Collagenase in Experimental Carbon Tetrachloride
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The presence and distribution of collagenase in experimental CCl, cirrhosis of the liver
in rats has been studied by immunohistochemical techniques. A monospecific anti-rat
uterus collagenase antibody was raised in rabbits and used for indirect immuno-
fluorescence staining of liver sections obtained from rats in both the reversible and
irreversible stages of CCl,-induced cirrhosis. Collagenase is present associated with
connective tissue septums as long as cirrhosis is reversible, and it is not detectable in the
irreversible stage. In animals sacrificed during the transition between the reversible
and irreversible stages of cirrhosis, collagenase appeared bound to the outer surfaces of
connective tissue septums and was absent from the deeper portions. These observa-
tions suggest that the irreversibility of experimental CCl, cirrhosis of the liver is asso-
ciated with a disturbance in the mechanisms of collagen degradation, which may be a
deficiency in collagenase activity, a change in the susceptibility of the substrate, or a
combination of both factors. (Am J Pathol 92:411-420, 1978)

THE TERM “CIRRHOSIS OF THE LIVER" refers to a heterogeneous
group of chronic, progressive, and irreversible diseases for which no
satisfactory treatment is available.! Despite several significant differences
among most etiologically defined categories,? all cases of cirrhosis are
characterized morphologically by the loss of normal liver architecture,
which is replaced by a new tridimensional structure based on the combina-
tion of variable degrees of liver cell regeneration and excessive connective
tissue deposition.® The pathogenesis of the revised liver architecture has
been the subject of many speculations.*® It is universally accepted that
once fibrosis is established, the process becomes irreversible.”®* Many
investigators, therefore, have directed their efforts to studv means by
which excessive connective tissue deposition may be prevented.®!* The
irreversibility of scar tissue has been accepted a priori,'! and there are only
few studies designed to explore the possibility that fibrous connective
tissue in human cirrhosis may be subject to degradation and resorption.!?
On the other hand, there are some experimental models of liver cirrhosis
in which the process has been shown to be reversible, such as chronic CCl,
intoxication,’*** p-dimethvlaminoazobenzene '*'" or ethionine adminis-
tration,'®' and dietary cirrhosis.?*?* In each of these models, discontin-
uation of the cirrhogenic agent is followed by a period of repair of the liver
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changes, including complete or nearly complete disappearance of exces-
sive fibrous tissue. In CCl-induced cirrhosis, however, the process is
reversible only for a certain period (40 or 50 days'*'*) and becomes
irreversible when administration of this toxin is continued for more than
90 days. In this paper we report observations dealing with a possible
mechanism of the irreversibility of experimental CCl, cirrhosis of the liver
in rats.

Materials and Methods
Experimental CCl, Cirrhasis of the Liver

White female rats of Wistar strain weighing 100 g were caged in groups of 4, fed regular
Purina pellets and water ad libitum, and weighed weekly throughout the experiment. All
animals were injected intraperitoneally twice a week with 0.2 ml of a 33% solution of CCl,
in mineral oil for 7 weeks. After 7 weeks, the CCL, injections were discontinued in one half
the animals and the remaining half went on to complete 15 weeks of treatment. Through-
out this period, and for up to 100 weeks after the CCl, treatment was discontinued,
animals chosen at random from both groups were killed at different times by cardiac
exsanguination under light ether anesthesia; the liver was removed, weighed, and treated
as described below. Thus, liver specimens were available from rats treated with CCL, for
up to 7 weeks (14 injections) and from this same group of animals after treatment was
discontinued for as long as 52 weeks. Similarly, liver specimens were also available from
rats treated with CCl, for as long as 15 weeks (30 injections) and from this same group of
animals after treatment was discontinued for as long as 104 weeks.

Liver Sections
Thin slices of the right lobe of the liver were fixed in formalin. Other slices were frozen
on cryostat chucks with Tissue-Tek, cut 6 to 10 u thick, made to adhere to untreated glass

slides, and kept at 0 C for no longer than 1 week before staining. Paraffin sections were
stained with hematoxylin and eosin and by Masson’s and Laidlaw’s techniques.

Anticollagenase Antibodies

The preparation of pure collagenase from postpartum rat uterus and of monospecific
anti-rat collagenase antibody in rabbits has been described in detail elsewhere.® Briefly,
the enzyme was obtained from the culture medium of postpartum rat uterus fragments,
purified by affinity chromatography on columns packed with collagen bound to Sepharose
4-B, and used as antigen to immunize rabbits. The antiserum was absorbed with both rat
serum and collagen free of bound collagenase * and was shown to react specifically with
rat postpartum uterus collagenase by immunodiffusion and inhibition tests.2*

Other immunologic Reactants

Because all the immunohistochemical studies described below were performed by the
indirect or ““sandwich’ technique, it was necessary to prepare a specific anti-rabbit IgG
antibody, as well as other immunologic reactants, in a different species. The goat was
chosen, and the details of this phase of the experiment have been described elsewhere
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Immunofiuorescence Staining

After thorough washing with phosphate-buffered saline, liver sections were flooded with
purified anticollagenase IgG for 30 minutes in a moist chamber at room temperature,
followed by further washing (three times) with phosphate-buffered saline. and then
covered with fluorescein-labeled goat 1gG anti-rabbit IgG for another 30 minutes under
the same conditions. Slides were observed immediately after staining under a Zeiss
epifluorescence microscope equipped with activation filter BG 12, barrier filters 560 and
590. and a high pressure mercury vapor 200-watt lamp. Controls included liver tissue
slides treated with the same concentration of nonstimulated rabbit IgG (instead of rabbit
anti-rat uterus collagenase IgG) and also with fluorescein-labeled nonstimulated goat 1gG
(instead of goat anti-rabbit IgG antibody IgG). In some instances tissues were flooded
directly with the fluorescein-labeled goat IgG anti-rabbit IgG and also with nonstimulated,
fluorescein-labeled goat 1gG.2

Results
Early Response of Normal Collagenase Distribution to CCl, Administration

The distribution of collagenase in the normal rat liver has been briefly
described.?* The enzvme is present in the portal spaces, localized on the
fine collagen fibers that separate vessels and bile ducts, and on the
interlaminar reticulum fibers outlining the walls of the sinusoidal capillar-
ies. Positive fluorescence staining was also seen on the wall of large
efferent veins and on the fibrous capsule (Figure 1). In animals killed after
2 weeks of CCl, treatment (four injections), the normal pattern of immu-
nofluorescence was changed only around the central veins, where staining
was absent from the reticulum fibers (Figure 2). A similar picture was
observed in animals killed after 4 weeks of CCl, treatment (eight injec-
tions), but the area where no collagenase was present was larger, corre-
sponding to the centrilobular necrosis and fatty metamorphosis.*

Reversible CCl, Cirrhosis of the Liver

After 6 to 8 weeks of CCl, treatment (12 to 16 injections), most animals
revealed early cirrhosis of the liver, characterized by fine connective tissue
septums separating irregular nodules of liver parenchyma. Histologic
signs of liver cell regeneration were minimal or entirely absent at this
stage. Immunofluorescence staining was positive on the fibrous septums,
with only very few reticulum fibers faintly stained within the liver cell
nodules, usually with a random distribution (Figure 3). The normal
immunofluorescence of portal spaces and efferent veins remained un-
changed. Animals from this group that were killed 4 and 12 weeks after
the CCl, treatment was discontinued revealed progressive disappearance
of connective tissue bands and return to normal liver architecture; how-
ever, as long as fibrous septums were present, thev were detected by
positive immunofluorescence staining.
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Irreversible CCL, Cirrhosis of the Liver

Animals surviving CCl, treatment for longer than 8 weeks and up to 15
weeks (16 to 30 injections) developed advanced cirrhosis of the liver,
characterized by gross distortion of liver architecture, broad connective
tissue septums, and irregular nodules of parenchyma with many cytologic
signs of regeneration. Immunofluorescence staining showed progressive
displacement of the positive material to the periphery of the fibrous
septums (Figures 4 through 6) which were considerably thicker than these
in the group with reversible cirrhosis. Finally, no fluorescence was visible
in the connective tissue septums (Figure 7). Rats in which the CCl,
treatment was discontinued on completion of 30 injections and which
were kept in the laboratory for as long as 104 additional weeks still
showed the same advanced cirrhosis and were persistently negative
with the immunofluorescence stain, although some reticulum fibers
within the regenerated liver cell nodules were positive.
Discussion

Since the early studies of Cameron and Karunaratne !* it has been
recognized that experimental CCl, cirrhosis of the liver goes through two
successive and dose-dependent stages. The first stage is characterized
morphologically by thin connective tissue septums surrounding discrete
nodules of liver cells with little or no signs of regeneration. This stage is
reversible provided the administration of CCl, is discontinued at the right
time (not later than 6 to 8 weeks or 15 injections). The second stage
reveals broader fibrous tissue septums separating well-defined parenchy-
mal nodules with abundant cytologic signs of regeneration; the normal
relation of portal spaces to controlobular veins is lost. This stage of
cirrhosis is irreversible, and the liver will remain as such despite discontin-
uation of the toxic and for as long as the animal lives. Rubin et al 42
showed that the half life of collagen deposited in this experimental model
of liver cirrhosis varied according to the stage of the disease. In the
reversible stage, the half life of collagen was 30 days, whereas in the
irreversible stage it was of the order of 300 days. Their data suggest a
disturbance in the turnover of collagen and, since it appears well estab-
lished that in the irreversible stage of experimental CCl, cirrhosis there is
little or no increased collagen biosynthesis,? their data are also compatible
with faulty collagen degradation, which the same authors later attributed
to an excess of chondroitin sulfate B.2* We * have shown that an experi-
mentally induced focal liver. scar is almost completely resorbed in the
normal rat in approximately 3 weeks but that a similar scar produced in a
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liver with irreversible CCl, cirrhosis will remain unchanged for the entire
life of the animal.

The experiments reported in this paper demonstrate that collagenase is
associated with collagen in the connective tissue septums throughout the
reversible phase of CCl, cirrhosis of the liver and that the enzyme protein
is no longer detectable in the irreversible phase of the disease. Differences
in the intensity of immunofluorescence staining of tissue sections are
difficult to translate into quantitative statements, especially when several
important variables remain unknown, such as the molarity of specific
antibodies in the IgG preparations used, the reactivity of the antigen
bound to tissue structures (as opposed to the purified antigen in a test
tube), and the possible presence in the tissues of substances capable of
modifving the stoichiometry of the antigen-antibody reaction. For this
reason, variations in the intensity of immunofluorescence have not been
taken into account and the only differences noted are simply positive or
negative. It is acknowledged that the lack of positive staining does not
discriminate between the absence of the antigen in the tissue and its
presence at concentrations below the sensitivity of the technique used to
detect it. Nevertheless, our observations may be correlated with the report
of Okazaki and Maruyama,®* who showed that during the early stages of
CCl, cirrhosis collagenase activity was increased in the liver and that in
the advanced stages of the experimental disease the enzyme activity was
comparatively poor. These authors used the in vitro technique of Gross
and Lapiére,® which consists of the incubation of diced specimens of rat
liver on top of reconstituted collagen gels; the area of lysis of the gel
around the explant permits a semiquantitative estimate of collagenolysis.
It is likely that Okazaki and Maruyama were detecting newly synthesized
enzyme, since frozen and thawed liver fragments from early cirrhosis
failed to show collagenase activity, whereas living tissue from the same rat
revealed appreciable enzymatic activity. It should be emphasized, how-
ever, that very little is known about the turnover of collagenase in vivo
and that once the enzyme becomes bound to its substrate it becomes very
difficult to remove it.2°

During the transition between reversible and irreversible stages in CCl,
cirrhosis of the liver, collagenase was progressively excluded from the
deeper portions of the connective tissue septums before it disappeared
completely. This observation suggests that as connective tissue septums
grow thicker (and perhaps older) the collagen fibers become hetero-
geneous not only in regard to their location within the septums, and
possibly in the degree of cross-linking, but also with respect to the
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presence or absence of collagen-bound collagenase. A similar distribution
of collagenase has been observed on thick collagen bundles in the dermis.
tail tendon, and other organs in the normal rat, where the enzyvme was
present only on the outer surface of the collagen bundles.?

In theory. the inability of the cirrhotic liver to remove the increased
fibrous tissue once the administration of CCl, is discontinued could be due
to several factors *?: a) deficiency of the normal collagen-degrading mech-
anism: b) presence of collagen not susceptible to the degrading mecha-
nism: c) interference with the enzvme:substrate reaction (collage-
nase:collagen) by other substances, such as enzyme inhibitors or
associated molecules: and d) combinations of some or all the preceding
factors. Our observations fail to discriminate between the various possi-
bilities. since thev may be explained by any one of them. Nevertheless,
three observations would seem to support the hvpothesis that irreversibil-
itv of CCl, cirrhosis involves some alteration in collagenase: 1) the inabil-
ity of the liver with irreversible cirrhosis to eliminate a focal scar induced
when the process was already advanced,”suggesting that even recently
deposited collagen is not degraded: 2) the demonstration that little or no
collagen biosynthesis occurs during the irreversible phase of CCl, cir-
rhosis,” which militates against the possibility of replacement of con-
nective tissue septums by a collagenase-resistant tvpe of collagen: and 3)
the presence of the enzvme in the reversible phase of CCl, cirrhosis and its
absence in the irreversible phase, established by the in vitro observations
of Okazaki and Maruvama ® and by the experiments reported in this
paper. To clarify the precise mechanism(s) responsible for the irreversibil-
ity of CCl, cirrhosis, direct quantitative determinations of collagenase
activity and collagen susceptibility should be made under conditions
resembling the in vivo situation as closely as possible. Such studies are
under wayv in our laboratory.
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