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Abstract

Objective and desigh—The objective of this study was to determine genetic differences in
inflammation in these distinct inbred mouse strains.

Methods—~Peritoneal leukocyte recruitment, matrix metalloproteinases and cytokines were
quantified in A/J, 129/svJ, C57BL/6J, using thioglycollate or biomaterial implants as
inflammatory stimuli.

Results—In response to thioglycollate, A/J had significant decreases compared to C57BL/6J in
both neutrophil (86 %) and macrophage (62 %) recruitment, and 129/svJ had a significant (43 %)
decrease compared to C57BL/6J in macrophage recruitment. The reduced leukocyte recruitment
corresponded to reduced matrix metalloproteinase-9. In the bioimplant model, 129/svJ had a 2-
fold increase in neutrophil and macrophage recruitment compared to C57BL/6J, and the increased
leukocyte recruitment corresponded to elevated cytokines, monocyte inhibitory protein-2 and
monocyte chemoattractant protein-1, in the lavage compared to the values for C57BL/6J.

Conclusion—Not only was leukocyte recruitment strain dependent, but the three strains had
marked differences in metalloproteinases and cytokine response. In addition, there were model
specific differences in the metalloproteinase and cytokine response to the two inflammatory
stimuli. Thus, inflammatory cell recruitment is genetically determined and stimulus specific and
may determine the susceptibility to complex diseases.
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Introduction

Inflammation [1] is critical for host defense at sites of injury, but it is also associated with
diseases including peritonitis, acute coronary disease, atherosclerosis, and autoimmune
disease [2-4] in humans and mice [5-6]. The recruitment of leukocytes is central to the
generation of the inflammatory response at sites of injury and infection. In addition, genetic
influence on leukocyte migration is suggested by recent studies [7-10] in human populations
that have identified mutations and polymorphisms in proteins that facilitate leukocyte
recruitment, such as proteolytic enzymes and chemoattractants. These mutations and
polymorphisms were associated with disease and suggest genetic variation in leukocyte
recruitment/function may determine susceptibility to inflammatory diseases.

Three inbred mouse strains, C57BL/6J (B6), A/J, 129/svJ (129) markedly differ in their
susceptibility to infection and other inflammatory diseases, and differences in susceptibility
may be due to genetic variation in leukocyte recruitment to the sites of inflammation. In this
study, we examined the role of genetic background on leukocyte recruitment, using two
distinct models of peritoneal inflammation, the thioglycollate and biomaterial implant
(bioimplant) models. While neutrophils and macrophages are recruited in both models
[11,12], the time course for neutrophil and macrophage accumulation in the peritoneal
cavity is quite different in the two models. In the thioglycollate model, total neutrophils
reach a peak at 6 h and decline rapidly, while macrophage number gradually increases and
reaches a peak at 72 h [11]. In the bioimplant model, both total neutrophil and total
macrophage number reach a maximum and plateau at 20 h [12]. In these two inflammatory
models, not only was the time course of leukocyte recruitment different, but the
metalloproteinase (MMP) and cytokine responses were also different. In addition, leukocyte
recruitment, MMP, and cytokine response were strain-dependent in the two models. Genetic
variation in leukocyte recruitment in the three inbred strains, their response in the two
models, and cytokine and proteolytic enzyme responses are reported in this study.

Materials and methods

Mice

The inbred strains, B6 (#000664), 129 (#000691), A/J (#000646), FVN/B wild type
(#004104), FVN/B matrix metalloproteinase-9 deficient mice (MMP-9—/-) (#01800),
B6129PF2/J (#10093) mice were obtained from Jackson Laboratory (Bar Harbor, ME) at 6
wks-of-age. The wild-type (WT) strains in mixed backgrounds, 50 % B6 : 50 % 129 (M1)
and 75 % B6 : 25 % 129 (M2) were derived from the development of gene-targeted mouse
strains, previously described [13], and were bred in the Biological Resource Unit at
Cleveland Clinic Foundation (CCF). Both male and female mice were tested between 7 and
9 wk-of-age. All animal experiments were approved by the Institutional Animal Care and
Research Advisory Committee at CCF.

Thioglycollate model

Mice were injected intraperitoneally with 0.5 mL of 4 % thioglycollate (Becton Dickinson,
Cockeysville, MD) and after 6 or 72 h corresponding to peak neutrophil (6 h) and
macrophage (72 h) recruitment [11], peritoneal lavage fluid and cells were harvested as
previously described [11]. The number of neutrophils and macrophages [14] accumulating
in the lavage were determined from enzyme activity of myeloperoxidase for neutrophils [15]
and non-specific esterase for macrophage/monocytes [16].
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Bioimplant model

MMPs

Three disks of polyethylene terephthalate film, type A, 0.127 mm thick and 1.2 cm diameter
circular disks (Cadillac Plastic and Chemical Co., Birmingham, MI), were inserted into the
peritoneal cavity as previously described [12]. After 20 h (peak leukocyte recruitment),
lavage, cells, and disks were recovered from the mice. The numbers of adherent leukocytes
from the disks and in the lavage were determined by enzyme activities, as described above.
The total number of cell types responding was the sum of the cells in the lavage plus the
cells on the disks.

MMP activity was determined by subjecting the lavage collected, at 6 h and 72 h after
injection of thioglycollate and 20 h after implanting the disks, to electrophoresis on a 10 %
gelatin zymograph (InVitrogen, Carlsbad, CA). Identification of the MMPs was determined
by the molecular weight and verified by with an MMP standard. For the Western blot
characterization, the lavage was purified with gelatin-agarose (Sigma Aldrich, #G5384) and
concentrated with centrifugal filter devices (Millipore, #42406). Samples were subjected to
4-20 % SDS-PAGE electrophoresis, transferred onto P\VDF membranes, and after stripping
the same membrane, incubated with anti-MMP-9 antibody (rabbit polyclonal, Chemicon,
#AB19047). MMP-2 was detected by anti-MMP-2 antibody (BioMol, #SA384). The signals
were amplified with an ABC peroxidase detection system (Vector Laboratories, # PK6101)
according to manufacturer’s instruction, and visualized with enhanced chemiluminescent
reagents (Amersham Biosciences, #RPN2209).

Cytokines and fibrinogen

Keratinocyte-derived chemokine (KC), macrophage inflammatory protein-2 (MIP-2), and
monocyte chemoattractant protein 1 (MCP-1) were determined in the lavage, 6 hand 72 h
after injection of thioglycollate and 20 h after implanting the disks, with immunoassay Kkits
from R&D Systems, Minneapolis, MN, Mouse KC Immunoassay Kit (#MKCO00), Mouse
MIP-2 Immunoassay Kit (#MM200), and Mouse MCP-1 Immunoassay Kit (#MJEQO).
Fibrinogen was determined by an ELISA assay with antibodies that recognize mouse
fibrinogen (HyphenBioMed, France)

Statistical analysis

Results

Differences in values between the mouse strains, B6, A/J, 129, and the mixed strains, M1
and M2, were determined by a one-way ANOVA and a Newman-Keuls post-test. Difference
in cell recruitment in the FVB/N mice was determined with t-test. A P value <0.05 was
considered significant. Values are the mean + SEM.

Thioglycollate model

In the thioglycollate model, A/J had a marked significant (P <0.01) decrease in recruitment
(Figure 1) of both neutrophils (86 %) at 6 h and macrophages (62 %) at 72 h after
thioglycollate injection compared to B6. The 129 had a 44 % reduction (P <0.05) in
recruitment of macrophages (Figure 1C) compared to B6, but the number of neutrophils
recruited in 129 and B6 was similar (Figure 1A). The time course of macrophage
recruitment was different in 129 compared to B6 and A/J. In B6 and A/J the number of
macrophages was nearly three times higher at 72 h compared to 6 h (Figure 1B, 1C), but in
129 the number of macrophages recruited was similar at 6 h and 72 h. There was no
significant difference in leukocytes, either total number (6-8 x 10° cells/mL) or percent
neutrophils (52-60 %), lymphocytes (40-46 %), and monocytes (0-1 %) in peripheral blood
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between B6 and A/J or 129 in mice injected with PBS, suggesting that the number of
circulating neutrophils or monocytes did not determine the leukocyte response. There were
no significant (P >0.05) gender differences in leukocyte recruitment in this model.

Bioimplant model

The number of cells attached to the implanted biopolymer disks was measured to ascertain if
genetic background altered leukocyte adhesion (Figure 2A, B). In 129 and A/J, neutrophil
adhesion (Figure 2A) to the disks was not significantly (P >0.05) different than for B6;
however, the number of macrophages (Figure 2B) attached to the disks in 129 was 1.6-fold
higher (P <0.001) than B6. No difference in adhesion of macrophages between the B6 and
AJJ was observed. Since fibrinogen is important for adhesion of leukocytes to the disks [14]
in this model, plasma fibrinogen was determined in the B6, 129, and A/J and was
significantly (P <0.001) higher (37 %) in 129 (2.2 £ 0.2, n = 4) than B6 (1.6 £ 0.01), n=7),
but only slightly (P <0.05) higher (6 %) in A/J thant B6 as previously reported [17]. Total
neutrophil and macrophage recruitment (Figure 2C, D) was significantly (P <0.01) higher in
129 compared to B6. Neither total neutrophil or macrophage recruitment was significantly
different in A/J compared to B6. Thus, in the bioimplant model, leukocyte recruitment was
increased in 129, but not A/J, in contrast to the thioglycollate model where recruitment was
reduced in both strains. There were no significant (P >0.05) gender differences in leukocyte
recruitment in this model.

Leukocyte recruitment in the B6:129 mixed background

In view of the marked differences in leukocyte recruitment in the B6 and 129 in both
models, the response in mice with mixed B6:129 backgrounds (M1-50 % B6: 50 % 129,
M2-75 % B6: 25 % 129) was compared to B6 and 129. In the thioglycollate model no
significant difference was found for neutrophils among the B6, 129, M1, or M2 strains (data
not shown). For the macrophage recruitment only B6 and 129 were significantly different as
in Figure 1C, and no difference was found between B6 and the mixed strains (data not
shown). In the bioimplant model, total neutrophils were significantly higher (P <0.05) only
in 129 compared to B6, but not between the mixed strains (data not shown) compared to B6.
In the bioimplant model, disk attachment and total macrophage recruitment (Figure 3) were
significantly (P <0.001) higher (~1.5-3-fold) in M1 (50 % B6: 50 % 129), M2 (75 % B6: 25
% 129) and 129 compared to B6. These results suggest that differences in gene expression in
the B6 and 129 influence the macrophage recruitment in the bioimplant model. In this
model, the phenotype of 129 was dominant in the mixed strains.

MMP response

To determine if differences in proteolytic enzymes could be a mechanism explaining the
differences in leukocyte recruitment among the inbred strains and between the models,
MMPs were evaluated in the lavage after administration of the inflammatory stimuli. MMPs
are released from cells in an inactive form, designated ProMMP, and a proteolytically
cleaved form, the active form, designated MMP. ProMMP-9, ProMMP-2, MMP-9, and
MMP-2 were detected by gelatin zymography (Figure 4A) and quantified relative to B6
bands (Table 1). At 6 h, both ProMMP-9 (63 %) and MMP-9 (37 %) were lower in the
lavage from the A/J compared to B6. At 72 h the reduced ProMMP-9 (30 %) and MMP-9 (7
%) were still lower in A/J than B6. In 129, MMP-9 was 75 % at 6 h and 24 % at 72 h of the
values for B6. The lavage was further subjected to Western blotting with antibodies that
recognized both ProMMP-9 and MMP-9 or ProMMP-2 and MMP-2 (Figure 4B), and
similar results were observed as for the zymograph. The reduced MMP-9 in the A/J lavage
corresponded to the reduced macrophage recruitment at 6 and 72 h after thioglycollate
injection. The reduced MMP-9 in 129 at 72 h after thioglycollate injection also
corresponded to reduced macrophage recruitment. MMP-9 may be more closely related to
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the macrophage recruitment than neutrophil recruitment, since the neutrophils were either
not different or not detected in the A/J or 129 compared to B6 (Table 2). In the bioimplant
model, MMP-9 was only slightly reduced in both A/J and 129 compared to B6, and did not
correspond to either neutrophil or macrophage recruitment. In the 129 there was a marked
increase in MMP-2 (Figure 4A, B), and MMP-2 was also found in mixed background (B6:
129) mice (Figure 5). B6 or A/J had no detectable MMP-2, only the ProMMP-2. This
increase in MMP-2 in 129 and a mixed background strain may contribute to the elevated
recruitment of both neutrophils and macrophages in the bioimplant model.

Leukocyte recruitment in MMP-9 deficient mice

MMP-9 is a proteinase that degrades extracellular matrix, and is required in many
inflammatory models [18-20]. ProMMP-9 and MMP-9 were reduced in both A/J and 129
mice and to determine if MMP-9 played a significant role in thioglycollate stimulation of
leukocyte recruitment, MMP-9—/— mice were tested. Wild-type and MMP-9 deficient mice
in a FVN/B background were stimulated with thioglycollate and macrophage recruitment
determined after 72 h. Macrophage (cells x 108, mean + SEM, n = 13-15) recruitment was
~3-fold higher (P <0.05) in MMP-9+/+ (8.2 + 0.2) than MMP-9—/— (2.7 £ 0.4). These
results suggest that the reduced MMP-9 in the two strains, A/J and 129, may have
contributed to their reduced macrophage recruitment in the thioglycollate model.

Cytokine response

While differences in the MMPs corresponded to leukocyte recruitment in the thioglycollate
model, they did not account for the differences in cell recruitment in the bioimplant model.
Another important regulator of leukocyte migration signals [1] is the chemoattractant
gradient in the tissues. To determine if genetic differences in cytokine release could explain
differences in leukocyte recruitment in the bioimplant model, MIP-2 and KC, important
neutrophil cytokines [21-23], and MCP-1, the critical macrophage cytokine [24], were
determined in the lavage after administration of the inflammatory stimuli. No significant
differences were found for the three cytokines in the lavage at 6 or 72 h after thioglycollate
injection (data not shown). However, in the bioimplant model (Figure 6) a significant
increase (P <0.01) was found in the lavage for MCP-1 in A/J and 129 compared to B6.
MCP-1 was 2-3-fold higher in A/J and 129 than B6. There was a trend for increased MIP-2
and KC in 129 compared to B6.

Discussion

Results of this study (summarized in Table 2) demonstrate that the three inbred strains had
notable differences in the responses of leukocyte recruitment, MMP-9 expression and
activation, and chemoattractants in the two inflammatory models. Mouse strain, leukocyte
(neutrophils or macrophages), and model dependent genetic differences were identified. In
the thioglycollate model, reduced macrophage recruitment in A/J and 129 corresponded to
reduced expression and activation of MMP-9. In the bioimplant model, macrophage and
neutrophil recruitment were increased in 129 with increased cytokines and increased
activation of MMP-2. These results suggest that genetic factors control leukocyte
recruitment in a model and strain specific fashion. This is the first study to identify genetic
background variation in MMP-9 in the thioglycollate model, and MMP-2 and MCP-1 in the
bioimplant model.

In the thioglycollate model, A/J had reduced MMP-9 at the time of peak neutrophil
recruitment (6 h) and peak macrophage recruitment (72 h) that corresponded to reduced
neutrophil and macrophage recruitment. Furthermore, in the both A/J and 129 at 72 h,
MMP-9 and ProMMP-9 were reduced and MMP was lower than ProMMP, suggesting that
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proteolytic activation as well as release of the ProMMP-9 are reduced. The reduced
proteolytic activity may be the important factor since at 6 h in 129, macrophage recruitment
was not different than for B6, and the reduced MMP-9 and ProMMP-9 were similar (~76
%). A deficiency of plasminogen and its active form plasmin, a major proteolytic enzyme of
MMP-9 activation [25,26], reduce leukocyte migration in both the thioglycollate and
bioimplant inflammatory models [11,12] Although A/J [17] have higher plasma
plasminogen, this strain also has higher levels of plasminogen activator inhibitor-1 and aj-
antiplasmin. The high levels of plasmin inhibitors may contribute to the reduced plasmin
activation of MMP-9. If the source of MMP-9 is leukocytes and the number in the lavage is
reduced, this may explain a reduced ProMMP-9, but would not explain its reduced
activation since plasminogen is found in high concentrations in plasma and interstitial fluid
and its activators are expressed in many cell types. In this study, we have demonstrated
support for a role of MMP-9 in macrophage recruitment in the thioglycollate model.
Conflicting results [25-31] of the inflammatory response have been observed with MMP-9
deficient mice and it is not clear if the differences are due to genetic background (129, Bé6:
129, B6:Swiss; Balb/c, FVB/N) or differences in the inflammatory stimulus. Our results
indicate that genetic background is an important determinate of the response to
inflammatory stimuli.

Clearly, the mechanism of leukocyte recruitment in the thioglycollate and bioimplant
models is different. In the bioimplant model, 129 had an increase in MMP-2. None of the
other mice stimulated with bioimplants or thioglycollate had this increase in MMP-2.
Although MMP-2 and MMP-9 are structurally similar, striking differences have been
observed in their function. In contrast to MMP-9, MMP-2 plays a role in tissue remodeling
that is required for wound healing and has a protective role in the development of colitis
[32]. In the bioimplant model, the increased MMP-2 may play a role in the tissue healing
after the implant insertion. The activation of MMP-2 takes place on the cell surface and is
dependent on MT-MMPs [33]. Genetic variation in the activation of MMP-2 in 129 may
contribute to the increased cell migration in the bioimplant model. The increases in
cytokines in 129 corresponded to increased neutrophil and macrophage recruitment.
However, the increase of MCP-1 in A/J did not influence macrophage recruitment in the
bioimplant model where both neutrophil and macrophage recruitment were similar to B6. In
addition, while the active MMP-9 was also reduced in A/J in the bioimplant model, the
magnitude was not sufficient to alter leukocyte number, suggesting MMP-9 may not be
important in the bioimplant model. There may be other factors in A/J that negate the
increased MCP-1 response.

It was surprising to find that total macrophage recruitment was markedly increased in the
129 in the bioimplant model. White et al [34] also reported that 129 have a reduced
macrophage response to thioglycollate compared to B6. In the bioimplant model, the
number of macrophages attached to the disks was higher in the 129, suggesting that there
may be differences in adhesion receptors [35] cell adhesion molecules [36] or fibrinogen,
the major adhesive substrate. Tang et al [14,36] reported fibrinogen coated disks elicited a
greater attachment of cells to the biopolymer disks than albumin or hypofibrinogenemic
plasma, and in fibrinogen deficient mice [12] the attachment of both neutrophils and
macrophages to the biopolymer disks were markedly reduced. There was no difference in
the cells recruited to the lavage in the fibrinogen deficient mice, but in the plasminogen
deficient mice attachment of cells to the disk is not altered only a reduction in the cells
recruited to the lavage, suggesting that the attachment of cells to the disks and recruitment to
the lavage occur by different mechanisms. Plasma fibrinogen is slightly higher in 129 than
B6, but the amount of fibrinogen bound to the disks is small and the plasma difference is not
likely to contribute to differences in attachment of cells to the disks. In 129, increases in
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adhesion of cells to the bioimplants, and increases in cytokines and MMP-2 may contribute
to the increased leukocyte recruitment in the bioimplant model.

In summary, this study of two models of inflammation demonstrates marked differences in
leukocyte recruitment in the 129 in the two models, and marked reduction in both
neutrophils and macrophages in A/J in the thioglycollate model, but not the bioimplant
model. These results show genetically determined factors contribute to leukocyte
recruitment in peritoneal inflammation. Moreover, genetic differences in MMP and
cytokines and their expression and activation may profoundly alter leukocyte recruitment in
inflammation and ultimately the risk of disease. Our study in the three inbred strains
provides a basis to dissect new genetic determinants of inflammatory response and disease
risk using mouse genetics.
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Neutrophil and macrophage recruitment in the thioglycollate model of peritoneal
inflammation. A. Neutrophil recruitment to the peritoneal cavity 6 h after injection of
thioglycollate. B. Macrophage recruitment 6 h after injection of thioglycollate. C.
Macrophage recruitment 72 h after injection of thioglycollate. Values are the mean £ SEM
of 5-23 mice per genotype. Symbols indicate a difference between values from B6 and A/J
or 129, determined by one-way ANOVA and Newman-Keuls post-test. A P-value >0.05 was
considered not significant. *P <0.05, **P <0.01.
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Fig. 2.

Neutrophil and macrophage recruitment in the bioimplant model of peritoneal inflammation
20 h after implanting disks. A. Number of neutrophils attached to biopolymer disks. B. Total
number (attached to disk plus lavage) of neutrophils recruited. C. Number of macrophages
attached to biopolymer disks. D. Total number (attached to disk plus lavage) of
macrophages. Values are the mean + SEM of 5-38 mice per genotype. Symbols indicate a
difference between values from B6 and A/J or 129, determined by one-way ANOVA and
Newman-Keuls post-test. **P <0.01, ***P <0.001.
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Fig. 3.

Macrophage recruitment in the bioimplant model in B6, 129, and mixed background strains
(M1-50 % B6: 50 %129, M2-75 % B6: 25 %129. A. Number of macrophages attached to
biopolymer disks. B. Total number (attached to disk plus lavage) of macrophages. Values
are the mean + SEM of 5-38 mice per genotype. Symbols indicate a difference between
values from B6 and A/J or 129, determined by one-way ANOVA and Newman-Keuls post-
test. *P <0.05, **P <0.01, ***P <0.001.
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Fig. 4.

Representative zymography and western blots of the lavage after stimulation. A. 6 and 72 h
after thioglycollate (TG) injection and 20 h after disk insertion. Note only the 129 mice had
a band for MMP-2 (66 kDa) 20 h after biopolymer disks were inserted. Molecular weight
markers and ProMMP-9 standard (105 kDa) are included in the first two lanes on the left. B.
Western blotting of the lavage from the thioglycollate (TG) and bioimplant models. After
electrophoresis, MMPs were determined by specific antibodies for MMP-9 and MMP-2 that
recognize both pro and active forms. Lavage from three mice per strain were tested and run
in duplicate for both zymographs and Western blotting.
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Zymography of the lavage 72 h After thioglycollate stimulation in B6:129 mixed
background mice, B6129PF2. The left lane is the molecular weight markers and the other 3
lanes are lavage from 3 different mice representative of 5 mice assayed. MMP-2 was present
in all five samples, but not in lavage from B6 mice as in Figure 4A.
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Fig. 6.

Cytokines determined in lavage 20 h after insertion of the disks in the bioimplant model.
Values expressed as pg/mL are the mean £ SEM of 3—-4 mice per strain. Results of a one-
way ANOVA are indicated for each cytokine. A Newman-Keuls post-test for the MCP-1
values indicated both A/J and 129 values were significantly (P <0.01) different than B6
values.

Inflamm Res. Author manuscript; available in PMC 2011 February 1.




1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hoover-Plow et al.

Table 1

MMPs in the lavage after thioglycollate and bioimplant stimulation.

B6 (%) AlJ (%) 129 (%)

Thioglycollate - 6 h

ProMMP-9 100 63 (59-67)"* 77 (47-107)

MMP-9 100 37 (23-51)" 75 (71-79)"""

ProMMP-2 100 101 (98-101) 100 (98-101)
Thioglycollate - 72 h

ProMMP-9 100 30 (21-39)""" 58 (32-84)"

MMP-9 100 73107 24 (15-34)""

ProMMP-2 100 99 (97-100) g6 (92-100)*
Bioimplant-20 h

ProMMP-9 100 86 (72-99)° 94 (80-108)

MMP-9 100 78 (70-87)"*  85(69-107)

ProMMP-2 100 89 (71-107) 91 (47-134)

Density of bands on zymographs were determined and expressed as percent of the B6 values. Values are the mean and 95 % confidence interval of

3-4 mice per strain analyzed in triplicate.

*
Symbols indicate P <0.05,

*:

*
P <0.01,

FokKk

P <0.001 compared to B6 determined by a t-test.
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