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MINI-REVIEW

In Situ Zymography: A Molecular Pathology Technique to
Localize Endogenous Protease Activity in Tissue Sections
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Abstract. Proteases play important roles in modulating a wide range of cellular functions, in the reg-
ulation of biologic processes, and in the pathogenesis of various diseases. Several molecular techniques
are available to identify and characterize proteases in cells and tissues. Most of these techniques do not
provide information on the activity of proteases in tissues. In situ zymography (ISZ) is a relatively low-
cost technique that uses specific protease substrates to detect and localize specific protease activities in
tissue sections. Used in combination with other techniques, ISZ provides data that further our understanding
of the role of specific proteases in various pathologic and physiologic conditions. This review describes
the general principle of ISZ and highlights the past and future applications of this technique in molecular
pathology.
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Proteases are enzymes that cleave proteins by the
catalysis of peptide bond hydrolysis. On the basis of
their catalytic mechanism, proteases are further di-
vided into five catalytic classes: aspartic, cysteine,
metalloproteinase, serine, and unclassified.1 There
are more than 500 genes in the human genome that
encode proteases or protease-like molecules, with
the metalloproteinases and serine proteases compris-
ing the largest classes.33 Table 1 provides specific
examples of proteases from each of the five catalytic
classes. Initially only viewed as degradative en-
zymes that were associated with protein catabolism,
it has become increasingly recognized that the high-
ly specific hydrolysis of peptide bonds can regulate
a wide range of biologic processes in all living or-
ganisms. This highly specific and limited substrate
cleavage is referred to as proteolytic processing, a
process that regulates the activity and localization of
many proteins.1,33 For instance, proteolytic process-
ing controls the intracellular and extracellular local-
ization of many proteins, activates or inactivates var-
ious enzymes, cytokines, growth factors or hor-
mones, or generates cryptic neoproteins.33 Through
their catalytic activity, proteases regulate virtually
all biologic processes, including, among others, cell
proliferation and differentiation, cell migration, ap-
optosis, wound healing, and angiogenesis.1,33,46 Thus,
dysregulation of the temporal and spatial expression
and activation pattern of these enzymes can result in

various pathologic conditions, such as neurodegen-
erative and cardiovascular diseases, arthritis, and
cancer. Consequently, there has been an increasing
interest in the identification and functional charac-
terization of proteases. In particular, several of these
molecules and their substrates are considered attrac-
tive potential therapeutic targets by the pharmaceu-
tical industry. For instance, the matrix metallopro-
teinases (MMPs) have been identified as important
targets for the treatment of various pathologic con-
ditions, such as cancer, arthritis, and cardiovascular
diseases, and several MMP inhibitors have already
been tested in clinical trials.5

Several molecular techniques are available to
identify and characterize proteases in cells and tis-
sues. Northern blot analysis and reverse transcrip-
tion–polymerase chain reaction (RT-PCR) can be
used to quantitate protease messenger RNAs
(mRNAs) in cell and tissue extracts, whereas in situ
hybridization has been used to localize mRNA ex-
pression at the cellular level in tissue sections. A
major limitation of evaluation of mRNA levels is
that transcriptional activity does not necessarily re-
flect the amount and activity of the protein product
of a particular gene. This is mostly due to variation
in cellular location, regulation of translational activ-
ity, and complex and versatile protein regulation
mechanisms, such as context-dependent posttrans-
lational phosphorylation, sulphation, and glycosyl-
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Table 1. Catalytic classes of human proteases.

Catalytic
Classes

Total
No. Features

Common Proteases
in the Class

Metallo proteases 159 Many enzymes in this class contain a
Zn atom that is catalytically active.

MMPs

Serine proteases 140 Most of these proteases have the Asp-
His-Ser catalytic triad that is essen-
tial for catalysis.

Chymotrypsin, trypsin, kallikrein

Cysteine proteases 121 Catalysis occurs through the formation
of a covalent intermediate, which
involves a cysteine and a histidine
residue.

Lysosomal cathepsins, cytosolic cal-
pains

Aspartic proteases 18 A general acid-base catalysis leads to
the formation of a noncovalent neu-
tral tetrahedral intermediate.

Digestive enzymes such as pepsin and
processing enzymes such as renin.

Many viral proteases such as the HIV
proteases

Unclassified proteases 23 The catalytic mechanisms of this pro-
tease class still remain to be deter-
minated.

Kedarcidin, chromoprotein, apoprotein

ation.32 Conversely, immunohistochemistry and
Western blot are used to evaluate expression at the
protein level. However, these techniques do not pro-
vide any information on the activity of proteases in
tissue because many enzymes are synthesized in an
inactive or proenzyme form, called zymogen, which
requires proteolytic processing for activation. In ad-
dition, ubiquitous protease inhibitors are present in
tissues and can specifically or nonspecifically inhibit
proteases in their active form.13 MMPs are a perfect
example to illustrate the limitations of immunohis-
tochemistry to localize and quantify specific MMP
activities in tissue sections. MMPs are produced and
secreted as zymogens, which require proteolytic
cleavage of a propeptide domain to be activated.
Most antibodies available for immunohistochemistry
cannot discriminate between the active and inactive
forms of these enzymes. In addition, these antibodies
are, in our experience, species-specific and do not
cross-react with all species. Moreover, tissue inhib-
itors of metalloproteinases (TIMPs) can prevent ma-
trix degradation by MMPs, even if the enzymes are
in an active form.13 Hence, other methods are nec-
essary to assess the functional activity of MMPs and
proteases in tissues. Biochemical techniques have
been developed to detect protease activity in tissue
extracts. In particular, gel enzymography, also re-
ferred to as substrate zymography, is an established
technique for the routine detection and quantitation
of various protease activities, such as gelatinase ac-
tivity.23,43 This technique provides reliable identifi-
cation of proteases based on the molecular mass of
their inactive and active forms after gel electropho-
resis. For instance, gelatin zymography has been

used to evaluate gelatinase activity in various neo-
plasms and normal tissues.46 Other commercial or
customized biochemical assays are also available to
quantitate specific protease activity in tissue ex-
tracts. However, homogenization of tissues for these
assays precludes the localization of enzyme activity.
In addition, the extraction procedures can artifac-
tually activate enzymes or result in the interaction
of active enzymes with their respective inhibitors,
which may have been localized in distinct compart-
ments in the intact cells or tissues.22,43,45 Likewise, if
a specific protease activity is localized in a relatively
small part of a diseased tissue, it may not be detected
because of its dilution in the entire tissue extract.
For these reasons, techniques to localize specific
proteolytic activity in tissue sections may provide
crucial additional information on the exact role
played by certain proteases in various physiologic
and pathologic conditions. One of these techniques
is in situ zymography (ISZ), an adaptation of sub-
strate zymography to frozen tissue sections. ISZ of-
fers the ability to estimate various protease activities
in combination with the localization of these activ-
ities in tissue sections.17 The aim of this mini-review
is to outline the general principle of ISZ, provide
procedures to establish this technique in the labo-
ratory, give an overview of its development and cur-
rent research applications using specific examples
from the literature, and discuss possible future uses
for this technique.

ISZ Principle

ISZ is a relatively low-cost technique that uses an
enzymatic substrate-based support or overlay to detect
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Fig. 1. Schematic overview of ISZ. Fig. 1A. Photo-
graphic emulsion–based ISZ. Fig. 1B. Fluorescent labeled
substrate-based ISZ.

Table 2. Current commercially available protease substrates for in situ zymography.

Substrates Proteases Vendors, Catalog No.

Gelatin MMP-2, MMP-9 Molecular Probes, #E12054
Collagen, type II MMP-1, MMP-8, and MMP-13 Sigma, #C4486
Collagen, type IV MMP-2, MMP-9, MMP-7, MMP-12, and MMP-25 Molecular Probes, #D-12052
Collagen, type I MMP-1, MMP-3, MMP-13, MMP-2, and MMP-9 Molecular Probes, #D-12060
MMP substrates MMP-1, MMP-3, MMP-2, MMP-9, and MMP-7 Calbiochem, #444201
MMP-1 substrate III MMP-1 Calbiochem, #444219
MMP-1/MMP-9 substrate MMP-1, and MMP-9 Calbiochem, #444221
MMP-2 substrate MMP-2 Calbiochem, #444212
MMP-3 substrate II MMP-3 Calbiochem, #444223
MMP-13 substrate MMP-13 Calbiochem, #444235

and, more importantly, localize specific protease activ-
ities in tissue sections. ISZ was first used for detection
of enzymatic activity released by explants of devel-
oping amphibian tissue.20 Recently, its use has been
expanded to localize specific protease activities, most-
ly MMP activity, in various other tissues.3,6,10,13–

16,18,19,26,27,30,37,49,52 The general principle underlying ISZ
is illustrated in Fig. 1. In brief, an enzymatic substrate
specific for certain protease(s) is deposited on or under
a frozen section of an unfixed tissue. During the en-
suing incubation period, the substrate will be digested
in a time- and dose-dependent manner by the appro-
priate activated enzymes in their native location. After
the incubation period, the lysis of the labeled substrate
can then be detected by light microscopy or fluorescent

microscopy, thereby permitting the precise localization
of the specific protease activity in tissue sections. The
nature of the substrate dictates which protease activity
is to be detected. Table 2 provides a list of the sub-
strates that have been commercialized and used for
ISZ and the corresponding protease activity. Used as
a complement with other molecular pathology tech-
niques, such as immunohistochemistry, in situ hybrid-
ization and Western blotting, ISZ enhances the under-
standing of the role of proteases in physiology and
pathology. It, however, is important to recognize that
this technique has limitations regarding quantitation of
protease activity; therefore, it does not replace, but
rather complements, gel zymography.

Two broad approaches of ISZ can be followed on
the basis of the nature of the substrates selected. Gen-
eral protocols for these two approaches are given in
Table 3. The first approach consists in using a photo-
graphic emulsion overlay containing a substrate, such
as gelatin. In the photographic emulsion-based ISZ, an
unfixed frozen tissue section is mounted on an untreat-
ed histologic glass slide and then dipped in an auto-
radiography emulsion containing the substrate. The
coated slides are then incubated at the optimal tem-
perature in a humidity chamber to allow the protease
reaction to occur. After incubation, protease activity
can be detected using light microscopy as white holes
on a black background of unlysed substrate caused by
the enzymatic lysis of the substrate-containing photo-
graphic emulsion.17,38 A second approach involves the
use of a fluorescent-labeled substrate. In this approach,
the frozen tissue section is mounted on a glass slide,
which has previously been coated with a fluorescent-
labeled substrate. After incubation in a dark humidity
chamber, the enzymatic activity can be observed by
fluorescent microscopy as black holes on a fluorescent
background, the lysis of the fluorescent-labeled sub-
strate resulting in the loss of fluorescence.15

Both types of ISZ have the same endpoint, i.e.,
the identification and microscopic localization of en-
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Table 3. General protocol for in situ zymography (ISZ).

I. Preparation of tissue samples
Fresh tissues should be embedded in cryomold O.C.T., immediately frozen on dry ice, and stored at 280 C.

II. Procedure for photographic emulsion-based ISZ
1. Preparation of the substrate

1) Place a jar of gelatin-based photographic emulsion (NTB, Kodak, Rochester, NY or LM-1, Amersham International,
Litter Chalfont, Bucks, UK) in a 37 C water bath or oven for at least 30 minutes to liquefy the emulsion.

2) Dilute the emulsion 1 : 2 with the 23 appropriate protease activity buffer,* and keep the diluted emulsion in the 37
C oven until required.

2. Coating the slides
1) Cut the frozen section (6–8 mm) and place it on a clean glass microscope slide.
2) Dip the slides into the diluted emulsion, place them on the bench, and let the emulsion set.
3) Put the slides into a moist box, which contains Tris buffer (pH 7.4), wrap the box with foil to protect from light,

and the zymograhic reaction should proceed at 35 C for 24–48 hours

3. Development
1) After the reaction, put the slides in a 37 C oven to allow the emulsion to dry.
2) Place the slides into a slide-staining rack and put them into a staining jar containing Kodak D19 developer for 10

minutes.
3) Wash the slides in water for 1 minute and put them into Kodak Unifix fixative for 10 minutes.
4) Take out the slides and let them dry at room temperature.

4. Evaluate the protease activity with a light microscope.

III. Procedure for fluorescent-labeled substrate-based ISZ
1. Preparation of the substrate

1) 0.1% fluorescent-labeled substrate (0.1 mg/ml, w/v) and 0.1% (w/v) agarose are dissolved in the appropriate protease
activity buffer.* Add specific protease inhibitor if appropriate.

2) Keep the substrate gel solution protected from light and melt it in a boiling water bath for approximately 20 minutes
until the substrate and agarose are completely in solution.

2. Coating the slides
1) Warm the glass microscope slides in a 37 C oven.
2) Pipet 50 ml of substrate gel solution onto one slide and place another slide on top of the first one to form a

sandwich.
3) Gently pull the slides apart in the same manner as when making a blood smear.
4) Place the slides with the substrate side up in a black box and allow them to dry.
5) Check the coating uniformity of each slide with a fluorescent microscope and discard the slides with holes.

3. Cut the frozen tissue sections (6–8 mm thick) and put them on the coated slides.
4. Put the slides into a moist box, which contains Tris buffer (pH 7.4), wrap the box with foil to protect from the light

and the zymographic reaction should proceed at 35 C for 24–48 hours.
5. Evaluate the sections with a fluorescent microscope.

* The composition of the protease activity buffer will vary depending on the protease being investigated. For example, the activity buffer
for MMPs consists of 100 mM NaCl, 100 mM Tris-HCl, pH 7.5, 10 mM CaCl2, 20 mM ZnCl2, and 0.05% (w/v) Brij 35.

zymatic activity within sections of unfixed frozen
tissues. However, each approach has its pros and
cons. In the photographic emulsion–based approach,
the slides cannot be coversliped and are therefore
more sensitive to variations in humidity during in-
cubation. An important technical aspect of ISZ re-
sides in the coating of the substrate because uneven
thickness of the emulsion layer markedly influences
the quality of the results.15 Because the dipping into
photographic emulsion takes places after the mount-
ing of the tissue sections on the slide, it is very dif-

ficult to control the even distribution of the substrate
overlay on the tissue. In addition, the dipping step
requires an experienced person. In contrast, in the
fluorescent-labeled substrate approach, microscopic
inspection allows elimination of the poorly coated
glass slides before placing the tissue sections on the
slides. Examination of the slides under fluorescent
light can be performed to ensure even coverage. If
holes of any size are seen, these slides must be dis-
carded. This limits the number of sections that needs
to be incubated and evaluated. However, the sensi-
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tivity of the fluorescent-labeled substrate approach
is lower because higher levels of enzymatic activity
are necessary to produce lysis and holes large
enough to be detected. Both approaches of ISZ are
highly dependent on achieving an even layer of sub-
strate; therefore, a great deal of user variation is typ-
ically observed. To overcome this problem, several
groups have modified the initial protocols and have
established an improved ISZ technique that has
higher sensitivity and is easier to standardize.19,31,42

This improved method uses a highly quenched fluo-
rescent-labeled substrate, which is dissolved in pro-
tease activity buffer and added to an unfixed frozen
tissue section. After incubation in a dark and humid
chamber, the unbound substrate is removed by wash-
ing in water. Because the presence of protease activ-
ity results in the loss of quenching, an increase in
enzymatic activity results in a corresponding in-
crease in fluorescence. Under fluorescent microsco-
py, the enzymatic activity can then observed as a
strongly fluorescent zone against a darker, low-fluo-
rescent background (Figs. 2, 3).

Another limitation of ISZ is that it may be difficult
to discriminate between the proteases responsible for
the detected activity. This may be partly corrected by
the use of complementary techniques, such as immu-
nohistochemistry or in situ hybridization (Figs. 4, 5).
However, it is also essential to use appropriate control
slides to properly determine the nature of the protease
activity present in tissue sections. This can be done by
incubating serial sections with the appropriate inhibi-
tors of each protease class. For instance, several MMP
inhibitors have been used to confirm that the protease
activity observed originated from specific MMPs.
Such inhibitors include, for instance, ethylenediamine-
tetraacetic acid (EDTA) (which by chelating bivalent
ions inhibits the activity of the zinc-dependent MMPs)
(Fig. 6), recombinant TIMPs, specific peptides, or var-
ious synthetic broad-spectrum or more specific MMP
inhibitors, such as 1,10-phenanthroline or bamimas-
tat.15,36,37

Specific Examples of ISZ Application

ISZ is applicable to virtually any protease, but to
date ISZ has mostly been used for the localization of
specific MMP activities, especially the gelatinases,
MMP-2 and MMP-9. ISZ is becoming more widely
used, with a steadily growing number of reports ap-
pearing in the literature. Most of the studies using ISZ
focus on cardiovascular and neurologic diseases, phys-
iologic studies, and cancer research. It would be be-
yond the scope of this mini-review to provide an ex-
tensive literature review of the use of ISZ. Therefore,
we will limit our discussion to specific examples that
illustrate the use of this technique. It is important to

reiterate that most studies using ISZ also use comple-
mentary techniques, such as immunohistochemistry, in
situ hybridization, Western blotting, Northern blotting,
or gel zymography, to provide a more accurate eval-
uation of the role of specific proteases in various path-
ologic and physiologic states. Most of these studies
confirmed the important role played by proteases, es-
pecially the MMPs, in various diseases and suggest
that specific inhibitors of these proteases may be ben-
eficial therapeutic alternatives.

The role of extracellular matrix–degrading proteas-
es, such as the MMPs, in tumor invasion, progression,
and metastasis is well established and further support-
ed by the use of ISZ on tumor specimens.21,47 For in-
stance, ISZ has been used to demonstrate that, in most
primary melanomas and virtually all melanoma me-
tastases, gelatinase activity is located at the invading
part of the neoplasms and especially at sites of tumor-
stroma interactions, whereas only weak proteolytic ac-
tivity is present in the centers of tumor nests.29 In con-
trast, when the same neoplasms were evaluated by im-
munohistochemistry for MMP-2 and MT1-MMP, ev-
ery tumor area was found to express these two
proteases.22 These results emphasize the importance of
functional techniques, such as ISZ, to draw appropriate
conclusions as to the role of proteases in cancer, where
proteases and their respective endogenous activators
are frequently found to be present in close proximity
in vivo. In addition to melanomas, ISZ has been ap-
plied to various other types of tumors, including,
among others, endometrial carcinomas,4,53 dermatofi-
bromas, malignant fibrous histiocytomas,39 hepatocel-
lular carcinomas,28 ovarian and breast cancer,12,13,25,30

and gliomas.40,48 In general, these studies confirmed the
role of various MMPs, especially the gelatinases, in
cancer invasion, progression, and metastasis by dem-
onstrating a correlation between MMP activity and tu-
mor grade. This suggests that evaluation of the activity
of specific MMPs may be a useful predictor of survival
in certain cancer types.

ISZ has also been used to study vascular diseases,
especially the development and progression of ath-
erosclerotic plaques and aneurysm formation. In hu-
man atherosclerotic plaques, gelatinolytic and caseo-
lytic activities were found to be localized and in-
creased in the vulnerable regions of the plaques
compared with normal arterial tissues and stable
plaques, suggesting that enhanced MMP activity
may contribute to plaque rupture.9,14 Similarly, using
a well-established mouse model of atherosclerosis,
the ApoE knockout mouse, MMP activity was con-
firmed to be increased after TIMP-1 deficiency, and
this increased MMP activity correlated with an in-
creased number of aneurysms in the thoracic and
abdominal aorta, suggesting that MMP activity may
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Fig. 2. Tibia; rat, HE. Bar 5 100 mm.
Fig. 3. Tibia; rat, ISZ. The protease activity is identified as the strongly fluorescent areas (arrows). Using type IV

collagen as a substrate, the protease activities are most likely from MMP-2 and MMP-9. Note that these protease activities
are localized in the distal portion of the hypertrophic zone of the growth plate (P), as well as in the metaphysis (M). Bar
5 100 mm.

Fig. 4. Tibia; rat, in situ hybridization (ISH). The protease activity is mostly due to MMP-9 because it correlates tightly
with the signal pattern of MMP-9 mRNA expression as evaluated by ISH. Bar 5 100 mm.

Fig. 5. Tibia; rat, ISH. Dark-field microscopy of Fig. 4. Bar 5 100 mm.
Fig. 6. Tibia; rat, ISZ. When EDTA is incorporated during the incubation, the protease activities (in Fig. 3) can no

longer be detected. Bar 5 100 mm.
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promote aneurysm formation.11 The involvement of
MMP activity in aneurysm formation is also sup-
ported by the demonstration of proteolytic activity
in the medial smooth muscle cells of the inferior
mesenteric artery or aorta collected from patients
undergoing aneurysm repair.9,19 In these studies,
Goodall et al. were able to establish a highly sensi-
tive and reproducible ISZ assay by using highly
quenched fluorescent-labeled gelatin, which dem-
onstrated increased MMP-2 activity in vascular
smooth muscle cells of abdominal aortic aneu-
rysms.19 Other supporting evidence from ISZ studies
for the role of activated proteases in vascular dis-
eases include the increased activity of MMP-2 in rat
aortas with aging,51 the identification of caseinolytic
and gelatinolytic activities in atherosclerotic plaques
of hypercholesterolemic Syrian Golden hamsters,8

an increased MMP-2 activity in pulmonary vessels
during progression of pulmonary hypertension in
rats,11 and the increased caseinolytic and gelatinol-
ytic activities in smooth muscle cells from surgically
injured saphenous veins.27

The activity of MMPs in various neurologic con-
ditions has also been evaluated with ISZ, and these
studies demonstrated the altered balance between mul-
tiple extracellular proteases and their inhibitors in dis-
eased tissues. For instance, high caseinolytic and ge-
latinase activities were localized to areas of brain in-
farction in rat models of cerebral ischemia.34,42 Increas-
es in gelatinase activity accompanied the progression
of neuronal cell death and glial reactivity, suggesting
that MMPs are involved in cell viability and tissue
remodeling in the ischemic brain.34 Similarly, ISZ was
used to demonstrate the concurrent induction of the
plasminogen activator and MMP systems in a mouse
model of experimental autoimmune encephalomyeli-
tis49 and to suggest a role for MMPs in spinal cord
injury.6 Although proteases in general, and MMPs in
particular, are usually induced in pathologic conditions
of the central nervous system, ISZ data also suggest
that these proteolytic activities may, in certain circum-
stances, be beneficial, such as during the scarring of
injured spinal cords.7

In addition to their involvement in the pathogenesis
of various diseases, proteases play critical roles in nor-
mal physiology.41,50 In this respect, ISZ has been very
useful to gain a better understanding of the role of
various MMPs in various physiologic processes. In
particular, ISZ has been used in several studies to es-
tablish the exact contribution of MMPs during the
ovarian cycle. In conjunction with other techniques,
such as immunohistochemistry and in situ hybridiza-
tion, the MMPs and TIMPs have been shown to be
major factors in the remodeling of the extracellular
matrix as the ovarian follicle grows, ovulates, and

forms the corpus luteum and during the structural lu-
teolysis of corpora lutea.3,35,44 Likewise, the critical in-
volvement of MMPs in matrix degradation at menstru-
ation was illustrated using ISZ to localize gelatinase
and collagenase activities.52

Potential Future Development and Applications

ISZ can already be used effectively for the locali-
zation of protease activity at the cellular and tissue
level. However, like any other new technique, ISZ has
some current limitations, including poor resolution and
limited ability to accurately quantitate protease activ-
ity. Another main obstacle for the technique is the
scarcity of specific highly quenched fluorescent-la-
beled protease substrates currently available. There-
fore, there is room for improvement, and it is likely
that, in the future, various modifications or new ap-
proaches will be introduced to increase the applica-
tions of ISZ. Among these improvements is the recent
development of fluorescent labeling kits that permit
the generation of a wide variety of highly quenched
fluorescent-labeled substrates in the laboratory com-
parable with those that are now commercially available
(Fig. 3). This should enable investigators to study an
increased variety of proteases using more specific sub-
strates and expand the use of ISZ in biological scienc-
es.

Beyond the current applications discussed above,
ISZ also has great potential in the validation of pre-
clinical animal models used to test the efficacy of var-
ious experimental protease inhibitors. A critical step
after the identification of a putative therapeutic target
is to validate the target’s relevance to the disease pro-
cess.2 An important part of this validation step can be
achieved through the development of appropriate pre-
clinical animal disease models.2 It, however, is impor-
tant to confirm that the target is expressed in these
models in a pattern similar to the human disease being
targeted. These preclinical models, if appropriate, can
then be used to rapidly obtain proof-of-concept data
using experimental compounds. In the case of prote-
ases, where most molecular pathology techniques do
not provide functional data, ISZ enables investigators
to rapidly and inexpensively validate the preclinical
models by demonstrating that the correct protease ac-
tivity is present within the diseased tissues being tar-
geted.

In addition, ISZ has potential use for the ex vivo
screening and clinical evaluation of experimental pro-
tease inhibitors. When protease inhibitors are incor-
porated in the protease activity buffer during the in-
cubation period, their inhibitory activity can be eval-
uated by the decrease in lysis of the appropriate sub-
strate, provided that an appropriate test tissue is
available.15 Similarly, evaluation of protease activity in
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biopsy samples with ISZ after treatment with experi-
mental compounds could provide important data to
evaluate the clinical efficacy of compounds and deter-
mine the effective doses for these compounds. Proof
of principle that this approach is indeed feasible has
already emerged. In a study using the Ma44 human
lung cancer xenografts model, oral administration of
N-biphenyl sulfonyl-phenylalanine hydroxamic acid
(BPHA), a synthetic MMP inhibitor, successfully in-
hibited gelatinolytic activity in tumor tissues in a dose-
and time-dependent manner, whereas an inactive en-
antiomer of BPHA did not affect the net gelatinolytic
activity in tissue sections.24 Thus, ISZ has great poten-
tial to provide surrogate markers of efficacy in tissue
specimens.

Conclusions

ISZ is a useful tool that can be used to localize
protease activity in tissue sections in an inexpensive
and rapid manner. When used in combination with
other molecular pathology and molecular biology
techniques, ISZ provides data that further our un-
derstanding of the role of certain proteases in various
pathologic and physiologic processes. This tech-
nique also has potential applications in drug discov-
ery and development to evaluate the efficacy and
determine the proper dosing regimen of protease in-
hibitors. Future improvements and refinements of
the technique are likely to emerge and should ex-
pand its use.

Acknowledgements
We thank Andrew R. Lisowski for providing the in situ

hybridization data; Alan C. Opsahl and Steven D. Williams
for help with the illustrations; and Dr. Michael J. Schlosser,
Dr. Kyle L. Kolaja, and Mary C. Slater for their critical
reading of the manuscript.

References

1 Barrett AJ, Rawlings ND, Woessner JF: Handbook of
Proteolytic Enzymes, 1st ed., pp. 1–1696. Academic
Press, London, UK, 1998

2 Blomme EAG, Del Piero F, Kolaja KL: Identification of
new molecular targets for the treatment of breast cancer.
Acta Clin Croat 41:138–144, 2002

3 Curry TE Jr, Song L, Wheeler SE: Cellular localiza-
tion of gelatinases and tissue inhibitors of metallopro-
teinases during follicular growth, ovulation, and early
luteal formation in the rat. Biol Reprod 65:855–865,
2001

4 Di Nezza LA, Misajon A, Zhang J, Jobling T, Quinn
MA, Ostor AG, Nie G, Lopata A, Salamonsen LA: Pres-
ence of active gelatinases in endometrial carcinoma and
correlation of matrix metalloproteinase expression with
increasing tumor grade and invasion. Cancer 94:1466–
1475, 2002

5 Doherty TM, Asotra K, Pei D, Uzui H, Wilkin DJ, Shah

PK, Rajavashisth TB: Therapeutic developments in ma-
trix metalloproteinase inhibition. Expert Opin Ther Pat-
ents 12:665–707, 2002

6 Duchossoy Y, Arnaud S, Feldblum S: Matrix metallo-
proteinases: potential therapeutic target in spinal cord in-
jury. Clin Chem Lab Med 39:362–367, 2001

7 Duchossoy Y, Horvat JC, Stettler O: MMP-related ge-
latinase activity is strongly induced in scar tissue of in-
jured adult spinal cord and forms pathways for ingrow-
ing neurites. Mol Cell Neurosci 17:945–956, 2001

8 Faia KL, Davis WP, Marone AJ, Foxall TL: Matrix me-
talloproteinases and tissue inhibitors of metalloproteinas-
es in hamster aortic atherosclerosis: correlation with in-
situ zymography. Atherosclerosis 160:325–337, 2002

9 Fortunato JE, Bassiouny HS, Song RH, Kocharian H,
Glagov S, Edelstein C, Scanu AM: Apolipoprotein (a)
fragments in relation to human carotid plaque instability.
J Vasc Surg 32:555–563, 2000

10 Freemont AJ, Byers RJ, Taiwo YO, Hoyland JA: In situ
zymographic localisation of type II collagen degrading
activity in osteoarthritic human articular cartilage. Ann
Rheum Dis 58:357–365, 1999

11 Frisdal E, Gest V, Vieillard-Baron A, Levame M, Lepetit
H, Eddahibi S, Lafuma C, Harf A, Adnot S, Dortho MP:
Gelatinase expression in pulmonary arteries during ex-
perimental pulmonary hypertension. Eur Respir J 18:
838–845, 2001

12 Furuya M, Ishikura H, Kawarada Y, Ogawa Y, Sakuragi
N, Fujimoto S, Yoshiki T: Expression of matrix metal-
loproteinases and related tissue inhibitors in the cyst flu-
ids of ovarian mucinous neoplasms. Gynecol Oncol 78:
106–112, 2000

13 Furuya M, Ishikura H, Nemori R, Shibata M, Fujimoto
S, Yoshiki T: Clarification of the active gelatinolytic sites
in human ovarian neoplasms using in situ zymography.
Hum Pathol 32:163–168, 2001

14 Galis ZS, Sukhova GK, Lark MW, Libby P: Increased
expression of matrix metalloproteinases and matrix de-
grading activity in vulnerable regions of human athero-
sclerotic plaques. J Clin Invest 94:2493–2503, 1994

15 Galis ZS, Sukhova GK, Libby P: Microscopic localiza-
tion of active proteases by in situ zymography: detection
of matrix metalloproteinase activity in vascular tissue.
FASEB J 9:974–980, 1995

16 George SJ, Baker AH, Angelini GD, Newby AC: Gene
transfer of tissue inhibitor of metalloproteinase-2 inhibits
metalloproteinase activity and neointima formation in
human saphenous veins. Gene Ther 5:1552–1560, 1998

17 George SJ, Johnson JL: In situ zymography. Methods
Mol Biol 151:411–415, 2001

18 George SJ, Johnson JL, Angelini GD, Newby AC, Baker
AH: Adenovirus-mediated gene transfer of the human
TIMP-1 gene inhibits smooth muscle cell migration and
neointimal formation in human saphenous vein. Hum
Gene Ther 9:867–877, 1998

19 Goodall S, Crowther M, Hemingway DM, Bell PR,
Thompson MM: Ubiquitous elevation of matrix metal-
loproteinase-2 expression in the vasculature of patients
with abdominal aneurysms. Circulation 104:304–309,
2001



Vet Pathol 40:3, 2003 235In Situ Zymography

20 Gross J, Lapiere CM: Collagenolytic activity in amphib-
ian tissues: a tissue culture assay. Proc Natl Sci USA 48:
1014–1022, 1962

21 Hanahan D, Weinberg RA: The hallmarks of cancer. Cell
100:57–70, 2000

22 Hrabec E, Strek M, Nowak D, Greger J, Suwalski M,
Hrabec Z: Activity of type IV collagenases (MMP-2 and
MMP-9) in primary pulmonary carcinomas: a quantita-
tive analysis. J Cancer Res Clin Oncol 128:197–204,
2002

23 Hrabec E, Strek M, Nowak D, Hrabec Z: Elevated level
of circulating matrix metalloproteinase-9 in patients with
lung cancer. Respir Med 95:1–4, 2001

24 Ikeda M, Maekawa R, Tanaka H, Matsumoto M, Takeda
Y, Tamura Y, Nemori R, Yoshioka T: Inhibition of ge-
latinolytic activity in tumor tissues by synthetic matrix
metalloproteinase inhibitor: application of film in situ
zymography. Clin Cancer Res 6:3290–3296, 2000

25 Iwata H, Yamamoto M, Nemori R, Mizutani M, Iwase
T, Miura S, Obata Y, Hara Y, Omoto Y, Toyama T, Ya-
mashita H, Iwase H, Kobayashi S: Localization of ge-
latinolytic activity can be detected in breast cancer tis-
sues by film in situ zymography. Breast Cancer 8:111–
115, 2001

26 Johnson JL, Jackson CL, Angelini GD, George SJ: Ac-
tivation of matrix-degrading metalloproteinases by mast
cell proteases in atherosclerotic plaques. Arterioscler
Thromb Vasc Biol 18:1707–1715, 1998

27 Johnson JL, van Eys GJ, Angelini GD, George SJ: Injury
induces dedifferentiation of smooth muscle cells and in-
creased matrix-degrading metalloproteinase activity in
human saphenous vein. Arterioscler Thromb Vasc Biol
21:1146–1151, 2001

28 Kaneyoshi T, Nakatsukasa H, Higashi T, Fujiwara K,
Naito I, Nouso K, Kariyama K, Kobayashi Y, Uemura
M, Nakamura SI, Iwasaki Y, Tsuji T: Actual invasive
potential of human hepatocellular carcinoma revealed by
in situ gelatin zymography. Clin Cancer Res 7:4027–
4032, 2001

29 Kurschat P, Wickenhauser C, Groth W, Krieg T, Mauch
C: Identification of activated matrix metalloproteinase-2
(MMP-2) as the main gelatinolytic enzyme in malignant
melanoma by in situ zymography. J Pathol 197:179–187,
2002

30 Lengyel E, Schmalfeldt B, Konik E, Spathe K, Harting
K, Fenn A, Berger U, Fridman R, Schmitt M, Prechtel
D, Kuhn W: Expression of latent matrix metalloprotei-
nase 9 (MMP-9) predicts survival in advanced ovarian
cancer. Gynecol Oncol 82:291–298, 2001

31 Lindsey M, Wedin K, Brown MD, Keller C, Evans AJ,
Smolen J, Burns AR, Rossen RD, Michael L, Entman
M: Matrix-dependent mechanism of neutrophil-mediated
release and activation of matrix metalloproteinase 9 in
myocardial ischemia/reperfusion. Circulation 103:2181–
2187, 2001

32 Liotta L, Petricoin E: Molecular profiling of human can-
cer. Nat Rev Genet 1:48–56, 2000

33 Lopez-Otin C, Overall CM: Protease degradomics: a new
challenge for proteomics. Nat Rev Mol Cell Biol 3:509–
519, 2002

34 Loy M, Burggraf D, Martens KH, Liebetrau M, Wun-
derlich N, Bultemeier G, Nemori R, Hamann GF: A gel-
atin in situ-overlay technique localizes brain matrix me-
talloproteinase activity in experimental focal cerebral is-
chemia. J Neurosci Methods 116:125–133, 2002

35 Manase K, Endo T, Henmi H, Kitajima Y, Yamazaki K,
Nishikawa A, Mitaka T, Sato H, Kudo R: The signifi-
cance of membrane type 1 metalloproteinase in structural
involution of human corpora lutea. Mol Hum Reprod 8:
742–749, 2002

36 Mungall BA, Pollitt CC: Zymographic analysis of equine
laminitis. Histochem Cell Biol 112:467–472, 1999

37 Mungall BA, Pollitt CC: In situ zymography: topograph-
ical considerations. J Biochem Biophys Methods 47:
169–176, 2001

38 Mungall BA, Pollitt CC, Collins R: Localisation of ge-
latinase activity in epidermal hoof lamellae by in situ
zymography. Histochem Cell Biol 110:535–540, 1998

39 Ohnishi Y, Ito Y, Tajima S, Ishibashi A, Arai K: Im-
munohistochemical study of membrane type-matrix me-
talloproteinases (MT-MMPs) and matrix metalloprotei-
nase-2 (MMP-2) in dermatofibroma and malignant fi-
brous histiocytoma. J Dermatol Sci 28:119–125, 2002

40 Pagenstecher A, Wussler EM, Opdenakker G, Volk B,
Campbell IL: Distinct expression patterns and levels of
enzymatic activity of matrix metalloproteinases and their
inhibitors in primary brain tumors. J Neuropathol Exp
Neurol 60:598–612, 2001

41 Parks WC, Shapiro SD: Matrix metalloproteinases in
lung biology. Respir Res 2:10–19, 2001

42 Pfefferkorn T, Wiessner C, Allegrini PR, Staufer B,
Vosko MR, Liebetrau M, Bueltemeier G, Kloss CU,
Hamann GF: Plasminogen activation in experimental
permanent focal cerebral ischemia. Brain Res 882:19–
25, 2000

43 Pucci-Minafra I, Minafra S, La Rocca G, Barranca M,
Fontana S, Alaimo G, Okada Y: Zymographic analysis
of circulating and tissue forms of colon carcinoma ge-
latinase A (MMP-2) and B (MMP-9) separated by mono-
and two-dimensional electrophoresis. Matrix Biol 20:
419–427, 2001

44 Ricke WA, Smith GW, Smith MF: Matrix metalloprotei-
nase expression and activity following prostaglandin F(2
alpha)-induced luteolysis. Biol Reprod 66:685–691,
2002

45 Stephens P, Davies KJ, Occleston N, Pleass RD, Kon C,
Daniels J, Khaw PT, Thomas DW: Skin and oral fibro-
blasts exhibit phenotypic differences in extracellular ma-
trix reorganization and matrix metalloproteinase activity.
Br J Dermatol 144:229–237, 2001

46 Sternlicht MD, Werb Z: How matrix metalloproteinases
regulate cell behavior. Annu Rev Cell Dev Biol 17:463–
516, 2001

47 Stetler-Stevenson WG, Yu AE: Proteases in invasion:
matrix metalloproteinases. Semin Cancer Biol 11:143–
152, 2001

48 Takano S, Tsuboi K, Matsumura A, Sato H, Nose T:
Localization of gelatinase activities in glioma tissues by
film in situ zymography. Brain Tumor Pathol 18:145–
150, 2001

49 Teesalu T, Hinkkanen AE, Vaheri A: Coordinated induc-



236 Vet Pathol 40:3, 2003Yan and Blomme

tion of extracellular proteolysis systems during experi-
mental autoimmune encephalomyelitis in mice. Am J
Pathol 159:2227–2237, 2001

50 Tersariol IL, Pimenta DC, Chagas JR, Almeida PC: Pro-
teinase activity regulation by glycosaminoglycans. Braz
J Med Biol Res 35:135–144, 2002

51 Wang M, Lakatta EG: Altered regulation of matrix me-
talloproteinase-2 in aortic remodeling during aging. Hy-
pertension 39:865–873, 2002

52 Zhang J, Salamonsen LA: In vivo evidence for active

matrix metalloproteinases in human endometrium sup-
ports their role in tissue breakdown at menstruation. J
Clin Endocrinol Metab 87:2346–2351, 2002

53 Zheng K, Nagai Y, Kishimoto T, Yamazawa K, Tate S,
Nemori R, Hirai Y, Sekiya S, Ishikura H: A quantita-
tive evaluation of active gelatinolytic sites in uterine
endometrioid adenocarcinoma using film in situ zym-
ography: association of stronger gelatinolysis with
myometrial invasion. Jpn J Cancer Res 93:516–522,
2002

Request reprints from Dr. E. A. G. Blomme, Experimental Pathology, Global Toxicology, Pharmacia Corporation, 4901
Searle Parkway, Skokie, IL 60077 (USA). E-mail: eric.blomme@pharmacia.com.


