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Somatostatin (SST) is a regulatory peptide that activates G protein-coupled receptors comprised of five
members (somatostatin receptors (SSTRs) 1–5). Despite the broad use of SST and its analogs in clinical
practice, the spectrum of SST activities has been incompletely defined. Recently, it has been demonstrated that
SST can be a chemoattractant for hematopoietic precursor cells. Since hepatic oval cells (HOCs) share common
characteristics with hematopoietic stem cells, we hypothesized that SST could act as a chemoattractant for
HOCs by stimulating SSTRs. Reverse transcriptase-polymerase chain reaction (RT-PCR) and Western blot
assay revealed an increased expression of SST in the 2-acetyl-aminofluorene (2AAF)/partial hepatectomy (PHx)
HOC induction model. Immunohistochemical staining showed the expression of SST in 2AAF/PHx-treated rat
liver, as compared to normal liver. Proliferation and migration assays demonstrated that the increase of SST
was related to migration of HOCs, but not their proliferation. RT-PCR and quantitative real-time PCR showed
that SSTR4 was preferentially expressed by HOCs. Western blot assay and immunohistochemical staining
confirmed the expression of SSTR4 by HOCs. In addition, pretreatment with anti-SSTR4 antibody cultures
resulted in a dramatic reduction of cell migration as compared to that of control. Lastly, SST stimulated the
rearrangement of actin filaments in HOCs, while HOCs treated with anti-SSTR4 antibody failed to do so. These
results suggest a positive role for SST in the migration of HOCs, and that this effect is mediated through SSTR4.
Laboratory Investigation (2006) 86, 477–489. doi:10.1038/labinvest.3700410; published online 13 March 2006

Keywords: somatostatin; somatostatin receptor; migration; hepatic oval cells

Hepatic oval cells (HOCs) are known to participate
in liver regeneration under certain conditions, and
are implicated in hepatic carcinogenesis.1 When
liver damage is severe, and the ability of hepatocytes
to divide and replace damaged tissue is compro-
mised, HOCs are induced to proliferate.1 Morpho-
logically, oval cells are small in size (approximately
10 mm in diameter), with a large nuclear to cyto-
plasm ratio, and an oval-shaped nucleus.2 Prolifer-
ating oval cells in both the rat and murine models
appear to radiate from the periportal region, forming

primitive ductular structures with poorly defined
lumena.3 They are similar to bile ductular epithelial
cells in their distinct isoenzyme profile, expressing
certain keratin markers (eg CK19), and gamma-
glutamyl transpeptidase (GGT). HOCs also express
high levels of alpha-fetoprotein (AFP) as well as
hematopoietic stem cell markers (ie Thy-1, CD34,
and c-Kit).4,5 In addition, several monoclonal anti-
bodies, such as OV6, OC.2, and BD1, have been
developed to aid in their identification.6–8 These
markers may be used for isolating HOCs by
fluorescence-activated cell sorting (FACS) or mag-
netic activated cell sorting (MACS).4,9 Petersen et al4

showed that, by using Thy-1 in conjunction with
FACS sorting, a 95–97% enriched population of oval
cells could be obtained.

Though oval cells do not normally participate in
the regenerative response to partial hepatectomy
(PHx) or CCl4 injury, they can be made to do so
by suppressing mature hepatocyte proliferation.
Administration of 2AAF prior to and during hepatic
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injury induced by PHx or CCl4 will block the
proliferation of hepatocytes by interfering with the
cyclin D1 pathway. Oval cell proliferation can thus
be induced in these otherwise non-oval cell-aided
regenerating models.10,11 In HOC-mediated liver
regeneration, HOCs arise from the portal tract
periphery and migrate deep into the lobular par-
enchyma. This HOC distribution suggests that HOCs
may be mobile. Based on ultrastructural studies in
rat liver, it has been proposed that HOCs migrate by
amoeboid movement with the help of pseudopo-
dia.12 Trafficking, mobilization, and homing of stem
cells are multifactorial processes that are regulated
not only by adhesion molecules and cytokines, but
also by chemotactic factors that direct transendo-
thelial migration.13

Somatostatin (SST) is a unique regulatory hor-
mone, which was first reported by Brazeau et al 14

as a hypothalamic hormone inhibiting growth
hormone (GH) secretion. SST has two biologically
active forms, SST-14 and SST-28, which are gener-
ated as C-terminal products from pro-SST. SST-14
was originally described in the hypothalamus, and
the amino-terminally extended SST-28 was dis-
covered later in the gut.15 SST-14 and SST-28 are
predominantly expressed in neurons and secretory
cells in the central and peripheral nervous systems,
gastrointestinal tract, pancreas, pituitary, kidney,
retina, and immune system.16 The major action of
this neuropeptide includes inhibition of hormone
secretion from the pituitary, the pancreas, as well as
other endocrine and exocrine secretion in a number
of various organs.17 SST has also been shown to
control the proliferation of normal and tumor cells.18

In addition, it is involved in the differentiation and
migration of thymocytes.19 These broad biological
functions are mediated by five receptor subtypes,
all of which belong to the seven a-helical trans-
membrane domain G protein-coupled receptor
(GPR) family. Somatostatin receptors (SSTRs) are
widely distributed throughout many tissues and
show different functions in various cell and tissue
types.18,20 However, studies on receptor expression
in various tumors reveal inconsistencies, which are
also observed in rat liver studies.21,22 Reynaert et al22

reported the presence of SSTRs 1–3 in activated
hepatic stellate cells in CCl4-treated rats, but not in
normal rat liver. However, Bruno et al21 provides the
observation of SSTR3 mRNA in normal rat liver.
Another study shows the expression of SSTRs 2, 3,
and 5 by activated stellate cells in Sprague–Dawley
rats.23 Therefore, inconsistent data on individual
receptor subtypes have lessened the therapeutic
potential of receptor subtype-specific or universal
analogs in oncological and certain endocrine dis-
orders.

Despite the broad use of SST and its analogs in
clinical practice, the spectrum of SST activities has
been incompletely defined. Recent evidence has
emerged that neuroendocrine-like SST-producing
cells are present at the interface between bone and

bone marrow, a location where the most primitive
hematopoietic cells reside.24 SST can act as a
chemoattractant for primitive hematopoietic pro-
genitor cells, which is mediated exclusively via
SSTR2.25 Given that HOCs share common character-
istics with hematopoietic stem cells,26 these novel
findings led to the hypothesis that SST could
possibly influence the migration of HOCs.

In the present study, the 2-acetyl-aminofluorene
(2AAF) followed by a PHx model for HOC activation
was utilized in order to show the effect of SSTon the
migration of HOCs. SST and the SSTR 1–5 expres-
sion patterns were examined via molecular and
biochemical techniques. Also, the chemotactic
ability of SST for HOCs was investigated. The
current study demonstrates that SST induces HOC
migration via SSTR4.

Materials and methods

Animals

Male F344 rats (age 6–8 weeks, weight 130–150 g)
were purchased from Charles River Laboratories and
maintained on standard laboratory chow and daily
cycles of alternating 12h of light and dark. They
were used at approximately 8–10 weeks of age and
150–180 g weight. All animal work was conduced
under protocols approved by the IACUC at the
University of Florida.

Rat Oval Cell Activation Protocol

The basic design of the 2AAF/injury models has
been described previously by Petersen et al.4 Briefly,
2AAF pellets (70mg/28 day release, 2.5mg/day)
were inserted subcutaneously 7 days prior to
surgical resection of the hepatic mass (PHx injury).
This follows protocols similar to those described by
Novikoff et al27 and Hixson et al.7 Normal rat liver
was used as a time zero-control. PHx (70%) were
induced as described by Higgins and Anderson.28

HOC Preparation

To isolate HOCs, the 2AAF/PHx oval cell activation
model was used.29 The liver was harvested at 11
days post-PHx induction and cells were isolated
via standard two-step collagenase perfusion. The
obtained cells were gradient centrifuged at 50 rpm to
isolate hepatocytes. The nonparenchymal cell (NPC)
fraction containing the HOCs was collected at
300 rpm. Isolated cells were incubated with anti-
Thy-1 FITC-conjugated antibody, followed by anti-
FITC microbeads. After incubation, cells were
positively selected using MACS sort. Cell viability
was determined to be 490%, as established by
trypan blue exclusion.30 After isolation, HOCs were
re-suspended in Iscove’s modified Dulbecco’s med-
ium (IMDM, purchased from GIBCO, Grand Island,
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NY, USA) (10% FBS, 1% insulin, 1� antibiotic–
antimycotic) for experiments.8

Immunohistochemistry

BrdU (Dakocytomatin, Carpinteria, CA, USA) stain-
ing was conducted as described by Sum et al.31 All
immunostaining was performed on HOCs, cyto-
centrifuged HOCs, or frozen liver sections using
standard staining protocols. Samples were fixed
and permeabilized, saturated, and processed for
immunostaining with primary antibodies. Anti-SST
(Santa Cruz Biotech., Santa Cruz, CA, USA), CD45
(Becton Dickinson, San Jose, CA, USA), Thy-1
(Becton Dickinson), OV6 (a kind gift from Dr Stewart
Sell), SSTR4 (Santa Cruz Biotech.), and F-actin
(Sigma-Aldrich Corp. St Louis, MO, USA) anti-
bodies were used in this procedure. Vector ABC kit
(Vector Laboratories, Burlingame, CA, USA) and
DAB reagent (Dako Comp.) were employed in the
detection procedure. For double immunofluorescent
staining, Texas red anti-goat IgG (Vector Labora-
tories) and Fluor anti-mouse IgG (Vector Labora-
tories) were used as secondary antibodies.

RT-PCR, Real-Time PCR

RT-PCR and real-time PCR were performed as
described by Bar et al.32 Oligonucleotide primers
specific for SST and SSTRs were designed with
Primer 3 software (http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi) and GenBank entries:
SST (308 bp) 50-TGG CAG AAC TGC TGT CTG AG-
30 forward, 50-TAA CGC AGG GTC TAG TTG AGC-30

reverse, SSTR1 (365 bp) 50-CAC GCA CCG CAG CCA
ACA-30 forward, 50-GGA AGC CGT AAG AGG ATG
GGG TT-30 reverse, SSTR2 (376 bp) 50-ATC ATC AAG
GTG AAG TCC TCT-30 forward, 50-GGG TCT CCG
TGG TCT CAT T-30 reverse, SSTR3 (329 bp) 50-GGG
GAG TTT CAG AAA GCA AT-30 forward, 50-TTG
GGC AAG TCA CTT CTC TC-30 reverse, SSTR4
(364 bp) 50-TCG TGG GGG TGA GGC GT AG-30

forward, 50-CAT AGA GAATCG GGT TGG CAC AG-
30 reverse, SSTR5 (388 bp) 50-CAC GGA TGT CCA
GGA GGG-30 forward, 50-GTA GAG CAG GGG GTT
GGC ACA-30 reverse. The following primers were
used for real-time PCR: SSTR4 (145 bp) 50-ATG TGT
CCC TC TCC TCA GC-30 and 50-TCT TCC TCA GCA
CCT CCA GT-30. These sequences for SSTR4 were
obtained from Bar et al.32 All PCR products were
directly sequenced for genetic confirmation using
an AmpliTaq cycle sequencing kit (PerkinElmer,
Boston, MA, USA).

Proliferation Assay

Prior to cells being placed in culture, trypan blue
exclusion assay was performed. At the time of
plating, cell viability was measured at 495%. Cells

were seeded in a six-well plate (4.5� 104 cells/well)
and grown in IMDM supplemented with 10% FBS.
After 48 h, the medium was replaced with serum-
free IMDM for 16h. The cells were subsequently
cultured with 0.5% bovine serum albumin (BSA)-
containing medium, or medium with addition of
10% FBS or SST at a concentration of 100nM. Cells
were counted after 1, 2, and 3 days, and trypan blue
dye exclusion was used as an indicator of cell
viability. All experiments were performed three
times to ensure statistical significance.

Migration Assay

Migration was assessed in Transwell culture dishes
with 5 mm pore filters (Transwell, 6.5mm diameter,
24-well cell clusters; Coring Incorporated Costar,
Coring, NY, USA) that were precoated overnight at
41C with 0.001% collagen. Cells (7.5� 104) were
suspended in IMDM (10%FBS, 1% insulin), and
were allowed to attach overnight. Unadherent cells
were removed from the top of the transwell chamber
and attached cells were re-fed in the migration
buffer (IMDM). At this time, the motility assay was
initiated by transferring the entire transwell cham-
ber to a new cluster plate well containing various
doses of SST-14 (synthesized by the Interdisciplin-
ary Center for Biotechnology Research at the Uni-
versity of Florida) (1, 10, 100, 1000 nM) in migration
buffer. After determining the optimal concentration
of SST through preliminary studies, migration
buffer containing 100nM SST was placed in the
lower chamber and plates were maintained at 371C,
5% CO2 for either 4 or 6h. In some experiments,
cells were pretreated for 30min with anti-SSTR4
antibody (5 and 10mg/ml). As a negative control,
SST was either not added to the lower chamber or
added to both lower and upper chambers. At the end
of the experiment, cells were fixed and stained as
described by Stolz et al.33 Cells that had migrated to
the bottom of the transwell filter were enumerated
by counting each transwell chamber, at � 4 magni-
fication. Each migration assay was performed a
minimum of three times.

Western Blot Assay

Whole liver tissue or HOCs were homogenized in
Triton lysis buffer (20mM Tris, pH 7.4, 137mM
NaCl, 10% glycerol, 1% Triton X-100, 2mM
EDTA, 1mM PMSF, 10mM NaF, 5 mg/ml aprotinin,
20 mM leupeptin, and 1mM sodium orthovanadate)
and centrifuged at 10 000 g for 15min. Protein
concentrations were measured using the Lowry
assay. Immunoblotting was performed using
1:500 anti-SST (sc13099, Santa Cruz Biotech.),
1:150 anti-SSTR4 (sc11620), and 1:5000 anti-b-
actin (ab6276–1000, abcom. Stockholm, Sweden)
antibodies. Immunocomplexes were detected
with horseradish-peroxidase-conjugated secondary
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antibodies. Membranes were developed by chemo-
luminescence (ECL; Amersham Bioscience, Buck-
inghamshire, UK).

Statistical Analysis

All results are expressed as the mean7s.d. Statis-
tical differences were determined by Student’s t-test.
P-values o0.05 were considered to be statistically
significant.

Results

Increased Expression of SST in the HOC
Induction Model

To examine whether SST is involved in liver
regeneration by HOCs, the 2AAF/PHx model was

employed. In this model, HOC proliferation peaks
on approximately day 9 and continues through day
13.1 Small cells with a large nuclear to cytoplasm
ratio are observed in 2AAF/PHx-treated rat liver,
radiating from the periportal region (Figure 1a).
OV6, a known HOC marker, confirmed these cells as
HOCs (Figure 1b). In normal rat liver, OV6 was
detected in ductal cells (Figure 1d). Figure 1c
shows a negative control in which anti-mouse IgG
was used in place of the primary antibody. These
data confirm that the 2AAF/PHx protocol for rat
HOCs is reliable and reproducible. Utilizing RT-PCR
analysis with specific primers for rat SST detects
newly synthesized message from the SST gene
(Figure 2a). Western blot assay for SST showed
that SST was initially expressed at negligible levels
and increased when HOC proliferation increased,
peaking at approximately day 11 of HOC activation
(Figure 2b). Immunofluorescent staining revealed

Figure 1 HOC induction in the 2AAF/PHx model. (a) Hematoxylin-eosin staining at day 11 liver section of 2AAF/PHx-treated rats (� 20,
inserted image �40, arrows indicate small HOCs). (b) Immunohistochemical staining for OV6 at day 11 liver section of 2AAF/PHx-
treated rats. Brown color indicates OV6-positive cells (� 20). (c) Liver section from the same animal as in (a) and (b), stained by anti-
mouse immunoglobulin G serving as a negative control (�20). (d) Liver section from normal liver tissue (�20). Data shown represent
one of three experiments with similar results.
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few SST-positive cells within normal or PHx-treated
liver (Figure 3a–c). However, the number of positive
cells significantly increased within the 2AAF/PHx
model. SST was expressed on CD45þ cells early in
the HOC activation process (day 5) (Figure 3d–f and
j), whereas by day 13 of HOC activation SST
expression was localized to the OV6-positive cells
(Figure 3g–i and k). These observations were visible
only in the HOC activation model. This specific and
increased expression of SST in HOC-mediated liver
regeneration suggested a potential role of SST in
HOC activation.

Chemotactic Role of SST for HOCs

SST is a pleiotropic peptide mediating inhibitory
functions in various secretory and proliferative
processes, as well as a stimulatory role in cell
proliferation.18,34,35 These broad effects are cell type-
specific. Thus, the effect of SST on HOC prolifera-
tion was investigated. Figure 4a shows that there is a
significant increase in the number of HOCs after
stimulation with 10% FBS, reaching up to 7.4� 104

cells at day 3. However, SST-stimulated HOCs show
only slight proliferation (4.5� 104 cells at day 3),
which is similar to the level of proliferation seen in
the control (3.8� 104 at day 3). In this assay, 0.5%
BSA was employed in order to inhibit cell death.
Therefore, HOCs in SST-containing or control
medium had a normal morphology and exclude
trypan blue up to the end of the experiment. To
confirm this result, BrdU incorporation assay was
utilized. The number of BrdU-positive cells was
considerably different among the FBS, SST, and
media alone (control) cultures. In all, 44% of the
cells cultured in 10% FBS were positive for BrdU,
while only 14% of cells cultured in SST-containing
medium were BrdU-positive (Figure 4b). There was

no significant difference in the number of BrdU-
positive cells between the SST-including medium
(SST) and untreated medium (control). These results
demonstrated that SST did not affect the prolifera-
tion of HOCs.

Recently, SST has been shown to function as a
chemoattractant for immature neuronal and hema-
topoietic cells.25,36 Hence, this study was designed
to determine whether SST might be involved in
migration of HOCs. In the migration assay, when
SSTwas added to the medium in the lower chamber,
HOCs crossed the filter in a dose-dependent fashion.
In the presence of 100nM SST, the number of
migrating HOCs showed a significant peak, a
threefold increase on average (Figure 4c). However,
HOCs showed limited mobility in the absence of
SST or in the presence of SST in both the lower and
upper chambers. Migration assay using the trans-
well chamber clearly demonstrated that HOCs
migrated along the SST gradient, suggesting that
increased expression of SST might be involved in
HOC migration.

Expression of SSTR4 in HOCs

All of the known functions of SST are mediated by
five receptor subtypes. Therefore, it was hypothe-
sized that the effect of SST in HOC migration might
be mediated by a certain type of receptor. In order to
determine receptor subtype expression profiles by
HOCs, RT-PCR was performed for each SSTR
subtype. SSTRs 1, 2, 4, and 5 were upregulated in
HOCs, compared to the expression of these receptors
in hepatocytes and normal liver. However, it was
found that SSTR4 was the only subtype expressed
exclusively by HOCs (Figure 5a, asterisks). All other
receptor subtypes were found in normal liver and
hepatocytes, as well as HOCs. Thus, SSTR4 was
thought to have a specific function in HOCs. Real-
time PCR was conducted to obtain quantitative data
for SSTR4 expression in the HOC induction model.
Gene expression for SSTR4 determined by real-time
PCR confirmed that expression of SSTR4 signifi-
cantly increased during HOC activation, peaking
at around day 7 post-PHx, whereas normal liver
was devoid of any such expression (Figure 5b). In
addition, immunohistochemical staining showed
the SSTR4 protein within the HOC population area
(Figure 5c). Also, Western blot assay of protein
extract from Thy-1 sorted HOCs showed a band
corresponding to glycosylated SSTR4 (70 kDa),
while this band was not detected in normal liver
(Figure 6a). Double immunofluorescent staining on
purified and cytocentrifuged HOCs showed that a
portion of the Thy-1-positive and OV6-positive
populations express SSTR4 protein (Figure 6b).
Considering the rare detection of SSTR4 in the
normal liver, the significant expression of SSTR4 in
HOCs suggests a specific function for SSTR4 in
these cells.

Figure 2 Increased SST expression in the HOC induction model.
(a) RT-PCR of SST in 2AAF/PHx (D9), Thy-1 sorted HOCs (OC),
normal hepatocytes (HEP), and normal liver (NL). GAPDH was
used as an internal control. Data shown represent one of three
experiments with similar results. (b) Western blot analysis for SST
in liver tissue obtained from 2AAF/PHx-treated rats. Protein
extracted from the brain was employed as positive control and
actin as an internal control. Data shown represent one of three
experiments with similar results.
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Figure 3 Immunohistochemical analysis for SST in the HOC induction model. (a) Normal liver, (b) PHx-treated liver (12h post-PHx), and
(c) PHx-treated liver (24h post-PHx) were stained with SST (Texas red). Representative slides were viewed at � 20 magnification. DAPI
(blue) was employed for nuclear staining. Double immunofluorescent staining for SST (d; Texas red), CD45 (e; FITC), and merged image
(f) of (d) and (e) in 2AAF/PHx-treated rats (day 5, �10). (g–i) Double immunofluorescent staining for SST (g; Texas red), OV6 (h; FITC),
and merged image (i) of (g) and (h) in 2AAF/PHx-treated rats (day 13, � 10). (j) Magnified image from squares in (f). (k) Magnified image
from squares in (i) (colocalized cells appear as yellow to orange). Arrows indicate colocalization with SST and CD45 (j) or OV-6
(k). Original magnifications of (j) and (k) are � 10 and � 20, respectively. Data shown represent one of three experiments with similar
results.
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SST Directing HOC Migration through SSTR4

SST and SSTR4 are expressed in the HOC induction
model, and SST acts as a chemoattractant for HOCs
in migration assays. These results suggest that SST
might exert a chemotactic effect on HOCs via
SSTR4. To test this possibility, migration assays
using transwell chambers were performed on HOCs
pretreated with anti-SSTR4 antibody. This antibody
was raised against the N-terminus of mouse SSTR4

and made to cross-react with SSTR4 of rat. As
shown in Figure 7a, the mobility of HOCs was
abolished by adding 5 or 10 mg/ml anti-SSTR4
antibody before SST stimulation, as compared to
the uninhibited migration of HOCs toward SST.
Hence, the migratory effect of SST on HOCs appears
to be related to SSTR4.

Dynamic changes in actin filaments are related to
various cellular processes, such as cell motility, cell
cycle control, cellular structure, and cell signaling.37
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The rearranged actin filaments form discrete
structures, such as stress fibers, lamellipodia,
filopodia, and membrane ruffles, at the edges of cell
membrane. These structures are essential for
cell migration.37 Therefore, additional studies were
incorporated to determine whether SST/SSTR4
would induce rearrangement of actin filaments in
HOCs. HOCs cultured in IMDM without SST
showed evenly distributed actin filaments through-
out the cell (Figure 7b, upper image). In contrast,

treatment with 100nM SST induced the distribution
of actin filaments into the cell membrane to
form cell mobility structures at the leading edges
of the cells (Figure 7b, middle image). These
mobility structures were not detected in
HOC treated with SST along with the anti-SSTR4
antibody (Figure 7b, lower image). These data
show that the rearrangement of actin filaments
in HOCs occurs following stimulation of SSTR4
by SST.

Figure 5 Detection of SSTR4 in HOC-aided liver regeneration. (a) RT-PCR analysis of SSTR subtypes in HOCs, normal hepatocytes (HEP),
and normal liver (NL). Asterisks indicate no band for SSTR4 in HEP sample. GAPDH was used as internal control. Data shown represent
one of three experiments with similar results. (b) Relative quantification of SSTR4 in HOC induction model using real-time PCR. Data
represent the mean value7s.d. (c) Immunohistochemical staining for SSTR4 at day 9 liver section of HOC induction model (original
magnification was taken by using a �40 objective). Anti-goat immunoglobulin (IgG) was employed in staining liver section from the
2AAF/PHx-treated rats, in order to serve as negative control. Data shown represent one of three experiments with similar results.
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Discussion

SST is a regulatory peptide with a wide variety of
functions, mainly linked to the neuroendocrine and
immune systems.38 Thus far, SST has been found to
act predominantly as an inhibitor of secretory and
proliferative responses. However, recent studies
have shown that SST can act as a chemoattractant
for primitive hematopoietic progenitor cells.25 There

is increasing evidence revealing common charac-
teristics between HOCs and hematopoietic stem
cells.4,39,40 The novel function of SST in acting as a
chemoattractant for stem cells led us to propose that
SST could affect HOC migration. The focus of these
studies was to determine whether or not there was
ligand/receptor interaction during oval-cell-aided
regeneration. In order to achieve our goal, we chose
to use the time of maximum SST protein expression,

Figure 6 Expression of SSTR4 by HOCs. (a) Western blot analysis for SSTR4 in Thy-1 sorted cells from 2AAF/PHx-treated rats and total
liver tissue from normal rats. Data shown represent one of three experiments with similar results. (b) Double immunofluorescent staining
for SSTR4 (Texas red) and Thy-1 or OV6 (FITC) on cytocentrifuged preparations of Thy-1 sorted cells from 2AAF/PHx-treated rats
(magnification of the small images is �40; original magnification of the merge images is � 40). In merged image, SSTR4 are shown as
yellow to orange. Data shown represent one of three experiments with similar results.
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which was determined to day 11 post-PHx, which is
clearly shown via Western analysis (Figure 2b). To
confirm the expression if SSTR4 was also present at

day 11, immunohistochemistry (Figure 5c) and
Western analysis (Figure 6a) were performed. This
also indicates that the ligand is present within the
liver at the same time that the receptor is present on
the HOCs. We also show that SST stimulates cell
migration and cytoskeletal rearrangement, and the
effects of SST appear to be mediated by the receptor
SSTR4 subtype.

Previous studies have shown a correlation bet-
ween HOC proliferation and inflammation within
the liver parenchyma.12 The present study shows
that expression of SST by CD45-positive immune
cells occurs early in HOC activation and is followed
by expression in OV6-positive oval cells. In
normal or PHx-(alone)-treated liver, very little
SST expression was observed (Figure 3a–c). The
finding that the inflammatory cells affect the
activation and localization of stem cells strongly
suggests that one or more cytokines produced
during inflammation function as growth or chemo-
tactic factors for the HOCs.12 Accordingly, this may
suggest that CD45þ cells express SST in response
to tissue damage, leading to recruitment of HOCs
to the site of injury. These newly recruited HOCs
appear to also express SST, amplify the activation
signal, bringing additional HOCs to mediate liver
regeneration.

In the migration assay, four different concentra-
tions (1, 10, 100, and 1000nM) of SSTwere tested. A
bell-shaped dose response was observed (Figure 4c).
This pattern is often observed in G-coupled recep-
tor-mediated responses and is thought to occur via
desensitization.25 Based on these results, a concen-
tration of 100nM of SST was chosen as the optimal
concentration for these studies. In 4-h migration
assay, HOCs migrated with a significant chemotactic
response. However, this response of HOCs slightly
decreased following 6-h incubation. There could be
several factors to explain this. First, SST is an
unstable peptide, which could degrade and lose its
effectiveness. Second, because of its small size, SST
could diffuse between the two chambers, allowing
the cells access without migration.

Figure 7 Effects of SST and SSTR4 on HOC migration and actin
rearangement. (a) Stimulation of HOC migration by SST and
SSTR4. HOCs were subjected to chemotaxis assays with 100nM
SST (SST) or without SST (Con). Cells were treated with anti-
SSTR4 antibody (5 and 10mg/ml) and cultured in 100nM SST-
containing medium for 4h (5Ab and SST and 10Ab and SST).
Addition of anti-SSTR4 antibody significantly reduced the
chemotactic response. Data were normalized for each indepen-
dent experiment with respect to control migration (*Po0.01,
relative chemotactic index vs control). Data represent mean
value7s.d. of three independent experiments. (b) Rearrangement
of actin filament in HOCs through SST and SSTR4. HOCs were
incubated in IMDM medium containing no addition (control)
and 100nM SST-containing medium for 4h (SST). Cells
were pretreated with anti-SSTR4 antibody and then incubated
in 100nM SST-containing medium for 4h (anti-SSTR4 Ab
and SST) (all images � 40). Data shown represent one of three
experiments with similar results.
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The chemotactic response of HOCs to the SST
gradient led us to predict that HOCs might express
one or more of the particular receptor subtypes
responsible for the chemotactic properties of SST.
The biological effects of SST are mediated by SSTRs
that are highly cell-specific. Physiological responses
vary with the expression of individual receptor
subtypes that are functionally coupled to the
effectors of signal transduction, resulting in physio-
logical impact.20 Within the context of this study,
SSTR4 was uniquely expressed by HOCs within the
liver. The expression of SSTR4 in rat liver has not
been observed previously. Consequently, detection
of SSTR4 in the HOC population during liver
regeneration supports the hypothesis that SSTR4 is
involved in the action of SST as a chemoattractant.
This notion is further supported by the fact that SST
fails to stimulate HOC migration when SSTR4 is
blocked (Figure 7a). Another possible explanation
for the lack of migration within the transwell studies
could be from an apoptotic effect brought on by
antibody exposure. It has been reported that SSTcan
act as an antiproliferative agent; however, these
studies were conducted on cancer cell lines (MCF-7
and CHO-K1) and it has been shown that these cells
can be coxed into apoptosis via the SHP-1/caspase 8
pathway.41 Sharma et al42 showed that of all the
different receptor subtypes, the only one capable of
inducing apoptosis was SSTR3. In addition, two
independent studies, Anderson et al43 and Sellers et
al,44 showed that only SSTR4 was capable of
inducing a proliferative effect in cells via the
phosphorylation of STAT3. To date there are no
data showing an apoptotic effect through SSTR4. It
should also be pointed out that in Figure 7b we
show oval cells untreated (upper panel), treated
with SST (middle panel) and SST/antibody (lower
panel), and stained for actin. In untreated cells the
actin stress fibers are visible uniformly distributed
throughout the cell. When SST is given to the cell
culture, these actin fibers are lost and focal adhesion
points are seen along the edge of the cell membrane.
However, when the cells are exposed to SST plus
antibody, the actin fibers are intact and the cells
appear to be normal. It is also worth pointing out
that no irregular/pyknotic nuclei were seen follow-
ing SSTR4 antibody treatment. This further indi-
cates that the antibody treatment did not induce
apoptosis in the migration assay.

The activation of ligand induces SSTR dimeriza-
tion, which alters the functional properties of the
receptors, such as ligand-binding affinity, agonist-
induced receptor internalization, and upregula-
tion.45 Increased expression of SSTRs 1, 2, and 5
were observed in this study (Figure 5a). Hence, it is
possible that the dimerization of SSTR4 with
another SSTR isotype may affect migration or other
responses of HOCs. Although a role of SSTR4 in
HOC migration was demonstrated in this study,
further studies on the interaction among SSTRs and/
or the effect of other receptor subtypes in HOC are

required. As SSTR5 was so strongly upregulated
in oval cell activation, it would seem logical to
focus the next set of experiments on this receptor
subtype to determine if there is a role for this
receptor subtype in oval cell activation and or
migration.

This study demonstrates that SST induces the
reorganization of actin filaments. In order for cells
to migrate, F-actin requires rearrangement. Conse-
quently, the cells can form mobility structures and
move along their pathway to engraftment. With the
rearrangement seen within this study, it would
appear that SST is required for this rearrangement.
It was also demonstrated that the effect of SST in
actin rearrangement was abolished by anti-SSTR4
antibody. These data indicate that SST/SSTR4 might
stimulate an upstream signal to rearrange actin
filaments needed for motility. The SSTRs are
coupled to Gi-protein, which has been reported to
be required for homing of hematopoietic stem
cells.46 This receptor class can be coupled to the
activation of PI3 kinase, the downstream effectors of
which, Cdc42 and Rac1, have been implicated in the
formation of mobility structures.47,48 Therefore, it is
conceivable that SST would mediate the migration
of HOCs through the SSTR4-coupled Gi-protein/
PI3K/Rac signaling pathway, but this remains to be
tested.

Stem cells ‘home’ or migrate to appropriate sites,
where they exert unique functions such as self-
renewal and multi-lineage differentiation. The
molecular mechanisms regulating stem cell homing
require more study, especially given the importance
of such homing in a variety of medical applications.
A new function for SST and SSTR4 in HOC
migration is presented in the current study. This
may lead to a better understanding of HOC move-
ment within the injured liver. However, more work
is required to fully understand the significance of
the present findings.
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