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Thermoreversible Gelation Polymer Induces the
Emergence of Hepatic Stem Cells in the Partially

Injured Rat Liver

Masaki Nagaya, 4 Sunao Kubota,2 Noboru Suzuki,? Katsuya Akashi,! and Toshihiro Mitaka*

Focal injury of the adult liver causes formation of granulomatous tissue and fibrosis. When
thermoreversible gelation polymer (TGP) was applied to such defects of the rat liver, complete
recovery of hepatic tissues was observed without granulation. We analyzed the mechanism of the
regeneration. TGP is a chemically synthesized biocompatible polymer material whose sol-gel
transition is reversible by changing the temperature. Cooled TGP was poured into a penetration
lesion of the rat liver. Immunohistochemistry and polymerase chain reaction were carried out
using tissues and cultured cells isolated from ductular structures. Immunocytochemical and
- ultrastructural analyses were also conducted. Seven days after TGP treatment, ductular reactions
were observed around the wound and ductules elongated to the injured area. Cells in the struc-
tures were alpha-fetoprotein (AFP) positive, albumin®t, CK19%, c-Kit*, and Thyl*. Hepatocyte-
like cells possessing glycogen appeared around the tips of the ductules from day 9. The defect was
completely replaced with hepatocytes by day 28. Cells isolated from the ductules expressed
Musashi-1, c-Kit, Thyl, AFP, albumin, transferrin, connexin 43, and CK19. When the cultured
cells were covered by TGP, they rapidly proliferated to form colonies, whereas without TGP cells
gradually died. Morphologically and ultrastructurally the cells were similar to hepatocytes. They
expressed not only albumin and transferrin but TAT, CYP2E1, and CCAAT/enhancer binding
protein . Some cells formed bile canaliculus-like structures. In conclusion, TGP may trigger the
initiation of hepatic stem cells in biliary ductules, and stem cell activation may occur even in the

regeneration of the normal liver. (HEPATOLOGY 2006543:1053-1062.)

he mechanisms of regeneration in focal liver in-
jury are not well understood. We found that the
defect made by focal injury was usually replaced
by granulomatous tissue. When we used thermoreversible

Abbreviations: TGP, thermoreversible gelation polymer; LCST, lower critical
solution temperature; MH, mature hepasocyte; NIH, National Institutes of Health;
HE, hematoxylin-eosin; PAS, periodic acid-Schiff; TEM, transmission electron
microscopy; AFP, alpha-fetoprotein; CK19, cytokeratin 19; PCNA, proliferating
cell nuclear antigen; CIEBPa, CCAAT/enhancer binding protein a; MRP2, mul-
tidrug-resistance associated protein 2; BEC, bile epithelial cell; BDL, common-bile-
duct ligation; NT, no treatment; CG, collagen gel; FG, fibrin glue; POD, post
operative day; BC, bile canaliculi.
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gelation polymer (T'GP) as a sealing material for the in-
jury, efficient regeneration occurred without any granu-
lation.! TGP is a chemically synthesized biocompatible
polymer material.2 It is soluble below a lower critical so-
lution temperature (LCST) and becomes solid above the
LCST. When soluble TGP is applied, it can infiltrate into
any part. Thereafter, it immediately changes into gel at
body temperature and causes complete sealing of the de-
fect, leading to efficient regeneration of the liver.! How-
ever, the mechanisms of the regeneration with TGP
treatment have largely remained unknown.

The liver appears to have three distinct mechanisms of
regeneration in response to loss of hepatocytes: (1) Ma-
ture hepatocyte (MH)s proliferate in case of partial hepa-
tectomy and centrolobular injury by hepatotoxins.3-5
Surviving hepatocytes immediately proliferate and restore
the original mass%; (2) When the proliferation of hepato-
cytes is inhibited by some toxins such as 2-acetylamin-
ofluorene, hepatic growth stimulation results in emergent
ductules, and the cells in the ductules gradually migrate
into the hepatic parenchyma.3 “Oval cells” or “ductular
hepatocytes” are involved in the ductular reaction in ro-
dents.>¢ These cells may be derived from putative stem
cells and may differentiate into hepatocytes; (3) Bone
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marrow—derived cells may participate in hepatic regener-
ation. %57

Here we report that, in the hepatic regeneration of
focal injury by TGP, ductular reactions are initially in-
duced, and hepatic stem cells involved in the ductules
may differentiate into hepatocytes. In addition, cells iso-
lated from the ductules induced by TGP treatment can
rapidly proliferate and differentiate into hepatic cells
when the cells are covered by TGP. Thus, hepatic stem
cells may participate in hepatic regeneration even when
no hepatotoxins are involved in the injury.

Materials and Methods

Animals and Surgery. Adult male Fisher 344 rats
were obtained from Charles River (Atsugi, Kanagawa, Ja-
pan). All animals received humane care, and the experi-
mental protocol was approved by the Committees of
Laboratory Animals of St. Marianna and Sapporo Medi-
cal Universities and was in accordance with National In-
stitutes of Health (NIH) guidelines. The total number of
sacrificed rats was over 150, and at least five animals/point
were examined. A penetrating, 4-mm-diameter defect was
made in left middle lobe of the liver at a distance of 10
mm from lobular edges. The rats were then randomly
assigned into three groups: penetration alone (control),
penetration filled with fibrin glue (FG, Kaketsuken, Ku-
mamoto, Japan), and penetration filled with TGP (TGP,
Mebiol, Tokyo, Japan). FG and TGP (0.5 mL) were
poured into the penetrated site.

Preparation of TGP. N-isopropylacrilamide, East-
man Kodak, New York, NY) was recrystallized from ace-
tone and copolymerized with N-acryloxysuccinimide
(Kokusan Chemical, Tokyo, Japan) to provide an activated
form of Poly- N-isopropylacrilamide. Polymerization was
carried out in CHCl;, using azobisisobutyronitrile as the
initiator. The activated copolymer was precipitated with
diethylether and recovered. Then the copolymer and dia-
mino-polyethylene glycol (Kawaken Fine Chemicals, To-
kyo, Japan) were dissolved in CHClI; and reacted. The
byproduct, N-hydroxylsuccinimide, was removed and the
remaining solution was lyophilized to yield TGP. Saline
was added to the TGP to adjust it to 5.5 % (wt/wt). The
LCST was approximately 20°C?, and toxicity of TGP was
not observed.!

Histology. Liver tissues were obtained from the in-
jured lobe, and other lobes were used as a control. Liver
specimen (diameter 10 mm) surrounding the injured re-
gion was enucleated in a cylindrical shape. The specimen
was cut in half, and both paraffin and frozen samples were
prepared. The ventral halves of the specimens were fixed
with 4% paraformaldehyde in phosphate-buffered saline
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and embedded in paraffin. To evaluate the size of the
injury lesion, the area of fibrosis in hematoxylin-eosin
(HE)-stained sections was measured and analyzed using a
light microscope equipped with a CCD camera and Ax-
ioVision AC Rel. 4.1 software (Carl Zeiss, Jena, Ger-
many). In addition, to evaluate the hepatic lobule size, the
distance between portal veins was measured. The proxi-
mal portion less than 3 mm from the injured site and the
distal portion farther than 5 mm from the injured site
were evaluated. Periodic acid-Schiff (PAS)-staining was
performed to examine the production of glycogen. Dia-
stase was applied to test whether PAS-positive materials
were glycogen.® The procedure used for transmission elec-
tron microscopy (TEM) was previously described.®

Iimmunostaining. Antibodies to c-Kit (Santa Cruz,
CA), Thyl (Pharmingen, Hamburg, Germany), a-feto-
protein (AFP; Dako Cytomation, Kyoto, Japan), albumin
(Dako Cytomation), cytokeratin 19 (CK19; Novocastra
Laboratories, Newcastle, UK and a gift of Dr. A. Miya-
jima, Tokyo University, Japan), proliferating cell nuclear
antigen (PCNA; Dako Cytomation), Ki67 (Pharmin-
gen), CCAAT/enhancer binding protein « (C/EBP «;
Santa Cruz), and multidrug-resistance associated protein
2 (MRP2; Alexis Biochemichals, San Diego, CA) were
used. The methods used for immunohistochemistry and
immunocytochemistry were previously described.? 3, 3'-
Diaminobenzidine and BCIP/NBT (Dako Cytomation)
were used as a substrate for colorization. Alexa®$-conju-
gated and Alexa®®-conjugated antibodies (Molecular
Probes, Eugene, OR) were used as secondary antibodies.

CK19 and Albumin Double-Positive Cells in the
Ductules. Immunohistochemistry for CK19/albumin
was carried out. The number of CK19*/albumin® cells in
the ductules in the upper right quadrant area was counted,
which included part of the injured areas. Simultaneously,
we measured the size of the area by using NIH image
software.

Isolation and Culture of Ductular Cells. Intrahe-
patic biliary epithelial cell (BEC)s were separated from
normal, common-bile-duct-ligated (BDL), and TGP-
treated rat livers. To isolate the cells from the injury le-
sion, two-step liver perfusion® was initially carried out 1
week after operation. The tissue was enucleated in a cy-
lindrical shape (diameter 10 mm) surrounding the in-
jured site and transferred into a Petri dish. After
hepatocytes were removed, the remnant tissues were col-
lected, transferred into a flask, and then treated with col-
lagenase, dispase (Godo Shyusei, Tokyo, Japan) and
hyaluronidase (Sigma, St Louis, MO) for 30 minutes.
The digested tissues were suspended in Dulbecco’s mod-
ified Eagle’s medium and centrifuged at 150g for 10 min-
utes. The pellet was resuspended in the medium, filtered
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Table 1. Sequences of PCR Primers
Primer Sequence (5-3") Anneling Temperature (°C) PCR Product (bp)

GAPDH CCATCACCATCTTCCAGGAG 60 576
CCTGCTCACCACCTTCTTG

Musashi-1 ATGCCATGCTGATGTTCGAC 60 255
ACCCTGGGTAACCTAACATG

c-Kit CATCATGGAAGATGACGAG 60 281
CAAATGTGTACACGCAGCTG

Thyl ACAAGCTCCAATAAAACTATCAATGTGAT 60 84
GGAAGTGTTTTGAACCAGCAGG

AFP TGAAATTTGCCACGAGACGG 60 272
TGTCATACTGAGCGGCTAAG

Albumin GACAAGTTATGCGCCATTCC 60 288
ACTGGGTCAGAACCTCATTG

Transferrin TGTCTGAGCATGAGAACACC 60 299
GTTCAGCTGGAAGTCTGTTGC

TAT TACTCAGTTCTGCTGGAGCC 60 471
GCAAAGTCTCTAGAGAGGCC

CYP2E1 AGCACAACTCTGAGATATGG 60 365
ATAGTCACTGTACTTGAACT

CYP3A1 CAGCTCTCACACTGGAAACCTGGG 60 689
CTCATATATTTGGGGTGAGGAATGG

CX43 GGAAAGTACCAAACAGCAGC 60 348
AGGACTTGTCATAGCAGACG

CK19 ATGACTTCCTATAGCTATCG 60 340
CACCTCCAGCTCGCCATTAG

CX18 GGACCTCAGCAAGATCATGGC 60 515
CCACGATCTTACGGGTAGTTG

HNF3a TTCGGAGTTGAAGTCTCCAG 60 218
CATATGCCTTGAAGTCCAGC

HNF4 TCTACAGAGCATTACCTGGC 60 614
TGAGGGGAAGATGAAGACGG

C/EBPa TTCCAGATCGCACACTGCCC 60 404
TGACCAAGGAGCTCTCAGGC

HNF6 GACAAATGGCAGGACGAGGG 60 681
AGCGTACTGGTTTAGGTGCC

NOTE. GAPDH was used as an internal control.

through 70-pm nylon mesh, and small cell aggregates on
the mesh were selectively picked up using a pipette. The
cell aggregates were suspended in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine se-
rum, 10 mmol/L nicotinamide, 1 mmol/L ascorbic acid
2-phosphate, 10 ng/mL epidermal growth factor (Collab-
orative Research, Lexington, MA), 1077 mol/L dexa-
methasone, 0.5 pg/mL insulin, and antibiotics. Then 200
cell aggregates were plated on a 35-mm dish. Seven days
after plating, the dishes were randomly divided into 3
groups: no treatment (NT), cells overlaid with collagen
gel (CG), and cells overlaid with TGP gel (TGP). The
specific gravity of both collagen gel and TGP was adjusted
to 1.06 mg/mL.

Polymerase Chain Reaction. Total RNA was iso-
lated from ductules and cultured cells, and reverse tran-
scriptase-polymerase chain reaction was conducted as
previously described.!® Primers are listed in Table 1.

Colony Counts. We measured colony number and
size using a phase-contrast microscope (Olympus Opti-

cal, Tokyo, Japan) equipped with a CCD camera.

Statistics Analysis. Data are shown as mean = SEM.
ANOVA and Fisher’s protected least significant differ-
ence test were used, and a P value <.05 was considered
significant.

Results

Histology of the Liver Injury. At day 28, we macro-
scopically observed complete recovery of liver tissue in the
TGP group, whereas in livers of both the control and FG
groups fibrosis was apparent in the lesions. As shown in
Fig. 1, in the control group, the hole was left open, and
exudates accumulated at postoperative day 3 (POD 3,
Fig. 1B). Thereafter, inflammatory and fibroblastic cells
gradually gathered and formed granulomatous tissue at
POD 7, which became larger and more prominent at
POD 14 (Fig. 1C) and POD 28 (Fig. 1D). In the FG
group, inflammatory cells and fibroblastic cells invaded
the FG at POD 3 (Fig. 1F). The FG remained in the
center of the lesion and fibrosis was observed at the pe-
riphery of the defect at POD 14 (Fig. 1G). Granuloma-
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Fig. 1. Histological analysis of the partially injured rat liver filled with TGP. A penetrating wound was made in the left middle lobe (A). The hole
was left open (control group). Exudates and coagulation accumulated in the injury site at POD 3 (B). Inflammatory cells and fibroblasts gradually
formed granulomatous tissue, and scar formation then became evident at POD 14 (C) and POD 28 (D). Fibrin gel was poured into the lesion (E; FG
group). The inflammation was evident inside and around the gel at POD 3 (F). FG changed to granuloma and the size of the injured area was enlarged
at POD 14 (G). Hepatic regeneration did not occur at POD 28 (H). The hole was filled with TGP (I; TGP group). A thin layer of connective tissues
surrounding TGP was observed at POD 3. The area of TGP became small and the injured area gradually shrank at POD 14 (K). Most of the injured
area was replaced with hepatic cells, and only a small amount of fibrosis remained at POD 28 (L). B-D, F-H, and J-L show HE staining at the same
maghification. Scale bar, 1 mm. Change of the size of the injured area after operation in each group (M). Bars show mean = SEM of five samples.
TGP versus *Control and *FG, P < .05. Histological appearance of the liver tissues treated with TGP: Ductular reactions (an arrow) emerged at POD
3 (N). They elongated from the portal areas located at the boundary between intact hepatocytes and dead cells. The ductules extend toward the
injured area at POD 5 (0). The cells in ductular reactions became columnar-like structures at POD 7 (P). The hepatocyte-like cells increased around
the ductules at POD 14 (Q). On POD 28, most ductules have disappeared and the lesion is almost completely replaced with hepatocytes (R). N-R
are the same magnification. Scale bar, 100 wm. TGF, thermoreversible gelation polymer; POD, postoperative day; FG, fibrin glue; HE,
hematoxylin-eosin.

tous tissue was observed even at POD 28 and no
replacement of hepatocytes was observed (Fig. 1H). In the
TGP group, the TGP-occupied area was observed as a
vacant area (Fig. 1]) that gradually shrank with time (Figs.
1J-L). Between the vacant area and intact hepatocytes, a
relatively narrow area of tissue consisting of epithelial and
fibroblastic cells, some inflammatory cells, and fibrosis
were observed at POD 14 (Fig. 1K). Although a small
amount of fibrosis remained, the lesion was almost com-
pletely replaced by hepatocytes at POD 28 (Fig. 1L). As
shown in Fig. 1M, the size of the injured area dramatically
decreased in the TGP group, whereas it did not change in
the FG group and decreased by half in the control group.

To examine whether remnant MHs surrounding the in-
jured area participated the regeneration, we measured the
sizes of neighboring lobules. Lobules not only proximal
but also distal to the injury were not enlarged during
regeneration (data not shown).

As shown in Fig. 1IN, ductular reactions were first ob-
served at POD 3 in the TGP group. The ductules might
have originated from the presumptive area of portal triads
and elongated toward the center of the injury. The length
and the number of the ductules gradually increased until
POD 7 (Fig. 10-P). Compared with normal BECs, the
cells in the ductules had relatively large cytoplasms and
round nuclei, although both were smaller than those in
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Fig. 2. Characterization of the cells in ductular reactions induced by TGP. Serial sections of the liver tissues were prepared and immunohisto-
chemistry was carried out at POD7. HE staining (A): inset shows the enlargement of the location indicated by white arrowheads. Scale bar, 100 um.
Immunohistochemistry for AFP (B), albumin(C), CK19 (D), PCNA (F, H), and Ki67 (G, I). (E) Double staining of CK19 and albumin. Arrowheads in
F and G show Ki67" nuclei. Immunohistochemistry for PCNA (H) and Ki67 (I) shows that relatively few adjacent hepatocytes (intact area) have
positive nuclei at POD 7. Arrows in H and | show the boundary between the injured area and intact area. Scale bar, 100 um. Fluorescent double
immunohistochemistry for c-Kit/CK19 (J-L) and Thy1/CK19 (M-0) of the cells in ductular reactions at POD 7. Scale bar, 100 pm. (P) The number
of CK19*/albumin™ cells in the ductules in the upper right quadrant area was counted, which included part of the injured areas. Simultaneously,
we measured the size of the area (mm2) by using NIH image software. Based on the above measurements, we calculated cells/mm?2. The peak of
the number was observed at POD 7. We used five rats at each time point, and one slide per rat was prepared for the measurement. The results are
shown as mean = SEM of five rats. PAS-staining of the cells in ductular reactions at POD 9 (Q-S). (R and S) Enlargement of the square shown in
Q. The section was pretreated with diastase before PAS-staining (S). Pinkish granules are observed in the cytoplasm of hepatocyte-like cells around
ductules (R, black arrowhead), and basement membrane (positive lines) is surrounding the ductules (red arrows). The pinkish granules in
hepatocyte-like cells disappeared after diastase treatment (S, black arrowhead), whereas the linear staining remained around the ductules (S, red
arrows). Scale bar, 100 wm. TGF, thermoreversible gelation polymer; POD, postoperative day; FG, fibrin glue; HE, hematoxylin-eosin; AFP,
alpha-fetoprotein; PCNA, proliferating cell nuclear antigen; SEM, scanning electron microscopy; PAS, peroidic acid-Schiff.

the cells, immunostaining for PCNA and Ki67 was per-
formed. As shown in Fig. 2F-I, many cells in ductular

MHs. The cells in ductules changed their configuration
from rectangular to columnar, and hepatocyte-like cells

appeared surrounding the ductules (Fig. 1P-Q). At POD
28, the injury lesion was replaced by hepatocytes, and
most ductules disappeared. No ductular proliferation was
detected in either the control or FG group. Characteriza-
tion of the cells in ductular reactions was carried out by
immunostaining. At POD 7, most cells had CK19, albu-
min, and AFP (Fig. 2B-E). In addition, 68% and 72% of
CK197* cells in the ductules were c-Kit™ and Thyl™, re-
spectively (Fig. 2J-O). To examine the growth activity of

reactions possessed PCNA™ or Ki67™" nuclei, whereas rel-
atively few MHs surrounding the ductular reactions had
positive nuclei. The number of CK19*/albumin™ cells in
the ductules was counted and the peak was observed at
POD 7 (Fig. 2P). The largest numbers of c-Kit*, Thyl™*,
AFP*, PCNA™ and Ki67" cells were also observed at
POD 7 (data not shown).

As shown in Fig. 2Q-R, hepatocyte-like cells surround-
ing the ductules appeared at approximately POD 9. To
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Fig. 3. Characterization of isolation and culture of the ductular cells
from a TGP-treated rat liver. Double immunostaining of the cells for
Thyl/CK19 (A-C and I-K) and albumin/CK19 (E-G and M-0) was
conducted. (D, H, L, and P) Phase-contrast photos of the corresponding
cells. Approximately 72% of the isolated cells were Thyl™. CK19* cells
from a normal rat liver were Thy1~ (1) and albumin™ (M). Scale bars, 100
wm. (Q) Total number of colonies per rat. The cells were isolated from
normal rats (normal), rats with BDL, and rats treated with TGP (TGP-
treated). The ordinate shows the total number of colonies per rat. The
points show mean *= SEM of five independent experiments using five
rats. TGP versus normal® and BDLS, P < .05. TGF, thermoreversible
gelation polymer; BDL, bile duct ligated.

examine whether the cells were hepatocytes, PAS staining
was performed (Fig. 2R-S). Reddish granules in cyto-
plasm (Fig. 2R) were observed, and the materials were
digested by diastase (Fig. 2S). Conversely, basement
membrane surrounding the ductules was not digested.
The results proved that the hepatocyte-like cells possessed
glycogen in their cytoplasm and were hepatocytes.
Isolation and Culture of Cells in TGP-Induced
Ductules. Cells in ductules were isolated from the TGP-
treated rat livers and formed small aggregates. To charac-
terize the cells, immunocytochemistry for CK19 and
Thy1 was conducted. We found that 89% and 84% of the
attached cells were CK19" and Thyl¥, respectively (Fig.
3A-D). Moreover, most CK19" cells expressed both al-
bumin (Fig. 3E-H) and c-Kit (data not shown). When the
same manipulation was performed for rats of the control
and FG groups, although few cells were isolated, all cells
died in early culture. Therefore, we used BECs from nor-
mal and BDL rats as controls. Although all CK19" BECs
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isolated from normal and BDL rats survived more than 2
weeks, they did not express Thyl or albumin (Fig. 31I-P).
After plating, the cells from the TGP-treated rats started
to grow from day 3 and formed colonies. Colonies some-
times fused and formed a large colony. The number of
colonies decreased with time in culture but was signifi-
cantly higher in the TGP-treated than in both the normal
and BDL rats. As shown in Fig. 3Q, the number of
ductules from a TGP-treated rat was clearly larger than
those from both normal and BDL rats. The cells from the
ductules of the TGP-treated rat could survive for more
than 60 days. Hepatic cells did not contaminate this cul-
ture.

Effects of TGP on the Cells From Ductules. To
examine whether TGP could induce hepatic differentia-
tion of the cultured ductular cells, the cells were overlaid
with TGP gel from day 7. The cells extensively prolifer-
ated, and the colonies became large (Fig. 4D). To exclude
the possibility that any gel overlay could induce the dif-
ferentiation, collagen gel was used as a control. The num-
ber of the surviving colonies in all cultures from the 3
groups rapidly decreased with time in culture (Fig. 4E).
However, after TGP overlay, the degree of the decrease
was suppressed. The slight decrease in the number of col-
onies in TGP was due to the fusion of neighboring colo-
nies and, therefore, each colony became a large one.
Approximately 20 colonies/dish survived in TGP and
continued proliferating with time in culture (Fig. 4F).
More than 1 month later, cells with large cytoplasm ap-
peared around the periphery of some colonies (Figs. 4G-
H). The cells expressed not only albumin but also
C/EBPa, which is expressed in differentiated hepatocytes
(Fig. 4I). As shown in Fig. 4], translucent belts were
sometimes observed between large cells. These cells ex-
pressed albumin (Fig. 4L), and MRP2 was immunocyto-
chemically stained along the structure (Fig. 4K).
Therefore, the structures might have been bile canaliculi
(BC). Most colonies in NT and CG disappeared by day
42,

To observe the cultured cell ultrastructures, perpendic-
ular sections were prepared using the semithin sections of
the samples for TEM. As shown in Fig. 5A, a one- or
two-cell layer of columnar cells was arranged on connec-
tive tissues, and the cells were larger than 10 X 10 um,
and thus perhaps larger than BEC and smaller than MH.
Transversal sections also showed that the colonies con-
sisted of relatively large cells (Fig. 5B). Although the ex-
istence of peroxisomes was not proved, the cells possessed
many organella such as mitochondria and rough endo-
plasmic reticulum. In addition, BC-like structures with
many microvilli were observed between the cells (Fig.

50).
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Fig. 4. Culture of the cells isolated from a rat liver treated with TGP. The isolated cells were plated on dishes. The cells initially formed small
aggregates and expanded to form colonies with time in culture. Seven days after plating, the cultures were randomly assigned into three groups: Cells
were overlaid with nothing (NT), 1 mL collagen gel (CG), and 1 mL TGP gel (TGP). The cells proliferated to form colonies (A), and the colonies
continued expanding (B). The cells under CG marginally grew from aggregates (C). The cells under TGP showed rapid expansion to form large colonies
(D). The number (E) and the size (F) of the colonies in the cultures were measured. Bars show mean * SEM of five independent experiments. The
number of the colonies at day 3 in each group (NT, CG, and TGP) was 170.8 += 5.3, 161.6 * 10.4, and 151.6 = 7.3, respectively. The area of
the colonies at day 3 in each group (NT, CG, and TGP) was 0.26 = 0.06, 0.21 = 0.03, and 0.23 = 0.04 mm?, respectively. TGP versus *both
groups, P < .05. Characterization of the cells overlaid with TGP at day 35 (G-M). (G) Enlargement of the location in H indicated by the dotted
rectangle. Cells with relatively large cytoplasm are mainly observed in peripheral portions of expanding colonies. Many cells have two nuclei. Scale
barin G, 100 wm. Scale bar in H, 1 mm. Fluorescent immunocytochemistry for C/EBP« (1), MRP2 (K), and albumin (L) was conducted in the cells
overlaid with TGP. (1) Enlargement of the portion shown in H indicated by the dotted rectangle. Inset shows a high magnification of the positive nuclei.
A phase-contrast photograph of the colony shows that relatively large cells have translucent belts (arrows) between the cells (J). Scale bar, 100 pm.
(J and K-M) Phase-contrast micrograph and double immunostaining for MRP2 and albumin of the same cells, respectively. The cells with large
cytoplasm are positive for albumin and form translucent belts between the cells. MRP2 is expressed along the belt-like structures. TGF,
thermoreversible gelation polymer.

As shown in Table 2, reverse transcription polymerase  AFP, c-Kit, Thyl, and Musashi-1 (immature cell mark-
chain reaction indicated that the isolated cells expressed ers).!! The cells in NT lost the immature cell markers at
albumin, transferrin, HNF3a, HNF4, CYP1A1 (hepatic day 35, and marker genes of differentiated hepatocytes
markers), CX43, CK19, CK18 (cholangiocyte markers), such as TAT, C/EBPa, and CYP2E1 were not detected.
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However, when the cultured cells were overlaid with
TGP, TAT, C/EBPa, and CYP2E1 genes were expressed
at day 35.

Discussion

In rodents and humans, a relationship exists between
liver growth and body mass. In resections involving the
removal of 40% to 70% of the rodent liver, a linear rela-
tionship is seen between the amount of removed tissue
and the extent of hepatocyte proliferation. However, the
removal of up to 30% of the liver fails to cause a synchro-
nized wave of hepatocyte proliferation after the operation,
although the liver eventually regains its mass.!? In human
liver surgery, enucleation of hepatic tumors is performed,
and accidental liver injury sometimes occurs. However,
the mechanism of the regeneration of a partial defect in
the liver is not well understood. Recently, we realized that,
when TGP was used as a filler in the partially penetrated
liver, we could not find any trace of the injury within 1
month. In the process of hepatic regeneration with TGP,
ductular reactions initially appeared at the margins of the
area filled with TGP, and the number of inflammatory
cells was not large. In addition, although many cells in the
ductules showed positive staining of cell cycle-related
proteins, proliferation of intact hepatocytes surrounding
the injury lesion was relatively few, and the size of the

Fig. 5. Perpendicular (A) and horizontal sections (B) of the cultured
cells covered with TGP at day 35 (toluidine-blue staining). Hepatocyte-
like cells are seen. The size of the cells is between BEC and MH. Scale
bars, 10 wm. Ultrastructure of the hepatocyte-like cells at day 35 (C). BC
with many microvilli (arrowhead) is shown, and the cytoplasm is rich in
organelles such as mitochondria (white arrows) and rough endoplasmic
reticulum. A tight junction (an arrow) is observed. Scale bar, 1 um. TGF,
thermoreversible gelation polymer; BEC, bile epithelial cell; MH, mature
hepatocyte.
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Table 2. Characterization of the Cells in Ductular Reactions
Induced by TGP and the Cultured Cells

Cultured Cultured
Cells Isolated Cells
Marker Genes BECs (NT) Cells (TGP) MHs

Progenitor cells

Musashi-1 == — + =~ =
Oval-cell related

c-Kit - - & - -

Thyl = = + — -

AFP = = + - -
Hepatocytes

Albumin — + 4 %+ +

Transferrin = + + + +

TAT - = - £ +

CYP2E1 = = = + +

CYP3A1 — = = — +
Cholangiocytes

CX43 + + -+ + —

CK19 + + + + —

CK18 + + + + +
Transcription factors

HNF3 o - + + + +

HNF4 — + + + +

C/EBP « = = — + +

HNF6 + + + + +

NOTE. Gene expression of cell lineage markers was analyzed by semi-quanti-
tative RT-PCR. Total RNA was isolated from BECs (normal rat), the isolated cells
in ductular reactions induced by TGP, the cultured cells without overlay (NT) and
with TGP (TGP), and MHs (normal rat). Three separate experiments were per-
formed, and the results were reproducible.

—, not detectable; -+, detectable.

Abbreviations: BEC, bile epithelial cell; TGP, thermoreversible geiation polymer;
NT, no treatment; MH, mature hepatocyte.

lobules proximal to the lesion did not change after the
treatment. This phenomenon was observed only when
TGP was used as the filler in the partial defect. When the
focal lesion remained untreated (control), exudates im-
mediately filled the space accompanying many inflamma-
tory cells and were then gradually replaced with
granulomatous tissue. Even after 1 month, the lesion
showed scar formation, and the scar remained for a long
time. When FG was used as the filler, a large area of
fibrosis in the lesion remained in all rats. Therefore, we
considered that the cells in ductular reactions might play
an important role in the regeneration of the TGP-treated
liver.

The emergence of atypical ductular cells (so-called
“ductular reactions”) has been reported in some experi-
mental conditions of rodents'>'4 and human liver dis-
eases. For the cellular origin of the ductular reactions, oval
cells,>5 ductular metaplasia (transdifferentiation from
hepatocytes into ductular cells),!>'> and ductular hepato-
cytes>6:16 have been suggested; however, this is still con-
troversial. In the current experiment, the cells in ductular
structures induced by TGP possessed many hepatic pro-
teins such as albumin, transferrin, CYP1A1, HNF3q, and
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HNF4, which were expressed from the initial day of their
appearance, although proteins expressed in cholangio-
cytes and immature hepatocytes were also co-expressed.
The features of the cells were initially very similar to ter-
minal BECs. However, the cells gradually became larger
after the injury, and the morphological appearance be-
came similar to that of hepatocytes. The morphological
alteration of typical cells was observed in the tips of tubu-
lar structures at approximately POD 9. The cellular size
was intermediate between typical BECs and MHs. In ad-
dition, the hepatocyte-like cells increased in the area
where the morphological changes of the cells were ob-
served, such as the area surrounding the ductules. The
hepatocyte-like cells could produce glycogen in their cy-
toplasm, and PAS-positive basement membrane around
the cells also disappeared. Conversely, they lost the ex-
pression of the marker proteins of BECs and immature
cells such as CK19, c-Kit, Thyl, and AFP. The cells with
hepatobiliary characteristics seemed to differentiate into
MHs. With the reduction of the injured area, hepatocyte-
like cells rapidly increased, and most of the injured area
was occupied by those cells. These results suggest that the
cells induced are quite similar to the ductular hepatocytes
that were previously reported. The cells have sometimes
been observed after massive (or submassive) hepatic ne-
crosis in rats >¢16 and in humans.'7-!® Ductular hepato-
cytes are considered to be an intermediate form between
BECs and MHs, resembling ductal plate cells in the de-
veloping human liver. They are located at the periphery of
the portal tract, proliferate, and express cholangiocyte and
hepatocyte markers. However, it has never clearly been
shown that ductular hepatocytes can differentiate into
and replace ductules with hepatocytes. Fujita et al.!? dem-
onstrated by sequential liver biopsies over a period of 14
months that a patient who received an auxiliary partial
orthotopic liver transplant after suffering massive necrosis
had complete regeneration of natural liver.!® Therefore,
we tried to isolate and culture the intermediate cells from
ductular reactions induced by TGP. In addition, we ex-
amined whether the cells could differentiate into MHs. In
this study, isolated cells co-expressing hepatobiliary cell
markers could be purified and cultured for a prolonged
period. Although many cell aggregates detached from the
dish, some survived and expanded after TGP treatment.
The overlay of TGP may prevent detachment and stimu-
late the expansion of the cultured cells. Histological ex-
aminations of the TGP-treated rat livers showed that only
the BEC:s close to TGP could extend processes and differ-
entiate into hepatocytes. The ductules far from TGP
never showed ductular reactions. In the current experi-
ment, we isolated the cells in ductules from enucleated
liver specimens, which included a large area of the margin
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(10 mm diameter). The margin may have included non-
activated BECs, which TGP might not strongly influ-
ence. Such non-activated BECs seemed to decrease. The
overlay of TGP may stimulate the selective expansion of
the cells influenced by TGP.

Oval cells, which are hepatic progenitor cells, are re-
lated to terminal biliary ductules and the so-called canals
of Hering.52° They are small cells that have an oval-
shaped nucleus and scant cytoplasm containing few or-
ganelles.202! The oval cells forming ductular structures
are usually surrounded by a continuous basement mem-
brane like BECs. Furthermore, they express phenotypic
markers of both immature hepatocytes (AFP) and cholan-
giocytes (CK7, 8, 18, 19, OV6, GGT).3>-52021 In addi-
tion, oval cells are known to express hematopoietic stem
cell markers such as c-Kit, Thy-1, and CD34.45 In the
current experiment, cells in ductular reactions induced by
TGP had a round nucleus and relatively large cytoplasm
compared with that of oval cells. Although the cells in the
ductules immunohistochemically showed expression pat-
terns of AFP, ¢-Kit, Thyl, and CK19 similar to those of
oval cells, they also expressed hepatic markers such as
albumin, transferrin, CYP1A1, and HNF4. These genes
were not expressed in the oval cells. In addition, oval cells
usually appear when hepatic regeneration is impeded by
hepatic toxins or the liver is severely damaged. In this
study, only a small part of the liver was injured in normal
adult rats, and most hepatocytes were intact, as no toxin
was systemically administered. These results clearly sug-
gest that the cells induced by TGP are different from oval
cells.

Metaplasia of neighboring hepatocytes (ductular meta-
plasia) into BECs may occur as a result of TGP treatment.
In the current experiment, the existence of ductular reac-
tions in the lesion might have been coincident with the
suggestive locations of the portal area, which may have
existed before the injury. In addition, before the appear-
ance of the ductular reactions at POD 3, although many
dead and injured hepatocytes were observed in the area
adjacent to TGP, neither a single nor clustered CK197-
cells were randomly detected in those areas. Conversely, at
the time of the initial appearance of the cells in ductular
reactions, the size and the features of the nuclei were sim-
ilar to those of BECs.

Thus, TGP itself may have an effect on certain cells to
induce differentiation. Recently, it was reported that
TGP might have an effect on the renal differentiation of
human bone marrow mesenchymal stem cells.22 Al-
though there is no direct evidence that TGP can play a key
role in stem cell differentiation, TGP treatment may di-
rectly or indirectly switch on the signal for hepatic differ-
entiation of stem cells in terminal bile ducts or the canal of
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Hering. Thus, further investigation is necessary to clarify
the molecular mechanism of hepatic differentiation by

TGP.
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Background/4ims: Small hepatocytes (SHs) are hepatic progenitor cells, but the phenotypical difference between SHs
and mature hepatocytes (IMHs) has never been demonstrated.

Methods: The profile of gene expression was examined to clarify the difference between SHs and MHs by using a DNA
microarray. Genes that were specifically expressed in SHs were identified and RT-PCR analysis of them was performed.
Immunocytochemistry for CD44 standard form (CD44s) and variant form 6 (CD44v6) was performed using cultured SHs
and the p-galactosamine (GalN)-injured rat liver. From the GalN-treated liver, CD44s * cells were obtained by sorting
and RT-PCR analysis was performed.

Results: Analysis using the DNA microarray and RT—PCR of them revealed restricted expression of CD44s and
CD44v6 in SHs. In culture, CD44s appeared at day 3 and increased with the proliferation of SHs. CD44v6 expres-
sion was delayed compared to that of CD44s. With GalN-administration, CD44 * hepatocytes appeared around per-

iportal areas at days 3 and 4 and then decreased. Sorted CD44s *

markers.

cells could form colonies and possessed hepatic

Conclusions: CD44 is a specific marker of SHs. The expression of CD44 mRNA and protein is restricted to SHs, and is
up-regulated at the time when SHs start to proliferate both in vitro and in vivo.
© 2006 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Keywords: CD44s; CD44v6; Small hepatocytes; Proliferation; Maturation

1. Introduction

Small hepatocytes (SHs) are a subpopulation of hepa-
tocytes that have high growth potential in culture [1-4].
The cells are less than half the size of mature hepato-
cytes (MHs), but they possess hepatic characteristics
[5,6] SHs can clonally proliferate to form colonies that
survive for more than 5 months in defined medium [5,6]
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binding protein o; CYP, cytochrome P450; GalN, p-galactosamine;
HA, hyaluronic acid; LECs, liver epithelial cells; MH, mature hepa-
tocyte; NPC, hepatic nonparenchymal cell; SH, small hepatocyte.

and can differentiate into MHs by interacting with
hepatic nonparenchymal cells (NPCs) [7] or as a result
of treatment with Engelbreth-Holm-Swarm gel [8].
Thus, we consider that SHs may be ‘committed progen-
itor cells’ that can further differentiate into MHs.
Although SHs are primary cells that are freshly pre-
pared from rat liver, they can also proliferate after cryo-
preservation [9].

The molecular mechanisms regulating the character-
istics of SHs remain to be elucidated. In addition, their
precise origin and location within the liver are not clear
because the preparation of purified SHs is difficult and
specific markers for SHs have never been identified.
Therefore, it is important to identify specific genes and
proteins expressed in SHs, especially cell membrane-in-
tegrated proteins, because it will be possible to clarify
the characteristics of the cells by the methods of cell
sorting.
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The CD44 gene encodes for a family of alternatively
spliced, multifunctional adhesion molecules that partic-
ipate in lymphocyte-endothelial cell interactions as lym-
phocyte homing receptors [10-12], and in adhesion of
cells to extracellular matrix [13], T cell activation and
adherence [14], and metastasis formation {15]. CD44
standard form (CD44s) is composed of a short cytoplas-
mic tail, a transmembrane region and two extracellular
domains. There are 10 additional exons (v1-v10).
Although the expression of CD44 variant forms
(CD44v) was initially considered to occur as a result
of aberrant splicing in tumor cells, variant expression
was subsequently detected in normal cells [16]. The
expression of variant forms in hematopoietic cells has
been reported [17-19].

In the present study, we found that both CD44s and
CD44v6 were expressed in cultured SHs and their expres-
sion decreased with the maturation of the cells. Although
biliary epithelial cells (BECs) also expressed CD44s, no
other epithelial cells within the normal rat liver did. How-
ever, when the rat liver was severely injured by p-galactos-
amine (GalN) treatment, CD44s ™ epithelial cells
appeared near Glisson’s capsule in the liver lobules and,
by using a specific antibody, the cells could sorted and
thereafter cultured. These CD44s * cells expressed hepat-
ic marker genes and could proliferate to form colonies
consisting of SHs.

2. Materials and methods

2.1. Isolation and culture of SHs

Male F344 rats (Sankyo Lab Service Corporation, Inc., Tokyo,
Japan) weighing 150-200 g were used to isolate hepatic cells by the
two-step liver perfusion method of Seglen [20] with some modifications
[2]. Briefly, suspensions of liver cells were centrifuged at 50xg for
1 min. The supernatant was used to prepare SHs and the precipitate
was used to prepare MHs. The details of the isolation and culture proce-
dure were previously reported [7]. After the number of viable cells was
counted, cells were plated on dishes (7.5x10% cells/35-mm,
10x10° cells/100-mm dish; Corning Glass Works, Corning, NY). SH col-
onies cultured in a 100-mm dish were collected at day 14 and cryopre-
served at —80 °C. The details of the method were previously reported
[9]. After cryopreservation, SHs were thawed and suspended in the cul-
ture medium. To induce the maturation of SHs, they were overlaid with
growth factor-reduced Matrigel® (BD Biosciences, Bedford, MA) at day
14 after thawing and the cells were then cultured. The details of the
method were previously reported [8].

2.2. DNA microarray

Differences of the expression profiles of SHs and MHs were ana-
lyzed using a microarray approach. A DNA microarray spotted with
14,815 cDNAs (Agilent rat cDNA microarray kit) was purchased from
Agilent Technologies, Inc. (Palo Alto, CA). Poly(A) ¥ RNAs were
prepared using ISOGEN (Nippon Gene, Tokyo, Japan) and mRNAs
were prepared using a GenElute™-mRNA miniprep kit (Sigma Chem
Co, St Louis, MO). Prepared mRNAs were labeled with Cy5- and Cy3-
dUTP by reverse transcription. Analysis of the microarray was per-
formed by Hokkaido System Science (Sapporo, Japan).

2.3. RT-PCR

Total RNA was isolated using ISOGEN. Reverse transcription and
PCR amplification (RT-PCR) were performed in a one-step reaction
according to the manufacturer’s instructions (Invitrogen, San Diego,
CA). Sequences of forward and reverse primers used are listed in
Table 1. The constitutively expressed gene glycerol 3-phosphate
dehydrogenase (GPDH) was also reverse-transcribed in a separate
reaction as a qualitative and quantitative control.

2.4. Northern blot analysis

Northern blot analysis was performed as previously reported [21].
Probe labeling and RNA detection were performed according to the
manufacturer’s instructions for the AlkPhos Direct Labelling and
Detection System with CDP-Star (Amersham Biosciences, Piscataway,
N1J). For probes, the full-length CD44s and partial 450 bp GPDH frag-
ment were used.

2.5. Western blot analysis

After washing with PBS twice, the cells were dissolved in lysis solu-
tion (20 mM Tris—HCI [pH 7.4], 150 mM NaCl, 2.5 mM EDTA, 1%
Triton-X100, 1% aprotinin, and 20 mg/ml leupeptin). The cells were
kept on ice for 30 min and sonicated. After the sonication, the solution
was centrifuged at 22,000xg for 20 min. The supernatant was kept at
—80 °C until use and the protein content was measured using a BCA
assay kit (Pierce, Rockford, IL). Western blot analysis was carried
out as previously described [7].

2.6. Immunostaining

Antibodies used for immunostaining are listed in Table 2. SHs
in a 35-mm dish were used for immunocytochemistry. After wash-
ing with PBS, the cells were fixed in 70% cold ethanol. After
blocking with BlockAce (Dainippon Pharmaceuticals Co., Osaka,
Japan) for 30 min at RT, cells were incubated with the primary
antibody for 60 min at RT. Dishes were rinsed with PBS and sub-
sequently incubated with an Alexa**®-conjugated antibody (Molecu-
lar Probe, Eugene, OR) for 30min at RT. In case of double
staining, the secondary antibody was applied for 60 min. After
washing with PBS, the Alexa®*-conjugated antibody (Molecular
Probe) was applied for 30 min. Finally, cells were embedded with
90% glycerol including 0.01% p-phenylenediamine and 4,6-diamidi-
no-2-phenylindole (DAPI).

For immunohistochemistry, the liver was frozen at —80 °C until
use. Then 7-pm-thick sections were prepared and air-dried. The stain-
ing procedure used for the sections was the same as for immunocyto-
chemistry. A confocal laser microscope (Zeiss, Jena, Germany) was
used for observation.

2.7. p-galactosamine administration

GalN (Sigma; 75mg/100 g body weight dissolved in PBS) was
intraperitoneally given to male F344 rats weighing 150-200 g [22].
The animals were killed 1-5 days after the treatment and their livers
were removed. Liver slices were prepared, immediately frozen in liquid
nitrogen and kept at —80 °C until use.

2.8. Cell sorting and culture

Four days after GalN treatment, hepatic cells were isolated as
described above. The isolated cells were centrifuged at 50xg for
1 min. The supernatant was collected and then centrifuged again. After
the same procedure was repeated, the supernatant was centrifuged at
150xg for 5min and the pellet was suspended in PBS containing
2mM EDTA and 0.5% BSA. An anti-CD44 antibody (625 ng/ml)
was added and, following incubation for 10 min, cells were washed



