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Abstract
Objective

The aim of this study was to examine in vivo gelatinolytic activity of rheumatoid arthritis (RA) synovium using a newly 
developed in situ zymography (ISZ) method and pathological image analyzer, and to evaluate the relationship between this 

activity and several features on RA. 

Methods
A total of 8 samples of synovium were obtained from RA patients during surgery, and 8 samples from osteoarthritis (OA) 

patients were examined as controls. Furthermore, total 14 samples of syovium were obtained for comparison among 
radiographical classifications as Larsen grade (4 cases of grade III, 5 cases of grade IV and 5 cases of grade V). These 
specimens were frozen with OCT compound immediately after surgery. Frozen sections were applied to a newly developed 
gelatin-coated FIZ film (Fuji Film Co.Tokyo.Japan) designed for use ISZ, and incubated at 37° C for 6 hours. Using an 
image analyzer (image processor for analytical pathology; IPAP), two variables were measured as indicators of in vivo 

gelatynolytic activity: optical density of gelatinolyzed area (ODG), and ratio of gelatinolyzed area (RGA). Also, we 
investigated the relationship between these indicators and the following variables: radiographic changes (Larsen grades), 

clinical data (C-reactive protein concentration), histological score of synovial tissue (modified Rooney’s score), and 
expression of matrix metalloproteinase (MMP)-2, MMP-9, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 

(assessed by immunohistochemistry). 

Results
RA synovium had significantly higher RGA and lower ODG than OA, indicating higher gelatinolytic activity in RA. 

Synovium from cases with Larsen grade IV or V had significantly lower ODG than cases with grade III, but there was no 
significant difference in RGA between grades. There was no significant correlation between gelatinolytic activity (ODG or 

RGA) and either CRP or modified Rooney’s Histological Score. The results of ISZ indicate that the gelatinolyzed areas were 
mainly localized in the lining area, with a small amount scattered throughout the stroma. The results of immunohistochem-

istry indicate that MMP-2, MMP-9, TIMP-1 and TIMP-2 were expressed in areas of gelatinolysis. 

Conclusions
The present results indicate that in vivo gelatinolytic activity of synovium is stronger in RA than in OA. They also indicate 
that gelatinolytic activity of RA synovial cells is stronger in cases with Larsen grade IV or V than in cases with grade III, 

although the gelatinolyzed area is similar. Gelatinolytic activity, as indicated by optical density and the gelatinolyzed area, 
differed between regions, even within the same specimen, suggesting an imbalance between production of proteinases and 
their inhibitors. We believe that the present zymography method can contribute to the elucidation of biological enzymatic 

activity of RA synovium.
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Introduction
Rheumatoid arthritis (RA) is a chronic, 
progressive disease characterized by in-
flammation and structural damage to the 
joint. However, in patients with arthri-
tis, the development of joint destruction 
is unpredictable (1-3). The production 
of proteolytic enzymes by the inflamed 
synovium is thought to be critical in the 
pathogenesis of RA articular damage. In 
the absence of disease, these proteolytic 
enzymes are involved in normal tissue 
remodeling (4-6). There have been nu-
merous studies of proteolytic enzymes, 
particularly matrix metalloproteinases 
(MMPs) and tissue inhibitors of met-
alloproteinases (TIMPs), the latter be-
ing specific MMP inhibitors that form 
non-covalent, tight-binding complexes 
with active MMPs. MMPs and TIMPs 
are thought to play key roles in joint de-
struction (7-15). There is a great need 
to elucidate the proteolytic activity in-
volved in the joint destruction of RA. 
Zymography is a valuable method for 
examining this activity, and its effec-
tiveness has been assessed in several 
studies (16-18). However, most current 
zymography methods are used to quali-
tatively examine proteolytic activity, 
and are not adequate for histological 
evaluation or quantification. Conse-
quently, little is currently known about 
the degree of in vivo histological pro-
teolytic activity of RA synovium. The 
aim of the present study was to exam-
ine the distribution of in vivo gelatino-
lytic activity using a newly developed 
method of in situ zymography in which 
unfixed frozen tissues are applied to a 
gelatin-coated film, and to measure the 
degree of this activity as in vivo proteo-
lytic activity of RA using a pathological 
digital-image analyzer.
In the present study, we compared in 
vivo gelatinolytic activity between 
synovium from RA and osteoarthritis 
(OA) patients, and compared activity 
among radiographic classifications of 
RA (Larsen grades). We evaluated the 
correlation of gelatinolytic activity with 
C-reactive protein concentration and 
histological inflammation of synovium 
(modified Rooney’s score). Also, we 
examined the localization of cells ex-
pressing MMP-2 (gelatinase A) and 
MMP-9 (gelatinase B), which degrade 

components of the extracellular matrix 
with high specificity for denatured colla-
gen (gelatin), and cells expressing their 
specific inhibitorsTIMP-1 andTIMP-2, 
in order to examine the relationship be-
tween the localization of these cells and 
the distribution of gelatinolyzed areas, 
as determined by immunohistochemis-
try using serial sections.

Materials and methods
Patients and specimens
To compare RA and OA synovium, we 
examined 8 cases of RA and 8 cases 
of OA (Table I). These RA cases were 
classified as stage IV using the Stein-
brocker system. 
For comparison among RA cases with 
different radiographic appearances 
classified as Larsen grade, we exam-
ined 4 cases of grade III, 5 cases of 
grade IV, and 5 cases of grade V (Table 
II). We compared gelatinolytic activ-
ity among Larsen grades and evaluated 
the relation of gelatinolytic activity 
to Rooney’s score, C-reactive protein 
concentration and expression of proteo-
lytic enzymes (Table III). All RA cases 
were diagnosed according to the 1987 
revised criteria of the American Col-
lege of Rheumatology (formerly, the 
American Rheumatism Association). 
All synovial specimens were obtained 
during total knee replacement surgery, 
and the serum samples assayed for C-
reactive protein concentration were 
obtained 1 day before the joint surgery. 
Examination of all specimens with in-
formed consent from all patients was 
authorized by the Ethical Committee 
of Iwate Medical University. 

In situ zymography
To detect histologically the gelatinolyt-
ic activity of synovial tissue, we used 
a newly developed in situ zymography 
film (FIZ film; Fuji Film.Co. Tokyo, 

Table I. Subjects for comparison between 
RA and OA.

            n  Age (years ± SD
 
RA 8 55.8 ± 10.9
OA 8 71.9 ± 3.1

RA: rheumatoid arthritis; OA: osteoarthritis, and 
all RA cases were Stage IV.
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Japan). This film is uniformly coated 
with cross-bridge gelatin at a thickness 
of 7 μm. All synovial specimens were 
embedded in Tissue-Tek OCT Com-
pound (Lab-Tek products, Elkhart, IN, 
USA) immediately after surgery. Then, 
4-μm cryostat sections were cut and 
applied to the film, followed by wash-
ing with water for a few seconds. After 
incubation for 6 hours at 37°, the film 
was stained with 0.2% pansaou solution 
(which is commonly used for protein 
staining; Sigma, USA) for 3 minutes 
and fixed with 1% acetate for 5 min-
utes. After washing with water for 15 
minutes, the film was stained with he-
matoxylin for nuclear staining. Gelati-
nolyzed areas caused by gelatinolytic 
activity of synovium were detected as 
pale areas, and non-gelatinolyzed areas 
were uniformly stained red.

Quantization of gelatinolytic 
activity by image analyzer
To quantify the degree of gelatinolytic 
activity, we used a digital image ana-
lyzer (image processor for analytical 
pathology, IPAP, Sumitomo Tech, Os-
aka, Japan), which combines a micro-
scope, a CCD camera and an analyzing 
computer. For each ponsaou-stained 
FIZ film, we measured two variables: 
optical density of gelatinolyzed area 
(ODG) and ratio of gelatinolyzed area 

(RGA). ODG is the mean optical den-
sity of the red component at 50 random 
points in the gelatynolyzed area. RGA 
is the ratio of the gelatinolyzed area to 
the entire synovium. ODG and RGA 
were measured blindly at a magnifica-
tion of ×4.

Histological score
For each case, we scored the degree 
of inflammation of RA synovium ac-
cording to Rooney’s histological score 
as local assessment (19). The scoring 
technique used for all 6 features is 
shown in Table III.

Synoviocyte hyperplasia. A normal syn-
oviocyte monolayer was given a score 
of 0. As the depth of the synoviocyte 
lining layer increased, the score in-
creased accordingly. If the cell depth 
of the section varied, the grade corre-
sponding to the predominant cell depth 
was recorded.

Fibrosis. The degree of fibrosis was es-
timated as the amount of fibrous tissue 
that had replaced the normal loose con-
nective tissue present beneath the syno-
vial lining layer. All fields of the sec-
tion were assessed. Sections containing 
<10% fibrous tissue in the sublining 
layers were considered normal and 
graded 0. As the percentage of fibrosis 

in the section increased, the score in-
creased accordingly, to a maximum of 
10, which was equivalent to >80% fi-
brosis in the section.

Proliferating blood vessels. Endothelial 
cells forming a solid tube or enclosing 
a lumen were considered to constitute 
a vessel. If <4 vessels were observed 
per high-power field (HPF), the section 
was considered normal and was scored 
0. As the number of vessels per HPF in-
creased, the score increased according-
ly, and >22 vessels per HPF was scored 
the maximum 10. If the number of ves-
sels per HPF varied, the score corre-
sponding to the predominant number of 
vessels per HPF was recorded.

Perivascular infiltrates of lymphocytes.
Perivascular infiltrates were character-
ized as aggregates of lymphocytes that 
were contiguous with the vessel wall 
and were <10 cells in diameter. The 
final score for perivascular infiltrates 
was based on two factors: the number 
of vessels involved, and the diameter 
of the perivascular infiltrate. If no 
vessels were involved, the grade was 
0. The greater the percentage of ves-
sels surrounded by lymphocytes, the 
higher the score. The maximum grade 
of 10 corresponded to involvement of 
100% of vessels. The diameter of the 
perivascular infiltrate was assessed and 
was graded as mild (2-4 cells in diam-
eter), moderate (5-7 cells in diameter) 
or severe (8-10 cells in diameter). The 
number of vessels involved was the 
dominant variable and was the basis 
of the initial score. If the cellular infil-
trate around the vessels was considered 

Table II. Characterisitics of cases examined among RA cases.

Larsen grade Number  Age  CRP  Duration of
 of cases (years±SD)  (mg/dl±SD)  disease (years ± SD)
  
III 4   50.0 ± 6.6   2.0 ± 2.5   19.0 ± 8.2
IV       5   52.8 ± 14.1   2.9 ± 1.7   14.8 ± 6.4
V       5   54.8 ± 19.7   2.9 ± 1.6   12.2 ± 5.2

    

Table III. Method of modified Rooney’s scoring features in RA synovium.

 Score                                                   

 0 1 2 3 4 5 6 7 8 9 10

Synoviocyte hyperplasia* 1 2 3 4 5 6 7 8 9 10 >10
Fibrosis† <10 <15 <20 <25 <30 <40 <50 <60 <70 <80 >80
Proliferating blood vessels‡ 0-3 4-5 6-7 8-9 10-11 12-13 14-15 16-17 18-19 20-22 >22
Perivascular infiltrates of lymphocytes§ <5 10 20 30 40 50 60 70 80 90 100
Focal aggregates of lymphocytes¶ 11 15 20 25 30 35 40 45 50 55 >55
Diffuse infiltrates of lymphocytes# 0 10 20 30 40 50 60 70 80 90 100

*Predominant cell depth of synovial lining layer; † Percentage of fibrosis in subsynovial layer; ‡ Number of vessels per high power field (HPF); § Percentage 
of vessels per HPF; ¶ Number of cells in diameter; # Percentage of diffuse lymphocytes per HPF.
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moderate, the initial score remained 
unchanged. If the infiltrate was con-
sidered mild or severe, the initial score 
was lowered or raised by 1 point, re-
spectively.

Focal aggregates of lymphocytes. Focal 
aggregates of lymphocytes were defined 
as aggregates that were not intimately 
related to a synovial vessel or in which 
the perivascular cuff of lymphocytes 
was >10 cells in diameter. Scoring of fo-
cal aggregates was based on size, rather 
than the number of aggregates. Absence 
of focal aggregates was scored 0. As the 
diameter (measured as number of cells) 
of the focal aggregates increased, the 
score for the section increased accord-
ingly. An aggregate with a diameter of 
>55 cells received the maximum score 
of 10.

Diffuse infiltrates of lymphocytes. Lym-
phocytes that were not part of perivascu-
lar or focal aggregates were considered 
to be diffuse infiltrates. Quantification 
of diffuse infiltrates was relatively sub-
jective. We estimated the percentage of 
cells per HPF that were lymphocytes, 
with higher percentages corresponding 
to higher scores. If the field was en-
tirely occupied by lymphocytes, it was 
given a score of 10. If the percentage 
of infiltrating lymphocytes varied be-
tween HPFs, the score that correspond-
ed to the predominant percentage was 
recorded.

Immunohistochemistry
We assayed expression of gelatinase 
A (MMP-2), gelatinase B (MMP-9), 
TIMP-1 and TIMP-2 by immunohisto-
chemistry using monoclonal antibod-
ies (anti-MMP-2, -MMP-9, -TIMP-1, 
-TIMP-2; Fuji Chemistry, Tokyo, Ja-
pan). Frozen sections of synovial tissue 
(thickness, 4 μm) were embedded in 
OCT compound and fixed in 100% al-
cohol for 10 minutes. All sections were 
then washed with phosphate-buffered 
saline (PBS), followed by blocking of 
endogenous peroxidase activity with 
3% hydrogen peroxide in methanol for 
30 minutes. Next, 10% normal goat se-
rum was applied to the sections for 30 
minutes, which were then reacted with 
primary antibodies at 4° for 24 hours. 

Fig. 1. Arrow indicates the gelatinolized area of RA synovim (A) detected by in situ zymography. The 
arrow indicated pale area was recognized as the measurable region by IPAP analysis (B).

Fig. 2. Comparison with RA and OA synovium. RA synovium demonstrated significantly lower ODG 
(0.758±0.019) than OA (0.864±0.037) (p<0.05, A). RA synovium demonstrated significantly higher 
RGA (9.7±3.1 %) than OA (3.5±1.1 %) (p<0.05, B).

Fig. 3. Difference of gelatinolytic activity among Lrsen grades. There was significant difference be-
tween grade III (0.781±0.075) and IV (0.679±0.016), III and V (0.691±0.064) in ODG (p<0.05, A). 
However no significant difference was shown among Larsen grades in RGA (grade III; 19.8±5.8 %, 
grade IV; 23.4±8.2 %, grade V; 19.5±4.8%, B).
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After washing with PBS, all sections 
were reacted at room temperature for 
30 minutes with rabbit immunoglobu-
lins conjugated to a peroxidase-la-
beled amino acid polymer (Histofine 
simplestain Multi Po, Nichirei, Tokyo, 
Japan), and finally were treated with 
3,3’-diaminobenzidine (DAB, Sigma 
Chemical Co., USA). Negative con-
trol sections were reacted with normal 
mouse, rabbit and sheep serum instead 
of the primary antibody.

Statistical methods
Significance of the differences between 
the two groups was evaluated using 
Fisher’s PLSD test, and correlation of 
gelatinolytic activity (ODG and RGA) 
with clinical assessment (C-reactive 
protein concentration) or the histologi-
cal score (Rooney’s score) was evalu-
ated using Spearman’s test.

Results
Gelatinolyzed areas detected by in situ 
zymography were chiefly localized at 
whole of the lining layer of RA syn-
ovium (Fig. 1A, gelatinolyzed pale 
area indicated by arrow) rather than in 
the stroma. All RA cases exhibited the 
same pattern of localization. The ge-
latinolyzed areas detected barely in OA 
synovium localized at the lining layer. 
The arrow indicated area (Fig. 1B) was 
considered suitable for measurement of 
ODG and RGA using the IPAP system 
as the gelatinolyzed area.

Comparison of gelatinolytic activity 
between RA and OA synovium
RA synovium had a significantly lower 
ODG (0.758±0.019) than OA synovium 
(0.864±0.037) (Fig. 2A: Comparison 
with RA and OA synovium in ODG; 
p<0.05). RA synovium had a signifi-
cantly higher RGA (9.7±3.1%) than 
OA synovium (3.5±1.1%) (Fig. 2B: 
Comparison with RA and OA in RGA; 
p<0.05).

Comparison of gelatinolytic activity 
among Larsen grades
Grade III had a significantly higher 
ODG (0.781±0.075) than grades IV 
(0.679±0.016) and V (0.691±0.064) 
(Fig. 3A: Comparison of ODG among 
Larsen grades; p<0.05). However 

there was no significant difference in 
RGA among Larsen grades (grade III, 
19.8±5.8%; grade IV, 23.4±8.2%; grade 
V, 19.5±4.8%) (Fig. 3B: Comparison of 
RGA among Larsen grades).

Correlation of gelatinolytic activity 
with C-reactive protein (CRP) 
concentration and histological score.
There was no correlation of CRP con-
centration with ODG or RGA, and 
there was no correlation of modified 
Rooney’s score with ODG or RGA. In 
addition, there was no significant dif-
ference between Larsen grades in C-re-
active protein concentration or Roon-
ey’s score.

Relation between enzyme 
expression and gelatinolyzed area
In immunohistochemistry using se-
rial sections, MMP-2and MMP-9 were 
mainly expressed by fibroblast-like 
or macrophage-like cells of the syno-
vial lining layer. These same cells also 
expressed TIMP-1 and TIMP-2. The 
distribution of cells expressing MMPs 
and TIMPs corresponded to the gelati-
nolyzed areas detected by zymogra-
phy. Some cells expressing MMPs and 
TIMPs were also detected scattered 
throughout the non-gelatinolyzed area, 
but at a markedly lower concentration 
than in gelatinolyzed areas. There were 
no marked differences among Larsen 
grades in the distribution of cells ex-
pressing MMPs and TIMPs.

Discussion
There have been many studies of pro-
teolytic activity, including gelatynolyt-
ic activity, using techniques including 
gelatin zymography (16-18, 20-23). In 
situ zymography was developed to de-
termine the localization of proteolytic 
activity in vivo or histologically. How-
ever, in situ zymography has been re-
stricted to qualitative analysis because 
of the inability to coat film with sub-
strate at a sufficiently uniform thick-
ness to allow precise quantification 
of in vivo proteolytic activity (24-28). 
The present in situ zymography meth-
od utilizes a film developed at Fuji 
Photo Film Co., Ltd, Tokyo, which is 
uniformly coated with a 7-μm layer of 
gelatin and cross-linking agent. In sev-

eral studies, reproducible quantifica-
tion of areas of gelatynolysis has been 
achieved using this film (29-31). The 
aim of the present study was to quan-
tify histologically the degree of gelati-
nolytic activity of RA synovium using 
the IPAP image analyzer. The IPAP 
system, which consists of a microscope 
and computer, converts microscopic 
photographic images into digital imag-
es, measures optical density and counts 
cell numbers under various conditions 
(32). In the present study, we meas-
ured ODG and RGA of gelatinolyzed 
areas, using Ponsaou-stained FIZ films 
as background reference. ODG reflects 
the degree of gelatinolytic activity per 
cell. RGA reflects the number of gelati-
nolytic cells on the synovium.
In the present study, the gelatinolyzed 
areas detected by in situ zymography 
were primarily localized at the lining 
layer of the synovium and rather than 
in the stroma. This is consistent with 
the previous finding that many enzyme 
activators are present in the joint fluid, 
and that they stimulate enzyme pro-
duction by synovial cells of the lining 
layer or activate these enzymes, play-
ing a crucial role in the pathogenesis of 
articular damage (33, 34).
In the present study, RA synovium had 
significantly greater ODG and RGA 
than OA synovium, indicating that RA 
synovial cells have stronger in vivo ge-
latinolytic activity and RA synovial tis-
sue contains more gelatinolytic cells.
In the present study, specimens with 
Larsen grade III had significantly high-
er ODG than grades IV and V, but there 
was no significant difference in RGA 
among Larsen grades. This suggests 
that the in vivo gelatinolytic activity of 
individual RA synovial cells is stronger 
at later stages of joint destruction, but 
that the number of gelatinolytic cells 
does not markedly increase.
In the present study, CRP concentra-
tion and histological score did not 
correlate with ODG, RGA or Larsen 
grade. This indicates that the levels of 
inflammatory variables such as CRP 
concentration and Rooney’s score do 
not reflect the in vivo gelatinolytic ac-
tivity of RA synovium or the degree of 
joint destruction. This suggests that the 
patho-physiologic mechanisms of joint 
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inflammation are partially independent 
from the mechanisms of joint destruc-
tion (3, 35-40). RA is a systemic or 
local inflammatory disease caused by 
disorders of the immune system, but 
the degree of joint destruction in RA 
appears to be more accurately reflected 
by the in vivo gelatinolytic activity of 
synovial cells than by markers of in-
flammation such us CRP concentration 
or histological score of synovium.
High MMP levels in arthritis are 
thought to result from increased pro-
duction by inflamed joints (41). Gene 
expression of several MMPs has been 
observed in the synovial lining layer, in 
scattered cells in the sublining area, and 
in activated synovial endothelial cells. 
In the present study, gelatinolyzed ar-
eas were mainly localized at the lining 
layer of the synovium, and the gelati-
nolytic enzymes MMP-2 and MMP-9 
and their inhibitors TIMP-1 and TIMP-
2 were mainly expressed in these areas, 
as indicated by immunohistochemistry. 
These MMPs and TIMPs were also 
expressed, to a lesser degree, by cells 
scattered throughout non-gelatinolyzed 
areas. These results indicate that RA 
synovial cells simultaneously produce 
proteolytic enzymes and their inhibi-
tors, and suggest that differences in vivo 
gelatinolytic activity among cells are 
due to imbalances in enzyme produc-
tion of individual cells. That is, proteo-
lytic enzyme production is greater than 
inhibitor production (positive balance) 
in the gelatinolyzed areas, and inhibitor 
production is greater than proteolytic 
enzyme production (negative balance) 
in the non-gelatinolyzed areas. This is 
consistent with the present finding that 
cases of joint destruction with Larsen 
grade IV or V have a more positive bal-
ance between MMPs and TIMPs than 
cases with grade III (6, 21, 40, 42-44).

Conclusion
In the present study, we used in situ zy-
mography and IPAP analysis to exam-
ine in vivo gelatinolytic activity of RA 
synovial tissue. This activity differed 
considerably among RA types, reflect-
ing differences in the degree of joint 
destruction. The present results indi-
cate that these differences in gelatino-
lytic activity are caused by differences 

in the balance of enzyme production 
by RA synovial cells. The newly devel-
oped methods used in the present study 
can contribute to a better understand-
ing of biological enzymatic activity of 
RA synovium.
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