American Journal of Pathology, Vol. 131, No. 2, May 1988
Copyright © American Association of Pathologists

Inducible Collagenolytic Activity in Isolated

Perfused Rat Hearts

J. B. CAULFIELD, MD, and
PAUL WOLKOWICZ, PhD

From the Departments of Pathology and Medicine, University of
Alabama at Birmingham, Birmingham, Alabama

There is an extensive collagen network in the heart.
The precise anatomy and function of this system has
not been fully elucidated. The system does appear to
contribute to diastolic compliance, and evidence indi-
cates that the system may be important in directing the
stress generated by sarcomeres to the ventricular cav-
ity. Little is known about the mechanisms controlling
collagen deposition and resorption in the heart. In this
paper the authors demonstrate that disulfide reagents
are capable of inducing a collagenolytic reaction in the

isolated perfused heart that removes all components of
the collagen matrix of the heart as visualized by scan-
ning electron microscopy. The expression of collagen-
olytic activity requires perfusion of the heart for 1
hour with a disulfide reagent followed by 2 hours with
Krebs-Hensleit alone. These results suggest that an in-
ducible and active collagenolytic system exists in car-
diac tissue and that this system may be expressed under
conditions of oxidative stress. (Am J Pathol 1988, 131:
199-205)

THERE IS an extensive collagen network in the
heart.'* This network has been subdivided into vari-
ous components, but the functional interaction of the
components and the myocytes has not been fully de-
lineated. All contiguous myocytes are interconnected
by a series of collagen struts, which insert near the Z
line in rat hearts. Insertion is into the basal lamina
surrounding the myocytes. Capillaries are tethered to
adjacent myocytes by struts that also insert into the
basal lamina of the vessels and myocytes.’ A weave of
collagen bundles surrounds groups of myocytes, and
the weave complexes of one group of myocytes are
connected through long tendonlike structures.® There
is an array of surface cables arranged parallel to the
long axis of the myocytes termed coiled perimysial fi-
bers.” Also on the surface of the myocytes is a series
of small bundles, parallel to the long axis of the cell,
that extends about 1-3 sarcomeres.? These structures,
visible by scanning electron microscopy (SEM), are
complimented by a series of fine fibrils visible only by
transmission electron microscopy (TEM).?

The various components of the collagen matrix of
the heart are markedly reduced to absent 2.5-3 hours
after coronary artery ligation in the ischemic area.'®"!
Although no change is detectable by SEM in the nor-
mally perfused regions, this rapid loss of collagen be-
fore any appreciable influx of leukocytes suggests the
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presence of a collagenolytic activity within the myo-
cardium. In general, collagenase-type proteins have
been demonstrated to be secreted from cells as pro-
enzymes. Activation of extracellular collagenase by
limited proteolysis or by sulfhydryl-active agents has
been extensively reported.'? We performed experi-
ments designed to test the possibility that a disulfide-
sensitive collagenolytic system exists in cardiac tissue
and that this system could be activated by exogenous
disulfides. We demonstrate that this system could be
activated by exogenous disulfides. We demonstrate
that perfusion of myocardium in vitro with either di-
sulfide reagent for 3 hours results in total disappear-
ance of the collagen network. The loss of collagen is
not accompanied by cell necrosis. This paper will de-
scribe the methods used and discuss possible mecha-
nisms that result in the loss of the collagen matrix.

Materials and Methods

Rats (200-250 g Sprague-Dawley) are anesthetized
with a Ketamine-Rompun mixture given intramus-
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Table 1—Perfusion
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The numbers at the top of the bars are the number of hearts examined
by light microscopy and SEM for each perfusion time. The asterisks are at
times that four hearts were examined by TEM as well. The hatched bars
indicate perfusion time with a disulfide reagent in Krebs-Hensleit (KH) solu-
tion, and the solid bars indicate perfusion time with KH alone. Approximately
one-half of the disulfide hearts were perfused with 1 mM DTNB, and the
others with 2 mM GSSG.
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cularly. The heart is exposed, packed with ice, re-
moved, and placed in chilled Krebs-Hensleit. Extra-
neous tissue is removed, a cannula is fixed in the
aorta, and the heart flushed with chilled Krebs-Hen-
sleit. When the effluent is clear, the heart is perfused
on the Langendorff apparatus at 90 cm H,O pressure
at 35-36 C.

The perfusate is composed of NaCl, 118 mM;
NaHCO;, 27.2 mM; KCl, 4.8 mM; KH,PO,, 1.0
mM; MgSO,.-7H,0, 1.2 mM; glucose, i11.1 mM;
CaCl,, 1.75 mM (pH 7.4), to which is added 2 mM
oxidized glutathione (GSSG) or 1 mM 5,5-Dithio (2-
nitrobenzoic acid) (DTNB). The mixture is gassed
with 95% O, and 5% CO, for 1 hour before use. The
perfusion schedules are described in Table 1. After
perfusion, those hearts that receive a disulfide reagent
were perfused with Krebs-Hensleit for 10 minutes for
removal of the reagent.

At completion of the defined perfusion time, the
hearts, while beating, were perfused with 2% glutaral-
dehyde in phosphate buffer for 10-15 minutes. The
hearts were then demounted from the Langendorff
apparatus and sliced in rings 1-2 mm thick. These
slices were made parallel to the atrioventricular
groove; a slice from the midventricular region pro-
vided the blocks for SEM. The blocks for SEM were
taken from endocardium to epicardium. The blocks
were trimmed to form a trapezoid with the epicar-
dium forming the broad base for easy identification of
the epi- and endocardium. Two sets of blocks were
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obtained from the anterior, lateral, posterior, and sep-
tal regions. One set of blocks was oriented such that
the cut surface parallel to the atrioventricular groove
would face the electron beam in the SEM. The second
set of blocks was oriented such that the face exposed
to the electron beam was parallel to the long axis of
the heart. The blocks were fixed overnight in 2% glu-
taraldehyde in phosphate buffer. The next day, the
blocks were fixed with 2% OsQ, in phosphate buffer,
dehydrated in graded alcohols, critical point-dried
with CO,, affixed to stubs with conductive glue, and
given a thin coating of gold with a Technics sputter
device."!3

One slice of the heart was transferred to 10% neu-
tral-buffered formalin and processed for light micros-
copy. A slice adjacent to the one used for SEM was
sampled and processed for TEM. 3

Results

The collagen matrix of normal rat hearts has been
described.'™* After 3 hours’ perfusion of rat hearts
with Krebs-Hensleit in a Langendorff apparatus, there
is no change in the extracellular matrix by SEM. The
struts between myocytes appear normal, the capil-
lary-myocyte struts show no alterations, and the
weave complex surrounding groups of myocytes ap-
pears unaltered (Figures 1 and 2). By SEM, the basal
lamina surrounding myocytes is intact (Figure 1). By
transmission electron microscopy, the 3-hour control
hearts resemble those previously described after per-
fusion in a Langendorff apparatus.'” There are occa-
sional myelin figures in the mitochondria, but no ap-
preciable swelling is seen (Figure 3). The sarcomeres
are in register and maintain normal morphologic fea-
tures. The basal lamina is intact; and banded collagen
fibrils, both single and in groups, are visible in the in-
terstitial space. There is separation of myocytes and
an expansion of the extracellular space, which is com-
mon with perfused hearts.

Three hours’ perfusion with either disulfide reagent
added to the Krebs-Hensleit results in a totally differ-
ent picture. The struts between myocytes are ex-
tremely rare, and the struts that connect myocytes to
capillaries are seen infrequently and in many prepara-
tions not at all (Figure 4). The weave component and
its associated tendon-like structures are absent (Figure
5). At higher magnification, the surface cables de-
scribed by Orenstein et al are not visible (Figure 6).%
The coiled perimysial fibers running parallel to the
long axis of the myocytes are visible and do not appear
to be seriously altered (Figure 5). In spite of this
marked alteration in the extracellular matrix, the
basal lamina appears intact. The myocardium, after
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the disulfide reagents, closely resembles the appear-
ance of neonatal rat hearts before the collagen matrix
has developed.'® The perfusion with disulfide reagents
results in an expansion of the extracellular space, as
is seen with perfused control hearts (Figure 7). The
important observation is the absence of collagen bun-
dles associated with either capillaries or myocytes.
There are occasional collagen fibrils, generally widely
spaced. There does not appear to be any alteration of
either myocyte or capillary basement membrane.
There is some dilation of the myocyte tubular ele-
ments, but this is common in the control perfused
hearts.

Exposure to disulfide reagents for a half-hour, fol-
lowed by 2'2 hours of Krebs-Hensleit perfusion,
showed at best questionable loss of the collagen ma-
trix. However, perfusion with either disulfide for 1
hour, followed by 2 hours’-of Krebs-Hensleit, pro-
vided an appearance identical with the 3-hour perfu-
sions with either disulfide (Figure 8).

Figure 8 is of a heart perfused with 1 mM GSSG
for 1 hour and then 2 hours’ of perfusion with Krebs-

Figure 1—SEM of a rat heart perfused with Krebs-Hensleit for 3 hours. The
struts interconnecting myocytes are indicated by an arrow. A capillary (c)
with struts connecting it to adjacent myocytes (M) is visible in the lower part
of the picture. The bar represents 10 . (X2000)
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Figure 2—SEM of arat heart perfused with Krebs-Hensleit for 3 hours. This
demonstrates a weave (w) that surrounds a group of myocytes. The long
tendonlike (T) structures that interconnect adjacent weaves are visible. The
bar represents 10 u. (X2400)

Hensleit. The collagen struts are no longer visible. Ar-
rows indicate elongate structures commonly seen af-
ter disulfide perfusion. These structures closely resem-
ble those described by Canale, et al and identified as
nerves.'® Dissolution of the collagen with preservation
of nerves and myocytes was effected by Canale et al,
subjecting fixed tissue to hydrolysis with 8 N HCL.

Examination of control hearts by light microscopy
using H & E or trichrome stains shows no difference
between perfused and nonperfused hearts. Similarly,
the hearts perfused with either disulfide were compa-
rable to Krebs-Hensleit-perfused controls by light mi-
croscopy. This lack of difference is due to the fact that
most of the collagen matrix as seen with SEM is not
visible in the light microscope. The periarterial con-
nective tissue seems little affected by exposure to the
disulfide reagents. We did not use silver stains, which
may have shown a difference.'®

Discussion

Most of our results were obtained by SEM. This in-
strument has a resolution of 10-15 nm and a very
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Figure 3—TEM of a rat heart perfused with Krebs-Hensleit for 3 hours.
Collagen fibrils (CF) associated with the basement membrane and extending
into the interstitial space are present. The sarcomeres are stretched be-
cause this heart was perfused fixed at 90 cm H,O pressure. Mitochondria
(Mt) are present and reasonably normal. (xX33,800)

great depth of focus, which permits good visualization
of the three-dimensional collagen matrix. A limiting
factor with SEM is its inability to quantitate. For it to
detect a change, it must be of major proportions. The
collagen network of normal rat hearts is not visible
by light microscopy using H & E or trichrome stains.
Portions are visible with silver stains, but the appear-
ance is not nearly as complete as that seen by SEM.!6
TEM requires thin sections, and this procedure pre-
vents demonstration of the complex network because
most of the collagen bundles do not follow a straight
course.' In our work, unless loss of the matrix is exten-
sive in examined areas, we consider no change to have
taken place. This precludes detection of early mild or
subtle changes in the extracellular matrix. Although
this problem can be overcome by chemical analysis of
the collagen in the hearts, such analysis provides no
positional or structural data essential to interpreting
the results.

Proteins that have collagenolytic activity are nor-
mally secreted from cells as pro-enzymes.'? These zy-
mogens can be activated by a number of mechanisms,
including limited proteolysis, and compounds known
to modify protein sulfhydryls.'*'®! The exact mecha-
nism responsible for collagenase activation is unclear;
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however, in general, collagenase activation results in
a decrease in the molecular weight of the collagenase
zymogen. This observation indicates possible removal
of an inhibitor peptide by proteolysis or chemical
treatment (mercurials, etc.).'> A collagenase isolated
from neutrophil granules has been reported to be re-
versibly activated by a number of disulfide reagents
known to modify protein sulfhydryls.?’ This activa-
tion process was likewise accompanied by changes in
the apparent molecular weight of the zymogen. Colla-
genase activation by sulfhydryl reagents produced a
dissociation of an inhibitor-collagenase complex and
a decrease in the apparent molecular weight of the col-
lagenase. Although the protein chemistry involved in
the collagenase activation process in general remains
obscure, we tested the possibility that cardiac tissue
might contain a native collagenase zymogen as part of
a collagenolytic system and that it can be activated by
disulfide reagents. Our results (Figures 4-8) show that
perfusion of the isolated rat heart with | mM DTNB
or 2 mM GSSG in Krebs-Hensleit produced dramatic
dissolution of the collagen matrix. Other disulfides
may work equally well. On the basis of our observa-
tions, we are not able to distinguish between the two
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Figure 4—SEM of a rat heart perfused with 1 mM DTNB for 3 hours. The
normal collagen matrix is no longer visible. The bar represents 10 . (X1100)
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possibilities of collagenase zymogen activation pre-
sented by Cawston and Murphy.'? That is, does sulf-
hydryl treatment of isolated perfused rat heart activate
a protease which in turn activates the collagenase zy-
mogen, or does the disulfide reagent directly activate
the coliagenase activity (see Gilbert'® for example)?
One half-hour exposure to either disulfide at the
concentration tested, followed by 2%2 hours of Krebs-
Hensleit perfusion, resulted in, at best, very question-
able loss of the collagen matrix. One hour’s perfusion
with disulfide with immediate fixation was ineffectual
in altering the collagen matrix. Two hours’ perfusion
with either disulfide with immediate fixation again
showed no definite evidence of collagen loss. One
hour’s perfusion with a disulfide followed by 2 hours
of Krebs-Heinsleit alone induced changes comparable
in all respects to 3 hours’ perfusion with the disulfide
reagents. This suggests that the dissolution of collagen
required about 1 hour’s exposure to the activator and
another 2 hours for sufficient proteolysis of the colla-
gen matrix to be clearly demonstrable by SEM. The
1-hour disulfide/2-hour Krebs-Hensleit treatment in-
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Figure 5—SEM of a rat heart perfused with 2 mM GSSG for 3 hours. This
area should have a weave surrounding groups of myocytes. The weave as
well as the associated tendons are not visible. A coiled perimysial fiber (P) is
present. The bar represents 10 x. (X1900)
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Figure 6—Higher magnification of region depicted in Figure 5. The surface
cables described by Orenstein et al should be visible at this magnification,
but are not. The bar represents 5 u. (X4800)

dicates that the disulfide reagents probably are not
having a direct effect on the collagen matrix, because
after 1 hour’s perfusion, little change is visible, and the
subsequent 2 hours’ perfusion with Krebs-Hensleit
would wash the small water-soluble disulfides out of
the tissue.

By light, scanning, and transmission electron mi-
croscopy, no evidence of toxic change was present in
the myocytes exposed to either disulfide for 3 hours.
Toxicity associated with DTNB is not recorded in the
data base of the Chemical Information Service. We
saw no evidence of myocyte damage associated with
DTNB as we used it at | and 2 mM concentrations.
Similarly, GSSG at 2 mM concentration caused no
evidence of morphologic damage to the myocytes by
light or electron microscopy.

The time for loss of cardiac collagen in the in vitro
system used is consistent with the time sequence of
collagen loss after ligation of a coronary artery.'%!!
Whether the mechanism in the two systems is the
same or not is not known. Oxidized glutathione is in-
creased in ischemic myocardial cells and may be re-
leased to the extracellular space.?’ However, the
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amount of oxidized glutathione produced by ischemic
myocytes is considerably lower than the concentra-
tion used in these experiments. At lower concentra-
tions of GSSG (0.5 mM), some loss of collagen matrix
was observed at 3 hours of perfusion. The in vitro and
in vivo systems are different in many respects, and it
is difficult to interpret these differences. A comparison
by chemical analysis of collagen and its breakdown
products in the two systems is under way.

The action of the disulfides is not limited to rat
hearts. Dissolution of collagen was obtained in both
rabbit and dog hearts. An equally important question
is whether these disulfides can induce collagen loss in
other tissues. In preliminary work, the agents appear
to be equally effective in breaking down dermal and
pulmonary collagen in vivo.

The collagenolytic activity induced by the disulfides
is similar in degree and timing to the collagenolytic
activity seen after coronary artery ligation. What con-
ditions, other than the severe ischemia of coronary oc-
clusion and perfusion with disulfides, might induce
the loss of the collagen matrix are not known. With
loss of the collagen matrix in vivo, the stress developed
by the sarcomeres would be delivered to the ventricles
in an inefficient manner resulting in global changes

Figure 7—TEM of a rat heart perfused for 1 hour with 1 mM GSSG and
then 2 hours with Krebs-Hensleit. The capillary and myocyte basement
membranes are visible. There are very few collagen fibrils associated with
the basal laminae and few in the interstitial space. Components of the myo-
cytes, including mitochondria (Mt), are normal in appearance. (xX27,000)
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Figure 8—SEM of a rat heart perfused with 1 mM GSSG for 1 hour and
then with Krebs-Hensleit for 2 hours. The arrows indicate structures that
are identical to those identified by Canale et al in scanning micrographs of a
heart that had the collagen removed after fixation by hydrolysis with 8 N
HCI. The normal collagen matrix is not visible. The bar represents 10 u.
(X1000)

essentially identical to poor contractility.'® Another
important consideration is that after removal of the
collagen matrix, presumably collagen would return.
If the replacement follows the normal course seen in
neonates,'* the ventricle would return to normal func-
tion. If the collagen is deposited in an abnormal distri-
bution around the viable myocytes, the appearance
would be of diffuse fibrosis, a situation common to
cardiomyopathies and the diffuse subendocardial fi-
brosis seen with ischemic and hypertensive heart dis-
ease.
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