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Short Communication
Expression of Matrix Proteinases during Human
Intrahepatic Bile Duct Development

A Possible Role in Biliary Cell Migration
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Primitive biliary ceUs are known to migratefrom
the ductalplate into the mesenchyme during hu-
man intrahepatic bile duct development, and this
migration process is essentialfor normal devel-
opment of intrahepatic bile ducts. However, its
molecular mechanism is unknown. Matrix pro-
teinases play an important role in ceU migration
during cancer invasion and organ development.
In this study, we therefore investigated in situ
expression ofmatrix metaloproteinases (MMP)
and tissue inhibitors ofMMP (TIMP) during hu-
man intrahepatic bile duct development, using 32
humanfetal livers. We also examined in situ ex-
pression oftrypsinogen/trypsin, chymotrypsino-
gen/chymotrypsin, and cathepsin B, which are
matrix proteinases and activators of MMP.
MMP-1 expression was noted in the ductalplate
and migrating primitive biliary ceUs. MMP-2,
MMP-3, andMMP-9 were expressed in the ductal
plate. TIMP-1 and TIMP-2 were expressed in the
ductalplate and migratingprimitive biliary ceUs.
Trypsinogen/trypsin, chymotrypsinogen/chymo-
trypsin, and cathepsin B were also expressed in
primitive biliary ceUs. These data suggest that
MMP, trypsinogen/trypsin, chymotrypsinogen/
chymotrypsin, and cathepsin B play a critical
role in biliary ceU migration during human intra-
hepatic bile duct development by degrading ex-

tracellular matrix proteins. The data also sug-
gest that MMP inhibitors (TIMP-1 and TIMP-2)
andMMP activators (trypsin, chymotrypsin, and
cathepsin B)play an important role in biliary ceUl
migration. The coordinated expression ofMMP,
MMP inhibitors, and MMP activators may be
necessaryfor the normal development ofhuman
intrahepatic bile ducts. (Am J Pathol 1995, 147:
1207-1213)

The developmental process of human intrahepatic
bile ducts has been well studied.1'- These studies
have revealed that human intrahepatic bile ducts
arise from primitive immature hepatocytes around
the portal veins. The primitive hepatocytes give rise
to a double-layered cylindrical structure known as
the "ductal plate." Primitive bile duct cells migrate
from the ductal plate into the mesenchyme around
the portal veins. The migrating primitive bile duct
cells become immature bile ducts, which further
transform into mature bile ducts after birth.1-11 This
migration of primitive biliary cells into the mesen-
chyme is thought to be essential for the normal de-
velopment of intrahepatic bile ducts.1'11 However,
the molecular mechanism of this migration is un-
known, although a possible role of laminin and tena-
scin has been speculated.3a

Proteolytic enzymes, collectively known as matrix
proteinases, are known to play an important role in
the cell migration of cancer cells1213 and during
organ development1415 by degrading extracellular
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matrix (ECM) proteins. Matrix proteinases are clas-
sified into matrix metalloproteinases (MMPs), serine
proteinases, cysteine proteinases, and aspartic pro-

teinases.12 Among these, MMPs are the most pow-

erful proteinases.12,13 Trypsinogen/trypsin and
chymotrypsinogen/chymotrypsin, both serine pro-

teinases, are known to play a role in cell migration by
degrading ECM proteins.16-18 Cathepsin B, a cys-

teine proteinase, is also involved in cell migration by
degrading ECM proteins.1920 In cancer or develop-
ing tissues, there are inhibitors of these matrix pro-

teinases, such as tissue inhibitors of MMP (TIMP)
and pancreatic secretory trypsin inhibitor.12-18 How-
ever, the in situ expression and role of matrix protein-
ases have not been examined during human intra-
hepatic bile duct development.

In this study, we therefore examined the in situ
expression of MMP-1 (interstitial collagenase),
MMP-2 (72-kd gelatinase/type IV collagenase (gela-
tinase A)), MMP-3 (stromelysin), MMP-9 (92-kd ge-

latinase/type IV collagenase (gelatinase B)), TIMP-1,
TI MP-2, trypsinogen, chymotrypsinogen, and ca-

thepsin B in primitive biliary cells of human fetuses in
order to determine the possible role of these en-

zymes in the migration of primitive biliary cells.

Materials and Methods

Tissue Specimens

We collected 32 human fetal livers at the gestational
ages of 9, 10 (n = 3), 11 (n = 3), 12 (n = 2), 13 (n =
2), 14 (n = 2), 15 (n = 2), 17 (n = 2), 18, 19, 22, 24
(n = 2), 25, 26, 28, 29, 30, 32, 33, 36, 37, and 40
weeks. The fetuses were either aborted or autopsied
fetuses. All of the aborted fetuses were spontane-
ously aborted, and informed consent was obtained
from the mother in each case. The liver was sliced
frontally at the hepatic hilum, and one liver specimen
including the hepatic hilum was obtained from each
liver. The specimens thus obtained were fixed in 4%
neutral formaldehyde solution and embedded in par-

affin. Several 5-,um sections were obtained from
each paraffin-embedded block; one of them was

stained with hematoxylin and eosin, and the rest
were subjected to immunohistochemical staining.

Antibodies and Specificity

For the development of mouse monoclonal antibodies
immunoglobulin G (IgG class) against MMP-1, MMP-2,
MMP-9, synthetic peptides of these antigens were pre-

pared by the Fmoc-Bop method on a Bioresearch
model 9600 peptide synthesizer (MilliGen/Bioresearch,

Tokyo, Japan).21 ProMMP-3 was purified from the cul-
ture medium from the rheumatoid synovial fibroblast.22
TIMP-1 and TIMP-2 were also isolated from human
placental tissues.23 These peptides and proteins were
used as antigens and used to immunize BALB/c mice.
Monoclonal antibodies were first screened by enzyme-
linked immunosorbent assay, and the positive clones
were further characterized by immunoblotting. lgG an-
tibodies specific to each MMP or TIMP were obtained
by ammonium sulfate fractionation and Affi-Gel protein
A MAPS-Il kit from the ascites fluids of Pristane-treated
BALB/c mice injected with each hybridoma. The spec-
ificity of each MMP or TIMP was confirmed by Western
blot analysis.21
Mouse monoclonal antibodies to trypsinogen and

chymotrypsinogen were commercially obtained from
Chemicon Corporation (Tomecula, CA). The speci-
ficity of these antibodies was confirmed by Western
blotting24 and absorption testing.11 Polyclonal anti-
body to cathepsin B was obtained from Binding Site
Ltd. (Birmingham, UK), and the specificity was con-
firmed by the absorption test.18

Immunohistochemical Procedure

Sections from each paraffin block were immunohisto-
chemically stained for MMP-1, MMP-2, MMP-3,
MMP-9, TIMP-1, TIMP-2, trypsinogen, chymotrypsino-
gen, and cathepsin B, using the avidin-biotin-peroxi-
dase complex method of Hsu et al.25 In brief, after
deparaffinization, endogenous peroxidase activity was
abolished by immersing the sections for 20 minutes in
methanol containing 0.3% H202. The sections were
then treated with normal serum for 20 minutes, followed
by treatment at 40C overnight with the monoclonal an-
tibodies (5 to 10 jig/ml) or polyclonal anti-cathepsin B
(dilution, 1:50). The sections were then treated for 1
hour with biotinylated anti-mouse IgG (Vector Labora-
tories, Burlingame, CA) or biotinylated anti-rabbit IgG
(Vector Laboratories), followed by treatment for 1 hour
with avidin-biotin-peroxidase complex (Vectastain ABC
Kit, Vector Laboratories). The reaction products were
developed by immersing the sections in 3,3'-diamino-
benzidine tetrahydrochloride solution containing
0.03% H202. The nuclei were lightly stained with he-
matoxylin. No staining was obtained when nonimmune
serum or phosphate-buffered saline was used instead
of the primary antibodies.

Staging of Intrahepatic Bile
Duct Development
The developing intrahepatic bile ducts were classi-
fied into the following four stages: ductal plate; mi-



Matrix Proteinases in Intrahepatic Bile Duct Development 1209
AJP November 1995, Vol. 14 7, No. 5

Figure 1. Expression ofMMPs during human intrahepatic bile duct development. A: MMP-1 is expressed in the ductal plate (arrows). B: MMP-1 is
expressed in the biliary cells (arrows) migratingfrom the ductalplate into the mesenchyme. C: MMP-1 is expressed in immature bile ducts (arrows).
D: MMP-2 is expressed in the ductal plate (arrows). E: MMP-3 is expressed in the ductal plate (arrows). F: MMP-9 is expressed in the ductal plate
(arrows). Immunostaining for MMP, X300.

gration of biliary cells from the ductal plate into the
mesenchyme (remodeling stage); immature bile
ducts (remodeled stage); and maturing bile ducts.
The maturing bile ducts were distinguished from the
immature bile ducts as follows. The former were

well-developed circular ductal structures without
neighboring primitive biliary cells, whereas the latter
were semicircular or slit-like ductal structures with
neighboring primitive ductal elements. Intrahepatic
bile duct development progressed from the hepatic

hilum to the periphery.'1 1 The approximate period
of each stage during the development of large bile
ducts near the hepatic hilum was as follows: 9 to 12
gestational weeks in ductal plate, 13 to 17 gesta-
tional weeks in migration of biliary cells, 18 to 25
gestational weeks in immature bile ducts, and 26 to
40 gestational weeks in maturing bile ducts. Intrahe-
patic bile duct development differed according to
the bile duct size. Therefore, two or more of these
stages were frequently observed in the same liver;

I
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Table 1. Expression of Matrix Proteinases during Human Intrabepatic Bile Duct Development

Stages of intrahepatic bile duct development
Ductal Biliary cell Immature Maturing Immature

Antigens plate migration bile ducts bile ducts hepatocytes

MMP-1 + + + -
MMP-2 + - - -
MMP-3 + - - -
MMP-9 + - - -
TIMP-1 + + - -
TIMP-2 + + - -
Trypsinogen + + + +*
Chymotrypsinogen + + + + +*

Cathepsin B + + + + +*

+, positive; -, negative; +, little or no immunoreactivity.
Immunoreactivity of immature hepatocytes is weaker than that of primitive biliary cells, and accentuated in periportal areas.

'4 ' ~ l.T.
Figure 2. Expresion ofTIMP during human intrahepatic bile duct development. A: TJMP-1 is expressed in the ductalplate and migrating biliary cells
(arrows). B: T7MP-2 immunoreactivity is noted in the ductal plate and migrating primitive biliary cells. Immunostaining for 7TMP, X350.

the ductal plate was observed simultaneously with
migration of biliary cells into the mesenchyma, and
migration of biliary cells into the mesenchyme coex-
isted with immature bile ducts.

Results

Expression of Matrix Metalloproteinases
MMP-1 was expressed in the ductal plate (Figure
1A), migrating primitive biliary cells (Figure 1B) and
immature bile ducts (Figure 1C), but was not ex-
pressed in maturing bile ducts (Table 1). MMP-2,
MMP-3, and MMP-9 were expressed in the ductal
plate (Figure 1, D-F), but were not expressed either
in migrating primitive biliary cells or in immature and
maturing bile ducts. The pattern of MMP immunore-
activity in the cytoplasm was granular.

Expression of Tissue Inhibitor of
Matrix Metalloproteinases
TIMP-1 and TIMP-2 were expressed in the ductal plate
and migrating primitive biliary cells (Figures 2, A and

B), but were not expressed either in immature bile
ducts or in maturing bile ducts. The pattern of TIMP
immunoreactivity in the cytoplasm was granular.

Expression of Trypsinogen,
Chymotrypsinogen, and Cathepsin B
Trypsinogen, chymotrypsinogen, and cathepsin B
were expressed in the ductal plate, migrating primitive
biliary cells, immature bile ducts and maturing bile
ducts (Figure 3, A-C), although little or no trypsinogen
immunoreactivity was observed in the ductal plate. The
immunoreactivity of trypsinogen and chymotrypsino-
gen showed diffuse cytoplasmatic pattern in the ductal
plate, migrating biliary cells, and immature bile ducts,
but supranuclear granular pattern was seen in matur-
ing bile ducts. Cathepsin B immunoreactivity showed a
diffuse cytoplasmic pattern.

Discussion
During human intrahepatic bile duct development,
the migration of primitive biliary cells into the mes-
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enchyme is the critical event.1-11 However, the mo-

lecular mechanism of this migration phenomenon is
unknown. Proteolytic digestion of ECM is essential
for cell migration.12.13 MMPs are powerful proteolytic
enzymes capable of degrading various ECM pro-

teins, thus assisting in the migration of cancer

cells12.13 and during organ development. 14.15
Trypsinogen/trypsin, chymotrypsinogen/chymotryp-
sin, and cathepsin B are also proteolytic enzymes,

but they are less powerful than MMP.1213'17-20 The
demonstration in the present study of the presence
of immunoreactive MMP, trypsinogen, chymotryp-
sinogen and cathepsin B in the primitive biliary cells
of the human fetal liver suggests that primitive biliary
cells contain these matrix proteinases and secrete
these proteinases. It is strongly suggested that the
secreted matrix proteinases are activated and that
the activated proteinases play a critical role in biliary
cell migration from the ductal plate into the mesen-

chyme by degrading the ECM proteins.
There was heterogeneity of the expression of

MMP, trypsinogen, chymotrypsinogen, and cathep-
sin B. MMP-2, MMP-3, and MMP-9 were expressed
in the ductal plate, whereas MMP-1 was expressed
in the ductal plate as well as in migrating biliary cells
and immature bile ducts. It appears that MMP-2,

Figure 3. Expression ofr3psinogen, chymotrypsinogen, and cathepsin B
during human intrabepatic bile duct development. A: TrtWsinogen is
exressed in the migrating primitive biliary cels (arrows). B: Chymot-
rypsinogen immunoreactivity ispresent in the migratingprimitive biliary
cells and immature bile ducts (arrows). C: Cathepsin B is expressed in
the migrating biiary cells (arrows) as well as in the ductal plate in
periportial immature hepatocytes. Immunostaining, X300.

MMP-3, and MMP-9 play an important role in biliary
cell migration from the ductal plate into the mesen-
chyme by degrading type IV collagen, laminin, and
other ECM proteins. In fact, type IV collagen and
laminin are present in the ductal plate.8 This finding
also suggests that MMP-1 plays a more important
role than do MMP-2, MMP-3, and MMP-9. MMP-1
apparently assists in biliary cell migration during the
stages of ductal plate, biliary cell migration, and
immature bile ducts. MMP-1 was not present in ma-
turing bile ducts, suggesting that ECM degradation
by MMP-1 does not occur at this stage. Trypsinogen,
chymotrypsinogen, and cathepsin B were expressed
in the ductal plate, biliary cell migration, and imma-
ture bile ducts, suggesting that these proteinases
play a role during these stages although these pro-
teolytic enzymes seem less effective than MMP.

The activation mechanism of these matrix protein-
ases is complex. MMP is released from cells into the
ECM in inactive forms.13 Trypsinogen and chymo-
trypsinogen are also inactive forms. It is well known
that cathepsin B activates proenzymes, such as
trypsinogen and chymotrypsinogen, converting
them into active forms, such as trypsin and chymo-
trypsin.26.27 Therefore, it seems likely that trypsino-
gen and chymotrypsinogen in the primitive biliary
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cells are converted into activated trypsin and chy-
motrypsin by cathepsin B in the primitive biliary cells.
The activated trypsin and chymotrypsin may play an
important role in biliary cell migration by degrading
ECM proteins. Cathepsin B is also known to activate
MMP,28 and trypsin and chymotrypsin are known to
activate MMP,29 suggesting that MMPs in the primi-
tive biliary cells are transformed into active forms by
cathepsin B, trypsin, and chymotrypsin. The acti-
vated MMPs may play a critical role in primitive bili-
ary cell migration. On the other hand, TIMP-1 and
TIMP-2 inactivate the activated MMP.12 The present
study demonstrated that the ductal plate and migrat-
ing biliary cells contain immunoreactive TIMP-1 and
TIMP-2. These findings suggest that the activation
and inactivation of MMP and other matrix protein-
ases are delicately regulated by the proteolytic en-
zymes and TIMP. Appropriate secretion and bal-
anced activation and inactivation of matrix
proteinases may be essential for the normal devel-
opment of human intrahepatic bile ducts. The disor-
dered secretion or activation/inactivation of these
matrix proteinases may lead to congenital biliary
diseases, such as biliary atresia and "ductal plate
malformation."5

This study was conducted with the assumption
that transformation of the ductal plate into mature
bile ducts occurs through active migration of biliary
epithelial cells. However, there is an alternative pos-
sibility on this issue. That is, a synthesis of ECM
components may take place, resulting in an engulf-
ment of parts of the ductal plates by connective
tissue. In the postnatal liver, ECM components are
synthesized mainly by fat-storing cells (Ito cells) and
mesenchymal cells.30 Hepatocytes and bile duct
cells do not contribute to the ECM synthesis.30 In the
fetal liver, however, cellular sources of ECM compo-
nents are apparently unknown. Although this alter-
native hypothesis may be possible, we believe that
primitive biliary cells actively migrate from the duc-
tal plate into the mesenchyme. The demonstration
of mRNA of ECM components by in situ hybridization
is needed in fetal livers to test this alternative
hypothesis.

Finally, the present study is only an immunohisto-
chemical study, and the hypothesis that the activities
of the matrix proteinases and TIMP are directly in-
volved in the human intrahepatic bile duct develop-
ment is not directly tested in the present study. To
test this hypothesis directly, development of experi-
mental models, such as ductal plate cell culture,
organ culture, and animal, may be needed. How-
ever, this is very difficult at the present time, and this
issue remains to be resolved in the future.

References

1. Van Eyken P, Sciot R, Callea F, Van der Steen K,
Moerman P, Desmet VJ: The development of the intra-
hepatic bile ducts in man: a keratin immunohistochem-
ical study. Hepatology 1988, 8:1586-1595

2. Shah KD, Gerber MA: Development of intrahepatic bile
ducts in humans: immunohistochemical study using
monoclonal cytokeratin antibodies. Arch Pathol Lab
Med 1989, 113:1135-1138

3. Shah KD, Gerber MA: Development of intrahepatic bile
ducts in humans: possible role of laminin. Arch Pathol
Lab Med 1990, 114:597-600

4. Desmet VJ: Intrahepatic bile ducts under the lens. J
Hepatol 1985, 1:545-559

5. Desmet VJ: Congenital diseases of intrahepatic bile
ducts: variations on the theme "ductal plate malforma-
tion." Hepatology 1992, 16:1069-1083

6. Terada T, Nakanuma Y: Development of human intra-
hepatic peribiliary glands: histological, keratin immuno-
histochemical and mucus histochemical analyses. Lab
Invest 1993, 68:261-269

7. Terada T, Nakanuma Y: Profiles of expression of car-
bohydrate chain structures during human intrahepatic
bile duct development and maturation: a lectin-histo-
chemical and immunohistochemical study. Hepatology
1994, 20:388-397

8. Terada T, Nakanuma Y: Expression of tenascin, type IV
collagen and laminin during intrahepatic bile duct de-
velopment and in intrahepatic cholangiocarcinoma.
Histopathology 1994, 25:143-150

9. Terada T, Ohta T, Nakanuma Y: Expression of trans-
forming growth factor-a and its receptor in human liver
development and maturation. Virchows Archiv 1994,
424:669-675

10. Terada T, Nakanuma Y: Detection of apoptosis and
expression of apoptosis-related proteins during human
intrahepatic bile duct development. Am J Pathol 1995,
146:67-74

11. Terada T, Nakanuma Y: Expression of pancreatic en-
zymes a-amylase, trypsinogen and lipase) during hu-
man liver development and maturation. Gastroenterol-
ogy 1995, 108:1236-1245

12. Liotta LA, Steeg PS, Stetler-Stevenson WG: Cancer
metastasis and angiogenesis: an imbalance of positive
and negative regulation. Cell 1991, 64:327-336

13. Mignatti P, Rifkin DB: Biology and biochemistry of pro-
teinases in tumor invasion. Physiol Rev 1993, 73:161-
195

14. Sasaguri Y, Murahashi N, Sugama K, Kato S, Hiraoka
K, Satoh T, Isomoto H, Marimatsu M: Developmental-
related changes in matrix metalloproteinase expres-
sion in human aortic smooth muscle cells. Lab Invest
1994, 71 :261-269

15. Reponen P, Sahlberg C, Munaut C, Thesleff I, Tryggva-
son K: High expression of 92-kD type IV collagenase
(gelatinase B) in the osteoclast lineage during mouse
development. J Cell Biol 1994, 124:1091-1102



Matrix Proteinases in Intrahepatic Bile Duct Development 1213
AJP November 1995, Vol. 14 7, No. 5

16. Koivunen E, Huhtala ML, Stenman UH: Human ovarian
tumor-associated trypsin. J Biol Chem 1989, 264:
14095-14099

17. Ohta T, Terada T, Nagakawa T, Tajima H, Itoh H, Fon-
seca L, Miyazaki I: Pancreatic trypsinogen and cathep-
sin B in human pancreatic carcinomas and associated
metastatic lesions. Br J Cancer 1994, 69:152-156

18. Terada T, Ohta T, Minato H, Nakanuma Y: Expression
of pancreatic trypsinogen/trypsin and cathepsin B in
human cholangiocarcinomas and hepatocellular carci-
nomas. Hum Pathol 1995, 26:746-752

19. Sloane BF, Kenneth VH: Cysteine proteinase and me-
tastasis. Cancer Metastasis Rev 1984, 3:249-263

20. Sloane BF: Cathepsin B and cysteins: evidence for a
role in cancer progression. Semin Cancer Biol 1990,
1:137-152

21. Okada Y, Naka K, Kawamura K, Matsumoto T, Nakan-
ishi 1, Fijimoto N, Sato H, Seiki M: Localization of matrix
metalloproteinase 9 (92-kilodalton gelatinase/type IV
collagenase = gelatinase B) in osteoclasts: implica-
tions for bone resorption. Lab Invest 1995, 72:311-322

22. Okada Y, Harris ED, Nagase H: The precursor of a
metalloendopeptidase from human rheumatoid syno-
vial fibroblasts. Biochem J 1988, 254:731-741

23. Kodama S, Iwata K, Iwata H, Yamashita K, Hayakawa
T: Rapid one-step sandwich enzyme immunoassay for
tissue inhibitor of metalloproteinases: an application for
rheumatoid arteritis serum and plasm. J Immunol Meth-
ods 1990, 127:103-108

24. Terada T, Morita T, Hoso M, Nakanuma Y: Pancreatic
enzymes in the epithelium of intrahepatic large bile

ducts and in the hepatic bile in patients with extrahe-
patic bile duct obstruction. J Clin Pathol 1994, 47:924-
927

25. Hsu SM, Raine L, Fanger H: Use of avidin-biotin-per-
oxidase complex (ABC) in immunoperoxidase
techniques: a comparison between ABC and unla-
belled (PAP) procedures. J Histochem Cytochem
1981, 29:557-580

26. Greenbaum LM, Hirshkowitz A, Shoichet I: The activa-
tion of trypsinogen by cathepsin B. J Biol Chem 1959,
234:2885-2890

27. Rinderknecht H: Activation of pancreatic zymogens:
normal activation, premature intrapancreatic activa-
tion, and protective mechanisms against inappropriate
activation. Dig Dis Sci 1986, 32:314-321

28. Eeckhout Y, Vaes G: Further studies on the activation of
procollagenase, the latent precursor of bone cartilage:
effect of lysosomal cathepsin B, plasmin and kallikrein
and spontaneous activation. Biochem J 1977, 166:
21-31

29. Okada Y, Gonoji Y, Naka K, Tomita K, Nakanishi I,
Iwata K, Yamashita K, Hayakawa T: Matrix metallopro-
teinases 9 (92-kDa gelatinase/type IV collagenase)
from HT 1080 human fibrosarcoma cells: purification
and activation of the precursor and enzymatic proper-
ties. J Biol Chem 1992, 267:21712-21719

30. Milani S, Herbst H, Schuppan D, Grappone C, Hein-
richs OE: Cellular sources of extracellular matrix pro-
teins in normal and fibrotic liver: studies of gene ex-
pression by in situ hybridization. J Hepatol 1995,
22(Suppl 2):71-76


