVBN controls
(Supplemental Table S2). However, alanine aminotrans-
ferase, aspartate aminotransferase, and ALPK were
reduced in Mdr2KO mice treated with GalR1 vivo-
morpholino, M871, or M40, compared with vehicle-
treated Mdr2KO mice.

Nonhepatic Effects of Gal Receptor Antagonists in
FVBN and Mdr2KO Mice

To investigate possible adverse effects of GalR antagonists
on vital organs other than the liver, blood biomarkers of the
heart (creatine kinase) and kidneys (creatinine and blood

urea nitrogen) were assessed in FVBN and Mdr2KO mice
when treated with GalR1 vivo-morpholino, M871, and
M40, compared with vehicle-treated mice. The suppression
of Gal receptors had no effects on the heart or kidneys
(Supplemental Table S3).

Effect of Galanin on IBDM and Hepatic Fibrosis

Mdr2KO and FVBN mice treated with vehicle or Gal were
tested for the expression of CK19 (Supplemental Figure S4)
and fibrosis (Supplemental Figure S5) at mRNA and protein
level. In Mdr2KO mice, Gal increased IBDM slightly in
males but not in females, whereas a significant increase in
CK19 mRNA and protein was detected in all FVBN mice
treated with Gal over nontreated controls (Supplemental
Figure S4). Similarly, fibrosis biomarkers ao-SMA,
CollA1l, MMP2, and TIMP1 were increased more in FVBN
than in Mdr2KO mice by Gal treatment (Supplemental
Figure S5). Galanin differentially affected the expression
of various genes involved in fibrosis progression. Thus, it
increased desmin and o-SMA in FVBN mice only while it
stimulated expression of collagens I and III, in both FVBN
and Mdr2KO mice.

GalR1 Expression in Cholangiocytes in Vitro Is Essential
for Gal-Induced Activation of HSCs

Mouse cholangiocytes were transfected with two sequences
of GalR1-specific siRNA, and the reduction of GalR1
expression in these cells was successful, as confirmed by
GalR1 gqPCR (Figure 8A).

LX-2 cells were incubated with conditioned media from
cholangiocytes in which GalR1 was knocked down, versus
negative control (cholangiocytes transfected with scramble-
siRNA), in the absence or presence of agonists specific to
GalR1 (M617), GalR2 (AR-M), or both (Gal); the activation
of LX-2 HSCs was then measured by qPCR for a-SMA and
Coll Al (Figure 8, B and C). Both fibrosis markers were up-
regulated by Gal and M617 but not AR-M in positive
controls (ie, LX-2 cells treated with media from non-
transfected cholangiocytes or from cholangiocytes trans-
fected with scramble-siRNA). However, there was no
increase in o-SMA and CollAl mRNAs in LX-2 cells
incubated with media from cholangiocytes transfected with
GalR1 siRNAs and stimulated with Gal, M617, or AR-M
treatments (Figure 8, B and C). These results suggest that
activation of LX-2 cells with cholangiocyte-conditioned

Figure 4

Knockdown of GalR1 with vivo-morpholino reduces intrahepatic biliary duct mass (IBDM) in Mdr2KO mice. Two-month—old male and female

Mdr2KO mice and FVBN controls were treated with GalR1 vivo-morpholino sequence 1 (GalR1-seql) or 2 (GalR1-seq2), or with mismatched negative control
sequence (MM), and tested for IBDM hyperplasia and hepatic fibrosis markers, by immunohistochemistry (IHC). A: Representative images of cytokeratin (CK)
19 THC in livers of mice treated with MM, GalR1-seq1, and GalR1-seq2. B: Quantification of CK19 IHC by image analysis. C: Images of desmin IHC in liver from
FVBN and Mdr2KO mice treated with vivo morpholino sequences. D: Quantification of desmin expression. E: Representative images of a-smooth muscle actin
(-SMA) THC. F: Quantification of a-SMA expression by image analysis. G: Representative images of Sirius Red staining of liver sections from mice treated with
vivo-morpholinos for GalR1 or MM. H: Quantifications of Sirius Red staining of collagen I and II from imagesin G. n = 4 (B, D, F and H). *P < 0.05 GalR1 vivo-
morpholino versus MM; TP < 0.05 Mdr2K0 versus FVBN; *P < 0.05 male versus female. Scale bars: 100 um (A, C, and G); 50 um (E).
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Figure 5  GalR2 antagonist M871 alleviates hepatic fibrosis in Mdr2KO mice. Two-month—old male and female Mdr2KO and FVBN mice were treated with
M871, a GalR2-specific antagonist, and tested for intrahepatic biliary duct mass hyperplasia and hepatic fibrosis markers. A: Representative images of
cytokeratin (CK) 19 immunohistochemistry (IHC). B: Quantification of CK19 protein by image analysis. C: Representative images of desmin IHC. D: Quanti-
fication of desmin. E: Images of a-smooth muscle actin (a-SMA) IHC. F: Quantification of a-SMA by image analysis. G: Representative images of Sirius
Red—stained collagen I and III. H: Image analysis and quantification of Sirius Red percentage area in liver sections from mice treated with vehicle (Veh) or
M871.n = 4 (B, D, Fand H). *P < 0.05 M871 versus vehicle; P < 0.05 Mdr2KO versus FVBN; *P < 0.05 male versus female. Scale bars: 100 um (A, C, and G);

50 um (E).
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Galanin receptor pan-antagonist M40 reduces biliary hyperplasia and hepatic fibrosis in Mdr2KO mice. Two-month—old male and female Mdr2K0

and FVBN mice were treated with M40, a non-specific antagonist of GalR1 and GalR2, and tested for intrahepatic biliary duct mass hyperplasia and hepatic
fibrosis markers. A: Representative images of cytokeratin (CK) 19 immunohistochemistry (IHC). B: Quantification of CK19 by image analysis. C: Images of
desmin IHC in mice treated with vehicle (Veh) or M40. D: Quantification of desmin staining. E: IHC images of a-smooth muscle actin (a-SMA) in liver of mice
treated with vehicle or M40. F: Quantification of a-SMA expression based on image analysis. G: Images of Sirius Red staining of collagen I and III in liver of
mice treated with vehicle or M40. H: Quantification of Sirius Red—stained collagen I and III in liver of mice treated with vehicle or M40. n = 4 (B, D, F and H).

*P < 0.05 M40 versus vehicle; P < 0.05 Mdr2KO versus FVBN; P < 0.05 male versus female. Scale bars =
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media is possible only when GalR1 is functional in
cholangiocytes.

GalR2 Is Critical for LX-2 Cell Activation by Gal Directly
or via Cholangiocyte-Conditioned Media

The role of GalR2 was investigated in the activation of LX-
2 cells when stimulated directly or through conditioned
media, via cholangiocytes treated with Gal or specific ago-
nists of GalR1 and GalR2 (Figure 9). Thus, a-SMA and
CollAl were assessed in LX-2 cells that were treated with
vehicle, Gal, GalR1 agonist M617, or GalR2-specific
agonist AR-M directly or via cholangiocyte-conditioned
media. Both markers were up-regulated by Gal and
GalR2-specific agonist when incubated directly with these
peptides compared with LX-2 cells treated with vehicle
(Figure 9, A and B). However, a-SMA and CollA1l were
up-regulated in LX-2 cells when incubated with media from
cholangiocytes stimulated by Gal and GalR1-specific
agonist M617 but not by GalR2-specific agonist AR-M
(Figure 9, A and B).

In another set of experiments, LX-2 cells were incubated
with conditioned media from cholangiocytes treated with
GalR2-specific antagonist M871, versus vehicle as negative
control, then tested for o-SMA and CollAl mRNA
expression (Figure 9, C and D). The data demonstrated that
stimulation of cholangiocytes by Gal was insufficient for
further activation of LX-2 cells when GalR2 was blocked in
LX-2 cells by M871 antagonist. The up-regulation of o-
SMA mRNA in LX-2 cells, when treated with Gal in the
absence or presence of GalR2 antagonist M871 directly or
via cholangiocyte-conditioned media, was tested at protein
level by IF (Figure 9, E and F). a-SMA expression was
increased when LX-2 cells were incubated with Gal or with
media from Gal-treated cholangiocytes. In contrast, in the
presence of M871, Gal did not induce a-SMA expression in
LX-2 cells directly or via cholangiocyte-conditioned media.
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Finally, the effect of M40, a non-specific antagonist of
both GalR1 and GalR2, was tested on cholangiocyte-
mediated activation of LX-2 cells (Figure 10). None of the
GalR1 or GalR2 agonists was able to induce up-regulation
of a-SMA or CollAl when LX-2 cells were treated with
M40 (Figure 10A) or with conditioned media from chol-
angiocytes treated with M40 (Figure 10B).

Discussion

The role of Gal and its receptors GalR1 and GalR2, in
modulating biliary hyperplasia and fibrogenesis, was
investigated. The Mdr2KO mouse is an established experi-
mental model to study hepatic inflammation and cholestasis,
and is widely used to investigate the initiation and pro-
gression of cholestasis.”"”” When assessing the time course
of Gal mRNA expression, at all tested time points, the
expression of Gal in the liver was significantly greater in
Mdr2KO mice than in FVBN controls. Interestingly, there
was a strong correlation between Gal and CK19 expression,
suggesting that Gal has a role in the neuroendocrine regu-
lation of cholangiocyte proliferation in hepatic cholestasis.
These results confirm previously published data demon-
strating that Gal induces cholangiocyte proliferation in bile
duct—ligated rats.”' In Mdr2KO mice, which expressed an
abnormally high level of Gal, the treatment with exogenous
Gal added only a small increase in cholangiocyte prolifer-
ation and fibrogenesis. However, when Gal receptors GalR1
and GalR2 were blocked with specific vivo-morpholino
sequences or antagonists, a robust reduction of biliary hy-
perplasia was observed in Mdr2KO mice. GalR1 suppres-
sion with vivo-morpholino sequences strongly inhibited
cholangiocyte proliferation, while only slightly reducing
fibrogenesis markers. A GalR2-specific antagonist caused a
significant reduction in the expression of hepatic fibrosis
markers while having no effect on cholangiocyte prolifera-
tion in Mdr2KO mice. A Gal receptor pan-antagonist was
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able to inhibit both biliary hyperplasia and fibrosis in
Mdr2KO mice. These results suggest that Gal has multiple
functions in the liver, acting through GalR1 and GalR2 re-
ceptors that mediate different signaling pathways in chol-
angiocytes and HSCs.

The distribution of Gal in various types of cells in the
liver of FVBN and Mdr2KO mice was also investigated in
this study. Gal mRNA was detected in cholangiocytes but
not in HSCs or hepatocytes, suggesting that cholangiocytes
are able to synthetize Gal locally, in addition to the sym-
pathetic nerves in the liver. These results are consistent with
published data showing that the liver releases significant
amounts of the peptide during sympathetic activation.”
Several studies demonstrated that cholangiocytes acquire
neuroendocrine features in hepatic cholestasis and other
liver diseases.”® During pathologies related to liver injuries,
cholangiocytes start proliferating in an atypical manner and
express neuroendocrine factors, such as serotonin,”’
endogenous opioid peptides,”® and somatostatin.”’ Our
present results indicate that Gal is produced in chol-
angiocytes of Mdr2KO mice, and are in line with previous
data from bile duct—ligated rats.”’
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Figure 8  GalR1 is essential for cholangiocytes
to mediate LX-2 cell activation by autocrine and
paracrine processes. Two different sequences of
siRNAs specific for GalR1 (siRNA_1 and siRNA_2)
were used to transfect mouse cholangiocytes,
versus negative control (scramble siRNA, siR-
NA_scr). A: GalR1 mRNA relative expression in
cholangiocytes transfected with sequence (seq)-1
and seq-2 versus nontransfected cholangiocytes or
cholangiocytes transfected with siRNA_scr. B and
C: Changes in mRNA expression of a-smooth
muscle actin (2-SMA; B) and Col1A1 (C) in LX-2
cells when incubated with conditioned media
from nontransfected cholangiocytes (Ch-med),
cholangiocytes  transfected  with  siRNA_scr
(Ch+scr),  cholangiocytes  transfected  with
siRNA_1 (Ch+sil), or siRNA_2 (Ch+si2) , plus
vehicle, Gal, M617, or AR-M. n = 4 (A-C).
*P < 0.05 Gal/M617/AR-M versus vehicle.

LX2 + (Ch+si2)

LX2 + (Ch+si2)

The cellular distribution of Gal receptors GalR1 and
GalR2 in the liver, in Mdr2KO and FVBN mice, was also
studied by laser-capture microdissection, which indicated
that cholangiocytes expressed almost exclusively GalRlI,
confirming previously published results from bile
duct—ligated rats.”" In contrast, the HSCs and hepatocytes
expressed mainly GalR2. Interestingly, GalRI mRNA was
greater in cholangiocytes from Mdr2KO mice compared with
cholangiocytes from FVBN control mice, which is consistent
with a larger IBDM in Mdr2KO mice versus FVBN mice.

A possible coordination of GalR1 and GalR2 activation in
cholangiocytes and HSCs, in the process of Gal-stimulated
fibrogenesis, was investigated by in vitro experiments; and
it was concluded that Gal stimulates proliferation of
cholangiocytes via GalR1 and enhances HSC activation via
GalR2. In cholangiocytes, Gal induced cell proliferation by a
signal transduction pathway involving extracellular signal-
regulated kinase 1/2, ribosomal S6 kinase 1, and cAMP
responsive element binding protein activation.”’ The mo-
lecular mechanisms of Gal-induced activation of HSCs are
still to be explored. Our findings related to GalR2 being the
main Gal receptor expressed in HSCs in vivo are in
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GalR1 agonist M617, or GalR2 agonist AR-M, or with conditioned media from cholangiocytes incubated with vehicle, Gal, M617, or AR-M. A and B: Then, a-smooth
muscle actin (a-SMA; A) and Col1A1 (B) mRNA expression was measured. X represents vehicle, Gal, Gal R1 agonist, or GalR2 agonist. Cand D: In parallel, a-SMA (C) and
Col1A1 (D) mRNAs were quantified in LX-2 cells that were treated with cholangiocyte-conditioned media when cholangiocytes were incubated with vehicle or GalR2
antagonist M871. E: Immunofluorescence (IF) assay of a-SMA in LX-2 cells when treated with vehicle, Gal, GalR2 antagonist M871, or Gal 4+ M871. F: IF assay of a.-SMA
in LX-2 cells when treated with conditioned media from cholangiocytes incubated with vehicle, Gal, M871, or Gal + M871. n = 4 (A—D). *P < 0.05 cholangiocytes
incubated with Gal versus cholangiocytes treated with vehicle; /P < 0.05 Gal, M617, Ar-M, and M871 versus vehicle. Scale bars = 50 pm (E and F). Ch-med, chol-

angiocytes in basal medium; Ch-med and X, cholangiocytes in medium plus X.

agreement with a study made by He et al,”” using HSC T6
cell line in vitro. However, unlike the results obtained with
T6 cell line where GalR?2 activation was antifibrotic, the data
from both in vivo and in vitro experiments indicate that
GalR2 in HSCs contributes to Gal-induced fibrogenesis.
The data from in vivo and in vitro experiments suggest
that cholangiocytes produce and secrete more Gal among
other factors, with autocrine and paracrine effects,
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depending on the nature of Gal receptors of the surrounding
cells. Thus, cholangiocytes treated with GalR1-specific ag-
onists are able to condition their culture medium so that it
induces activation of HSCs via GalR2. We demonstrate that
functional GalR1 in cholangiocytes is essential for an in-
direct activation of HSCs via cholangiocyte-conditioned
culture medium. GalR2 in the HSCs is also critical, and
GalR2 has to be functional for HSCs to be activated via
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Figure 10 Pan-antagonist M40 inhibits LX-2 cell activation when

delivered directly or via cholangiocytes (Ch). a-Smooth muscle actin (a-
SMA; A) and Col1A1 (B) mRNA expression in LX-2 cells when treated with
agonist X in the absence or presence of pan-antagonist M40 (LX-2 cells 4+ X
=+ M40), or with media from cholangiocytes preincubated with agonist X +
M40 [LX-2 cells + (Ch + X + M40)], where X = Gal, M617, or AR-M. n = 4
(A and B). *P < 0.05 Gal, M617, Ar-M, and M871 versus vehicle; P < 0.05
M40 versus absence of M40. Ch-med, Cholangiocytes in basal medium.

cholangiocyte-conditioned medium. In hepatic cholestasis,
this study shows that Gal is abnormally increased in the
liver of Mdr2KO mice compared with FVBN controls. One
mechanism by which Gal is increased in cholestatic mice
may be explained by an enhanced pituitary secretion of Gal
in response to strong reduction of corticosterone caused by
hepatic fibrosis. In Mdr2KO mice, the hypothalamus-
pituitary-adrenal axis was suppressed, resulting in lower
than normal levels of corticosterone.”’ According to other
reports, in adrenalectomized rats, Gal-immunoreactive nerve
fibers in the anterior pituitary gland were increased and
presented more frequent ramifications.’” It was also
demonstrated that Gal, as a neuropeptide involved in the
regulation of growth axis, is negatively modulated by glu-
cocorticoids (GCs).”*** Thus, dexamethasone significantly
decreased somatic growth of male adult rats, while it
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decreased Gal mRNA level in the hypothalamus and pitu-
itary gland, suggesting a cross talk and opposite actions of
Gal and GC in regulating pituitary growth hormone pro-
duction.®® In contrast, Gal was shown to stimulate GC
production. Several studies on the molecular mechanisms
underlying the neuroendocrine regulation of the
hypothalamus-pituitary-adrenal axis demonstrated that Gal
stimulated GC secretion in vivo through a receptor-
dependent activation of the adenylate cyclase/protein
kinase A—mediated pathway.” Studies on rat inner adre-
nocortical cells, which were shown to express GalR1 and
GalR2 but not GalR3 receptor, indicated that Gal stimulated
corticosterone secretion via these two receptor subtypes that
were coupled to the adenylate cyclase/protein kinase
A—dependent pathway.’*” However, despite increased Gal
in the case of cholestatic disease, there is an impairment of
GC production in the adrenals due to multiple and complex
factors involved in the disease, including the dysregulation
of hypothalamus-pituitary-adrenal axis by bile acids.”® "’ In
a normal, healthy liver, a fine-tuned balance between neural/
pituitary Gal secretion and GC production in the adrenals
maintains the optimal neuroendocrine homeostasis. In the
cholestatic liver, though, although Gal is produced in excess
to compensate for the lack of GC, adverse effects of
excessive Gal affect the liver in a negative way. Excessive
and chronic Gal secretion results in increased hepatic Gal,
causing cholangiocyte proliferation, activation of HSCs, and
increased hepatic fibrogenesis.

Our data show that Gal receptor inhibitors M871 and
M40 cause a decrease in the systemic level of Gal and
especially in the liver in Mdr2KO mice, suggesting that
these antagonists could be used for reducing the negative
effects of excessive Gal in cholestatic liver injury. However,
Gal is a neuropeptide with roles in neuroendocrine regula-
tion of a diverse array of central and peripheral organs. The
administration of GalR antagonists may affect the normal
functioning of other organs than the liver, which exhibit Gal
receptors. When creatinine, blood urea nitrogen, and crea-
tine kinase were tested in FVBN and Mdr2KO mice treated
with M871 and M40, there were no adverse effects on the
kidneys or heart (Supplemental Table S3). Interestingly,
according to studies on the effects of M40 antagonist on the
heart function, it was found that M40 improved cardiac
function of contraction and attenuated cardiac fibrosis in a
rodent model of heart failure.”’

As reported previously, in the Mdr2KO mouse model of
cholestatic liver injury, there are sex-related differences in
regard to the extent of biliary hyperplasia and hepatic
fibrosis, with females tending to have more pronounced
injuries than males.”’ Treatments with anti-inflammatory
GC were more effective in male compared with female
Mdr2KO mice.”" In the present study on the effects of Gal
and GalR antagonists on cholestasis in the Mdr2KO model,
only few and small sex-related differences were found.
Thus, Gal increased desmin expression in females more than
in male FVBN and Mdr2KO mice. GalR1 vivo-morpholino
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reduced CK19 with stronger effect in male than in female
Mdr2KO mice. GalR2 antagonist M871 decreased a-SMA
expression more so in males than females. The pan-
antagonist M40 reduced CK19 more effectively in males
than females; however, it had equal inhibitory effect on
fibrosis in males and females. The overall conclusion is that
Gal receptor inhibitors alleviated hepatic fibrosis more
effectively in males than in females. This is consistent with
published reports indicating that the Gal gene is strongly up-
regulated by estrogen and fluctuates during the estrous in the
rat, according to the circulating level of Gal."*** Interest-
ingly, our results show Gal peptide being more concentrated
in the liver of female than male Mdr2KO mice, which also
may explain why M871 and M40 antagonists were less
effective at reducing ductular reaction and fibrosis in fe-
males than in males.

Galanin-like peptide, although not a product of the Gal
gene, has been described as a putative endogenous ligand of
GalR2.”** The preliminary data on possible roles of
galanin-like peptide in cholestasis indicated there were no
significant changes in serum concentration of galanin-like
peptide in bile duct—ligated rat or mouse models, whereas
Gal was significantly increased. Therefore, our studies,
including the present one in the Mdr2KO mouse model of
cholestasis, have focused on Gal.”!

In this project, we studied the effects of Gal receptor
agonists and antagonists on the extent of biliary hyperplasia
and fibrosis in Mdr2ZKO mice. However, it is well known
that Gal modulates a multitude of physiological functions,
from metabolic and osmotic homeostasis to feeding
behavior, nociception, and cognition.45 ~47 GalR1 has been
linked to modulatory actions on neurotransmission and
nociception, anxiety, and reward behavior, whereas GalR2,
with wider expression in central nervous system, is involved
in neurotransmission of affective behavior, as well as neu-
rogenesis and neuronal survival in general.”*® Future ap-
proaches to use Gal receptor antagonists for treating hepatic
cholestasis will have to consider means of confining the
delivery of these peptides within the liver rather than sys-
temically. Although the effects of Gal and galanin-like
peptide on various neurologic functions have been estab-
lished, possible negative effects of GalR1 and GalR2 an-
tagonists within the nervous system are still to be
investigated.

In conclusion, this study demonstrates that inhibitors of
GalR1 and GalR2 receptors reduced cholangiocyte prolif-
eration and hepatic fibrosis markers in Mdr2KO mice.
Future experiments are warranted in which both issues of
Gal excess and lack of GC should be addressed, as means
for a better management of hepatic cholestasis and cirrhosis.
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