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MMP-dependent collagenolysis in vivo. Adipose tissues were fixed with 4%
formaldehyde and frozen sections prepared for analysis. MMP-dependent
collagen degradation products were detected with C1-2C antibody (IBEX)
(12). Fibrillar collagens were stained with Sirius red and quantified with
Imaged (NIH) (7). Student's ¢ test (unpaired and two tailed) was used for
statistical analysis.

Collagenolysis in vitre. Primary preadipocytes were isolated from the
inguinal fat pads of 3- to d-week-old male wild-type and haploinsufficient
(MMPL14*™) mice (7). Type I collagen was extracted from rat tails and
conjugated with Oregon Green 488 (Molecular Probe) (13). Preadipocytes
were cultured atop fluoresceinated type 1 collagen polymers with or without
an adipogenic mix (0.2 pmol insulin, 0.5 mmol/l 3-isobutyl-l-methylxanthine,
and 0.25 pmoVl dexamethsone) (7). Nuclei were stained with DAPI and zones
of collagenolysis identified with a fluoresceni microscope (model no. IX71;
Olympus) using an objective lens 40X/NA 0.65 (Olympus) at 25°C.
GeneChip microarray analysis. Total RNA was isolated from adipose
tissues with RNeasy (Qiagen). Gene expression data were obtained by
hybridizing labeled cRNA to Affymetrix Mouse Genome 430 2.0 Array. For
analysis, data were standardized using the robust multiarray average expres-
sion measure (14). The paired { test was two tailed, and P < 0.01 was
considered statistically significant. Replicated, minimum twofold differences
were adopted as the threshold of differential expression. Gene ontology
analysis was performed using GOstats packages (BioConductor).

Scanning electron microscopy. Scanning electron microscopy was used to
examine the architecture of fat pad-associated collagen. Inguinal fat pads
were fixed with 29 glutaraldehyde/1.5% paraformaldehyde in 0.1 mold Na
cacodylate buffer and postfixed in 1% osmium tefroxide. Samples were
immersed in liquid Ny, fractured to expose the inner mass of adipose tissues,
and imaged with an AMRAY 1910 field emission scanning electron
microscope.

Human subjects. Japanese healthy individuals with no obvious medical
conditions (n = 3,653) were recruited through random sampling (15). All
subjects gave written informed consent prior to the study, and the study
design (Millennium Genome Project) was approved by the institutional review
board and the ethics commitiee of the National Cardiovascular Center, Osaka,
Japan.

MMP14 gene SNP study. Genornic DNA samples were collected from
peripheral leukocytes. MMP14 gene variations were detected by TagMan PCR
(ABI PRISM T900HT) and verified in a subset of samples by direct sequencing
(ABI 8700). Haplotype distribution was estimated with an EM algorithm (16).
The association of ATMPI4 gene haplotvpes with age- and sex-adjusted
quantitative traits was tested with the QTLHAPLO program (17) using logistic
regression analysis (18). The genotype-phenotype association with rs2236302
was performed with one-way ANCOVA adjusted for age, history of smoking,
drinking, diabetes, hypertension, and hyperlipidemia.

RESULTS

High-fat diet triggers acute collagenolytic activity in
adipose tissue. To characterize the impact of nutrition-
ally induced obesity on the remodeling of the extracellular
matrix (ECM) in adipose tissues, 3-month-old C57BL/6
mice were placed on either a low-fat (control) or high-fat
diet for 1 week Subsequently, inguinal fat pads were
isolated and type I collagen architecture was assessed by
Sirius red staining. As expected, adipose tissues recovered
from mice placed on a control diet displayed a web-like
network of interlocking collagen fibrils (Fig. 14). In
marked contrast, a high-fat diet induced significant de-
creases in Sirius red staining consistent with an unexpect-
edly rapid activation of collagenolytic activity (Fig. 14 and
:B). Given the dominant role assigned to matrix metallo-
proteinases in type I collagen turnover in vivo (7,9),
adipose tissues prepared from conftrol or high-fat diet-
challenged mice were probed for the generation of colla-
gen cleavage products with a poelyclonal antibody that
recognizes type I collagen neoepitopes exposed following
MMP-specific hydrolysis (12). While control fat pads con-
tained only small amounts of immunoreactive material,
collagen cleavage products increased more than threefold
in the high-fat diet—challenged group (Fig. 14 and O).
Consistent with these results, scanning electron micros-
copy confirmed that the high-fat diet challenge induces a
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marked loss in the adipocyte-associated meshwork of
fibrillar collagen (Fig. 14).

To assess the impact of high-fat diet-initiated ECM

remodeling on the adipose tissue transcriptome, mRNA
was isolated from inguinal fat pads of control or high-fat
diet—challenged mice and analyzed with ¢cDNA microar-
rays. Following 1 week’s feeding of a high-fat diet, a subset
of 113 transcripts was upregulated by twofold or greater
with 34 transcripts suppressed (Fig. 1D). Uniquely up- and
downregulated genes in the inguinal fat pads of wild-type
mice can be found in supplemental Table 1 (available in an
online appendix [http:/diabetes.diabetesjournals.org/cgi/
content/ful/db10-0073/DC1]). Gene ontology analysis of
upregulated transcripts revealed the enrichment for bio-
logic processes related to collagen catabolism (2 = 0.004),
collagen fibril organization (P = 0.003), and integrin-
mediated signaling (P = 0.002), a major transduction
pathway for adipocyte-type I collagen interactions (19,20).
Interestingly, gene programs consistent with acute
changes in lipid biosynthesis (P = 0.001), steroid metab-
olism (P = 0.003), and biosynthesis (P = 0.003) were also
upregulated in tandem with the recruitment of ECM-
remodeling transcripts (Fig. 1F). Taken together, these
data support a model wherein high-fat diet-induced
changes in ECM remodeling are closely linked to the early
transcriptional programs responsible for regulating lipid
and cholesterol biosynthesis—a conclusion corroborated
by recent studies linking a collagen subfamily member to
the regulation of adipose tissue mass (21).
MMP14 mediates high-fat diet-induced collagenoly-
sis in adipose tissues. While a number of secreted MMPs
express type 1 collagenolytic activity (22), MMP-13,
MMP-8, and MMP-2 expression were not altered following
challenge with a high-fat diet. By contrast, expression
levels of the membrane-anchored collagenase, MMP14,
were increased twofold during the l-week-long high-fat
diet challenge as assessed by quantitative PCR (relative
mRNA levels: high-fat diet 7.2 = 0.95 vs. control 3.4 % 0.10;
n = 4). MMP14 is a membrane-tethered matrix metallo-
proteinase that has been identified as the dominant peri-
cellular collagenase used by mesenchymal cells (7,13,23).
As the collagenolytic activity of isolated mouse preadipo-
cytes is enhanced in the presence of an adipogenic cock-
tail (7), the impact of MMPI14 dosage on collagenolytic
activity was first assessed in vitro. Under resting condi-
tions, MMPI14*"™" or MMP14*'~ preadipocytes cultured
atop a three-dimensional bed of type I collagen fibrils
degraded the underlying substrate comparably (Fig. 24
and B). When stimulated with an adipogenic mix, how-
ever, MMPI14™* cells displayed a two-fold increase in
collagenolysis while MMPI4%'~ cells were unable to up-
regulate their collagen degrading activity (Fig. 24 and B).
Loss of adipogenic collagenolysis in the haploinsufficient
state is consistent with a quantitative requirement for the
full complement of MMP14 protein on the cell surface
24).

Given these in vitro findings, the role of MMPI4 in
regulating collagen twmover in adipose tissues in situ was
assessed in haploinsufficient mice because MMPI4-null
mice fail to thrive from birth and exhibit a marked
decrease in life span (9). MMPI4 haploinsufficient mice
were indistinguishable from wild-type littermates, and no
significant differences in adipose tissue size or morphology
could be detected between MMPI14+~ and MMPI4+™*
mice (supplemental Fig. 1). Furthermore, gene expression
patterns of key adipogenic factors including peroxisome
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FIG. 1. Type I collagen degradation induced by high-fat feeding. A: Type I collagen cleavage induced by a 1-week regimen of high-fat diet feeding.
Fibrillar collagen is detected with Sirius red staining in inguinal fat pads of 3-month-old C57BL/6 mice under a control diet (CD) (top row) or high-fat
diet (HFD) (bottom row) feeding. Type'l collagen cleavage products are detected with C1, 2C antibody (cleaved collagen, red). Nuclei are stained with
Hoechst dye (blue). The fibrillar status of type I collagen fibrils encircling adipocyte clusters is disrupted when mice are placed on an HFD (scenning
electron microscopy [SEM]). Disrupted collagen fibers (arrowhead) are found in association with variably sized adipocytes (asterisks). Bar = 10 pm,
B and C: Quantification of Sirius red-positive staining and cleaved collagen in the ingoinal fat pads of mice after 1 week of control diet or high-fat
feedings. For each group, images were collected from more than six randomly selected fields. *P < 0.01; **P < 0.01. D: Genome-wide transcriptome
change induced by a 1-week high-fat diet challenge. While more than 99% of transcripts did not display significant changes (x-axis, control diet; y-axis,
high-fat diet), a specific subset of genes display a significant increase in expression. Replicated dataset from two independent experiments. Slopes with
y-intercepts 0, 1, and ~1 (log 2 scale) are shown. E: Overrepresented gene ontology (GO) pathways. High-fat diet~dependent transcriptome changes
after a 1-week high-fat diet challenge are categorized following validation in two or more independent experiments. Bar = 100 pm. *Lipid/cholesterol
biosynthesis pathways; **ECM remodeling pathways. (A high-quality digital representation of this figure is available in the online issue.)

proliferator—activated receptor v, insulin receptor, Glut4, mice were placed on a high-fat diet, only small decreases
and lipoprotein lipase (25) were similar between the two in fibrillar collagen content were detected relative to
groups (supplemental Fig. 1). When, however, MMPI4™~ littermate controls (Fig. 2C and D). Furthermore, signifi-
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FIG. 2. MMP14 gene dosage determines adipogenic collagenolysis in vitro and in vivo. A and B: Collagenolytic potential of MMPIS™ vs. MMP14-
preadipocytes. Preadipocytes isolated from the inguinal fat pads of wild-type (MMPI4*"*) and haploinsufficient (MMP14*~) mice were cultured atop
a bed of Ainorescent type I collagen (green), and subjacent degradation was monitored by the disappearance of fluorescent signal after a 3-day culture
period in the absence or presence of an adipogenic cocktail. Representative zones of degradation are indicated by arrows. Nuclei stained with DAPI
(blue). Bar = 100 pm. Collagenolytic activity was quantified by scanning the total area of degraded collagen. Ceils were isolated from a cohort of three
nice for each group (n = 8). *P < 0.05. C: M3 P14 gene dosage modulates collagenolysis in vivo. High-fat diet-induced collagenolysis is almost
completely blocked by M3{P14 haploinsufficiency (fibrillar collagen detected with Sirius red staining and cleaved collagen by immunofiuorescence)
(red). Bar = 100 pm. Scanning electron microscopy revealed intact collagen fibers enwrapping adipocytes in MMP14+~, but not MMP14**, inguinal
fat pads. Bar = 100 pm. D: Cleaved collagen and fibrillar collagen contents in inguinal fat pads of MMPI4™* and MMPI4*'"~ mice following a 1-week
control diet or high-fat diet challenge. Results are expressed as means = 1 8D {n = 6). *P < 0.01. E: Following a 2-week high-fat diet, the inguinal and
perigonadal fat pads were isolated from MMPI4*"* or MMPI4*~ mice and tissue weights determined. Results are expressed as means = 18D (n = 6).
P < 0.01. (A high-quality digital representation of this figure is available in the online issue.}
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cant increases in collagen cleavage products following
high-fat challenge were not observed in MMP14*~ mice,
while the fibrillar collagen architecture (as determined by
scanning electron microscopy) remained unchanged (Fig.
20). In concert with the diminished ability of MMPI14
haploinsufficient mice to remodel fat pad collagen archi-
tecture during high-fat feeding, the MMP1 4% mice were
also unable to expand their adipose mass comparably with
control (Fig. 2E). Whereas the weight of inguinal or
perigonadal adipose tissue of MMPI4™* mice increased
two- to threefold during the 1-week high-fat diet challenge,
the haploinsufficient mice failed to mount a similar in-
crease in adipose tissue mass (Fig. 2E).

Dysregulated transcriptome coordination in MMPI14
haploinsufficient mice. To probe the functional impact
of MMPI4 in regulating the acute phase gene response to
a high-fat diet, we examined the transcriptome profile of
inguinal fat pads of MMPI4 haploinsufficient mice placed
on a high-fat diet for 1 week. In contrast with MMPI4-
sufficient mice, the haploinsufficient animals failed to
induce the gene sets enriched for ECM remodeling or lipid
biosynthesis (Fig. 34 and B). Further, as opposed to
wild-type mice, 42 genes were uniquely upregulated and 91
genes downregulated in the heterozygote animals (Fig. 34,
supplemental Fig. 2, and supplemental Table 2). In these
mice, the high-fat diet challenge led to a paradoxical
deregulation in the gene expression profile of transcripts
involved in a wide range of biological processes, including
glycerol-3-phosphate metabolism, acetyl-CoA biosynthe-
sis, and both humoral immune and acute phase responses
(Fig. 3B). These results indicate that a reduction in
MMP14 gene dosage leads to a disruption in the transcrip-
tional link existing between ECM remodeling and lipid
biosynthesis that coordinates the expansion of adipose
tissue.

To next assess the long-term consequences of MMPI14
haploinsufficiency on high-fat diet-induced obesity, wild-
type and haploinsufficient mice were placed on a high-fat
diet for 3—-6 months. The average percentage of fat mass of
MMPI14 haploinsufficient and wild-type mice placed under
a control diet was comparable (mean * SD 5.29 +0.58 vs.
5.07 + 0.7%; n = 6). On the high-fat diet, however, whereas
wild-type mice displayed an approximate 20 and 60%
weight gain after 3 and 6 months, respectively, MMPI14*/~
mice increased in total weight by less than one-half of that
observed in the control (Fig. 3C). As expected, the dra-
matic changes in weight gain that occured in the long-
term, high-fat feeding of MMPI4*'~ mice was also
reflected in the attenuated expansion of tissue mass in
isolated inguinal and perigonadal fat pads (Fig. 3D).
Changes in MMP14 expression did not, however, affect
whole-body energy balance during high-fat feeding be-
cause the respiration rate, daily food intake, and locomo-
tion of wild-type and heterozygous mice were not
significantly different (Fig. 3F). These results stress the
role of MMPI14 as a proteolytic modifier that acts locally
within adipose tissues without overtly affecting the hypo-
thalamic regulation of metabolism.

Human MMP14 SNPs associate with obesity and dia-
betes traits. Obesity is driven by a complex process that
is coordinated by a host of genetic, epigenetic, and envi-
ronmental factors (26-28). To extend the findings of the
genotype-phenotype link found in mice, the association of
MMP14 SNP genotypes with human obesity and diabetes
traits was examined. The human MMPI14 gene is located at
chromosome 14q11-12, comprising 10 exons and spanning
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a 10-kb region that contains 157 known SNPs (NCBI
dbSNP). Using a preliminary group (n = 48) randomly
sampled from a Japanese population (15), we assessed the
minor allele frequencies of candidate MMP14 SNPs (Fig.
4A). Initially, 16 SNPs spanning human MMP14 gene (from
rs17211964 at chr14:23,304,272 through rs2236307 at chri4:
23,312,554) were screened to determine their pairwise
linkage disequilibrium coefficients (supplemental Tables 1
and 2). Three SNPs located in exon 5 (rs2236302; allele 2,
C > allele 1, G), intron 5 (rs2236304; allele 2, C > allele 1,
(3), and exon 6 (rs2236307; allele 2, T > allele 1, C) were
chosen based on their frequency (>10%), proximity to the
catalytic domain of MMPI4, and pairwise linkage disequi-
libriwun that allow diverse haplotypes in combination. The
minor allele (allele 1) frequency for the three SNPs among
the study population was 11.0, 44.8, or 38.5%, respectively
(Fig. 44).

Using a study population that included 3,653 individuals
consisting of 1,708 men and 1,945 women, we assessed
MMP14 haplotypes. The analysis of the pairwise linkage
disequilibrium among the three SNPs suggested that they
constitute a block of haplotypes (D' >0.977). However,
the estimated square of the correlation coefficient (%)
among the studied SNPs were sufficiently low (Table 1) to
allow for the assembly of at least four major haplotypes
(Fig. 4B). The association of MMPI4 haplotypes with
obesity and diabetes "traits, i.e., BMI, waist-to-hip ratio,
body fat, A1C, fasting blood glucose and insulin levels,
homeostasis model assessment (FJOMA) of insulin resis-
tance and B-cell function, was examined in the dominant
or recessive genetic model with multiple logistic regres-
sion analysis (17,18,28). Among the four major haplotypes
of the MMP14 gene (212, 221, 122, and 222), the haplotype
122 (GCT) was found to positively associate with BMI
(P = 0.0017) (Fig. 4C) and waist-to-hip ratio (P = 0.0079)
(Table 2). Because of the dominant role played by
152236302 in defining the link between obesity traits and
MMP14 haplotypes, rs2236302 genotype was used to fur-
ther delineate the link between MMPI4 genotype and
quantitative obesity traits. The distribution of C/C, C/G,
and G/G genotypes were 79.7% (n = 2,908), 19.1% (n =
695), and 1.2% (n = 44) among the study population. Due
to the low frequency of the G/G genotype, the quantitative
association study was performed by comparing between
homozygote C/C and heterozygote C/G genotype groups.
The association with obesity traits was then examined
in a genotype or dominant model with ANCOVA. In the
multivariate analyses of the total population, BMI and
waist-to-hip ratio were associated with age (P < 0.0001),
sex (P < 0.0001), history of smoking (P = 0.0129),
hypertension (P < 0.0001), diabetes (£ = 0.0003), and
hyperlipidemia (P < 0.0001). When analyzed with ad-
Jjustment for these variables, a highly significant corre-
lation was observed between rs2236302 genotype and
obesity traits (Fig. 4D) (mean * SEM BMI, C/C 22.74 =
0.06 vs. C/G 23.16 = 0.11 kg/mz; waist-to-hip ratio, C/C
0.901 = 0.001 vs. C/G 0.906 = 0.002). The increase of
BMI caused by rs2236302 minor allele was 0.42 kg/m®
(Cohen d = 0.13).

Of note, the positive effect of rs2236302 genotype on
BMI and waist-to-hip ratio was preferentially observed
in women (Fig. 4D), suggesting the existence of sexual
dimorphism in the link between MMPI4 and obesity
phenotype (women P = 0.0004, d = 0.199, vs. men P =
0.5419, d = 0.059). Finally, human MMPI4 SNPs were
found to be weakly associated with A1C in men (P =
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FIG. 8. MMP14 gene dosage controls nutritional transeriptome response and obesity development. 4 and B: Disrupted high-fat diet-induced
transcriptome changes in MMPI4 haploinsufficient mice. A scatter plot is shown of mRNA expression values (log2 scale) in ingainal fat pads
isolated from MMPI4*'~ mice fed a control diet (x-axis) vs. high-fat diet (y-axis). In comparison with gene expression profiles obtained in
wild-type mice (Fig. 1B), genes involved in a diverse set of metabolic pathways critical to adipose tissue function (asterisks) are misregulated
in MMPI14*~ mice. GO, gene ontology. C and D: MMP14 haploinsufficiency protects mice from diet-induced increase of fat mass after 3 or 6
months of high-fat diet feeding (means + SD; n = 8). Representative images of inguinal and perigonadal fat pads are shown following isolation
from MMPI4* and MMPI4 ¥~ mice that had been placed on high-fat feeding for 3 months. £ and F: Feeding bouts (g/day) and metabolic rates
adjusted for lean mass {Vo,/kg lean mass) were determined in metabolic cages during high-fat diet feeding. (A high-quality digital representation
of this figure is available in the online issue.)

0.0685) (Table 3), suggesting a paradoxical relationship DISCUSSION

of MMPI14 SNPs with diabetes predisposition in males. In this study, we have demonstrated that a high-fat diet
Consistently, MMP14 haplotype (121) associated with acutely initiates the MMPI4-dependent degradation of the
increased fasting blood glucose (P = 0.0069) and HOMA  type I collagen network found in adipose tissues and
of insulin resistance (P = 0.0386) (Table 3), supporting induces a selective set of transcripts that link ECM-related
a potential link between MMP14 and diabetes in men.  remodeling to lipid/cholesterol biosynthesis. While one
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FIG. 4. Human MMP14 SNP associations with obesity and diabetes fraits in a Japanese cohort. 4: Human M3{P14 SNPs located in the proximity
of the region encoding MMP14 catalytic domain. Minor allele frequency for each SNP was determined. *SNPs used for haplotype analyses. B:
MMPI14 haplotype determinations were based on the combination of rs2236302, rs2236304, and rs2236307. C: Association of human MMP14
haplotypes with BMI Haplotype associations with BMI of the total population (n = 3,531), wonmen (n = 1,944), and men (n = 1,587) were assessed
in both dominant and recessive inheritance models. The results of ANCOVA analyses are shown with P values. *Any genotype. NS, P value > 0.1.
D: Association of rs2236302 genotype with BMI and waist-to-hip (W-H) ratio. Means = SEM of BMI (lefl panel) and waist-to-hip ratio (right

panel) are shown for the total population (n = 8,647), women (n = 1,944), and men (n = 1,708), respeetively.

allele of MMP14 is sufficient for postnatal adipose tissue
development, our results highlight the quantitative require-
ment of this protease for diet-induced expansion of adi-
pose tissues in vivo. MMP14 gene expression, however, is
not confined to preadipocyte/adipocyte cell population but
can be found in vascular endothelial cells, pericytes, or
fibroblasts (18,29,30). Consequently, MMPI4-dependent
remodeling of fat pad architecture may well involve the
cooperative interplay of multiple cell populations. Never-
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TABLE 1

Pairwise Linkage Disequilibrium

Pair of SNPs D’ r?
rs2236302 and rs2236304 0.977 0.107
rs2236302 and rs2236307 0.993 0.075
rs2236304 and rs2236307 0.995 .0.580

D', linkage disequilibrium measure.
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TABLE 2
Association of MMPI4 haplotype with obesity/diabetes traits
Dominant Recessive-
Haplotype P Haplotype P
BMI #*2 00016 2% 0.0016
1= 0.0016
122 0.0017
2%  0.0017
¥22  0.0211
Waist-to-hip ratio 122 0.0079 2= 0.0086
12%  0.0080
1#2  0.0084
1= 0.0086
Leptin NS 222 0.0394
AlIC NS NS
Fasting blood glucose 121 0.0113 NS
222 0.0460
Fasting insulin 2% 0.0158  *12  0.0125
2% 0.0335  *1*  (.0158
122 0.0404 212 0.0160
*22  0.0419 21*  0.0200
1= 0.0483 2% 0.0483
2%2  0.0494
HOMA-IR 12%  0.0259  *12  0.0272
122 0.0327 212 0.0322
=% 0.0343  ¥1* 0.0843
1% 0.0358  2*  (.0358
1#2 0.0445 2% 0.0404
121 0.0496
HOMA-B #2%  0.0020  *12  0.0026
*#22  0.0604 1% 0.0029-
22%  0.07256 212 0.0041
21 0.0045
2%2  0.0236

NS, P > 0.1. *Any genotype. HOMA-B, HOMA of B-cell function;
HOMA-IR, HOMA of insulin resistance.

theless, the direct physical association of the collagenous
web with preadipocytes and adipocytes, coupled with the
deposition of collagen degradation products in the peri-
adipocyte space, supports a dominant role for these cells

in diet-induced collagen remodeling. Further, our in vitro
results also support the importance of adipogenic regula-
tion on preadipocyte-mediated collagenolysis. Of note,
human mesenchymal stem cells have recently been shown
to mobilize MMP14 for trafficking and differentiation in
three-dimensional collagen environments (31). Given that
adipocyte progenitors can reside in perivascular stromal
tissues (32,33), it is infriguing to speculate that MMP14
may likewise support the migration and differentiation of
adipocyte progenitors within adipose tissues.

In addition to the ability of MMP14 to remodel collagen
in a diet-dependent manner, the enzyme’s role in regulat-
ing the high-fat diet-responsive early-onset transcriptome
is notable. High-fat diet challenge rapidly—within a
week—induces a selective set of genes enriched for ECM
remodeling and lipid/cholesterol biosynthesis, including
the previously describéd genes, MEST and Npr3 (34). By
contrast, the enrichment of genes associated with ECM
remodeling and lipid/cholesterol biosynthesis is ablated in
MMP14 haploinsufficient mice, though induction of MEST
and Npr3 gene expression remains intact (supplemental
Tables 1 and 2). The precise molecular mechanism by
which MMPI4 gene selectively regulates the fat pad
transcriptome is unknown; however, MMPI14-dependent
collagenolysis may regulate transcriptional programs by
modulating cell shape and tension in collagen-rich micro-
environments (7,20). Despite the marked changes in fat
pad size and function observed in MMPI4 haploinsuffi-
cient mice, Vo, consumption, food intake, and physical
activity in these mice appear to be comparable with
controls. While white adipose tissues of high-fat diet-
challenged MMP14 haploinsufficient mice are small in size,
the efficiency with which they oxidize fat versus carbohy-
drate may have undergone adaptive alterations in the in
vivo setting. Indeed, respiratory ratio (VCoy/Vo,), was
relatively lower in MMP14 haploinsufficient mice, which is
consistent with a preferred utilization of fat over carbohy-
drate. While severe lipodystrophy increases the risk of
fatty liver (35), we were unable to detect increased triglyc-
eride accumulation in the livers of MMP14 haploinsuffi-

TABLE 3 .
Sexual dimorphism in the link between MMPI4 and obesity/diabetes traits
Men Women
Dominant Recessive Dorinant Recessive
Haplotype P Haplotype P Haplotype P Haplotype P
BMI NS NS 122 0.0002 2%k 0.0004
ek 0.0004
22 0.0008
Waist-to-hip ratio NS 249 0.0417 122 0.0009 2%k 0.0015.
b 0.0015
22 0.0037
Leptin 222 0.0369 222 0.0157 #22 0.0630 NS
2%, 0.0365 112 0.0944
AlC 2% 0.0685 NS NS NS
Fasting blood glucose 121 0.0069 NS NS NS
222 0.094
Fasting insulin NS NS 22 0.0361 NS
HOMA-IR 121 0.0386 NS 22 0.0379 NS
HOMA-B e 0.0075 *12 0.0065 222 0.0253 NS
o 0.0075
212 0.0090

*Any genotype. HOMA-B, HOMA of B-cell function; HOMA-IR, HOMA of insulin resistance; NS, P > 0.1.
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cient mice (total glycerol 144 * 2.7 vs. 11.8 = 1.7% in
wildtype and MMP14™'~ mice, respectively; n = 6).

In parallel with our findings in a mouse model of
diet-induced obesity, human MMP14 SNPs were found to
be associated with quantitative traits of obesity and dia-
betes in a Japanese population. The link between MMP14
SNPs and obesity or diabetes traits found in this study may
well be due to altered MMPI4 genc expression, catalytic
activity, exocytosis (36), or unknown effects on neighbor-
ing genes that are in linkage disequilibrium. Interestingly,
however, a rare nonsynonymous polymorphism identified
in exon b of MMP14 appears to alter collagenolytic activity
and. adipogenic potential in vitro (T.-H.C., unpublished
observations), supporting its potential link with MMP14
catalytic activity. A sib-pair linkage analysis of black and
Caucasian nuclear family volunteers (364 sib pairs) has
pointed to chromosome 14qll, where MMPI4 resides, as
one of three candidate loci linked with BMI and fat mass
(37). While genetic risks for obesity have recently been
highlighted by the identification of FTO (38) and MC4R
(39) gene variants by genome-wide association studies
(GWAS), candidate-gene approaches are still needed to
bridge the gaps that remain unfilled by GWAS analysis
alone (40-42). Our study of a Japanese cohort is of
moderate size (n = 3,6563) but demonstrates a significant
increase of BMI with rs2236302 heterozygosity. The effect
size of this risk allele is modest (ABMI 0.42 kg/m?), which
may not allow for its detection by GWAS. Though multiple
genes affect obesity traits in mice without relevant findings
in humans, MMPI14 gene dose or polymorphism may
define a genetic susceptibility for obesity traits that spans
the gulf between mice and humans.

In humans, obesity and diabetes phenotypes of MMPI14
géne variants display a sexual dimorphism. The stronger
association of MMPI4 genotype/haplotypes with obesity
traits in women may relate their higher subcutaneous fat
volume (43). Because subcutaneous fat depots contain
higher concentrations of collagen fibers relative to other
tissues, MMPI4-dependent collagenolysis may contribute
more to the size regulation of subcutaneous fat pads in
women. Female mice in the C57BL/6 background, whether
MMP14 wild-type or haploinsufficient, did not significantly
change their fat mass in response to diet. However, unlike
male mice, MMPI4 haploinsufficient female mice dis-
played a ~30% reduction of fat mass even under the
conditions of a control diet (mean * SD 13.3 = 1.9 vs.
9.5 + 0.9% for MMP14Y" and MMPI14*™ mice, respec-
tively; n = 6). Of note, basal fat mass of female mice is
more than two times higher than that of male mice. As
such, MMPI14 might be fully engaged in maintaining adi-
pose tissue mass in female mice—and perhaps in women
as well. Under these conditions, MMPI4 gene variants may
be expected to demonstrate an increased linkage with
obesity traits. Additionally, the association of rs2236302
with BMI found in women was reproduced in postmeno-
pausal women (n = 1,503, P = 0.0008), suggesting that
constitutional but not hormonal differences contribute to
the sexual dimorphism. Conversely, in men, MMPI4 gene
variants are associated with diabetes but not obesity traits
(Table 3). The genetic or epigenetic predisposition that
determines obesity or diabetes phenotypes in men, there-
fore, may differentially interact with MMPI14 gene variants.

Given the diverse biological functions of MMP family
members interacting with an array of substrates (44), it is
often difficult to pin down the causal relationship between
a specific MMP and a selective substrate. For example,

2402 DIABETES, VOL. 59, OCTOBER 2010

MMP3 gene expression and variations are associated with
body fat in Pima Indian population (45). While MMP3 gene
expression decreases in obesity, MMP3 has been shown to
be necessary for adipocyte differentiation in a manner
independent of ECM context (46). Indeed, MMPS3 is not
required for type 1 collagen hydrolysis (47), and the
substrate targets for MMP3 that regulates adiposity are
unknown. By contrast, MMPI4-dependent regulation of

adipocyte differentiation is restricted to collagenous mi- -

croenvironments (7), suggesting that the MMPI4-type 1
collagen axis is the dominant pathway operative in adipo-
cytes in vitro as well as in mouse and human adipose
tissues. However, additional interactions with other
MMP14 substrates, or the involvement of additional MMP
family members in this process, cannot be ruled out.
Indeed, MMP18 and MMP2, whose latent forms can be
activated by MMP14 (10,48), may play cooperative roles in
regulating adipocyte function. Additional studies will be
required to identify other pathogenic links that may exist
between MMP family members and their respective sub-
strates during obesity progression. Along these lines, the
metabolic impact of undigested collagen in MMPI4
wild-type and haploinsufficient male mice also bears con-
sideration. For example, the transgenic expression of
hypoxia-inducible factor-lo leads to increased fibrosis,
inflammatory response, and insulin resistance (49). Hence,
while targeting MMPI4 in adipose tissue may prevent
diet-induced fat expansion, the overall impact of reduced
collagen remodeling on inflammation and metabolism
remains to be determined. Nonetheless, our data lend
further support to a model wherein MMPI4 functions as a
metabolic rheostat that controls the rate of collagen
turnover in adipose tissues. Our in vitro and mouse
studies, combined with SNP association analyses, point to
a critical role for the MMPI4/type I collagen axis in
regulating adipose tissue mass in states of nutritional
challenge.
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mtrea;ﬁ,thPT‘Sw predicts

3-month outcome following rt-PA
SAMURAI rt-PA Registry

ABSTRACT

Objective: To evaluate whether the pretreatment Alberta Stroke Programme Early CT Score
{ASPECTS) assessed using diffusion-weighted imaging (DWI) predicts stroke outcomes at 3
months following [V recombinant tissue-type plasminogen activator (rt-PA) therapy.

Methods: Stroke patients treated with rt-PA [0.6 mg/kg alteplase) in 10 stroke centers in Japan
were retrospectively studied. ASPECTS was assessed on DWI just prior to rt-PA injection. The
primary outcome was a modified Rankin Scale (mRS) score of 0-2 at 3 months. Secondary out-
comes included death at 3 months and symptomatic intracerebral hemorrhage {sICH) within 36
hours.

Results: For the 477 patients (316 men, 71 + 11 years old) enrolled, the median NIH Stroke Scale
score was 13 {interquartile range 7-18.5), the median ASPECTS on DWi was 8 (7-10), and sICH
was identified in 15 patients (3.1%). At 3 months, 245 (51.4%) had an mRS score of 0-2, and 29
(6.1%) had died. Patients with an mRS score of 0-2 had higher median ASPECTS (9; interquartile
range 8-10) than other patients (8; 6-9, p < 0.001). Using receiver operating characteristic
curves, the optimal cutoff ASPECTS to predict an mRS score of 0-2 was =7. On multivariate
regression analysis, ASPECTS =7 was related to an mRS score of 0-2 {odds ratio 1.85; 95%
confidence interval 1.07-3.24), ASPECTS =4 was related to death (3.61; 1.23-8.91), and AS-
PECTS =5 was related to siCH (4.74; 1.54-13.64).

Conclusion: ASPECTS on DW! was independently predictive of functional and vital outcomes at 3
months, as well as sICH within 36 hours, following rt-PA therapy for stroke patients. Neurology™
2010;75:555-561

GLOSSARY

ASPECTS = Alberta Stroke Programme Early CT Score; Cl = confidence interval; DWI = diffusion-weighted imaging; EIC =
early ischemic change; ICH = intracerebral hemorrhage; IQR = interquartile range; MRA = magnetic resonance angiography;
mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale; NINDS = National Institute of Neurological Disorders and Stroke:
OR = odds ratio; PWI = perfusion-weighted imaging: ROC = receiver operating characteristic; rt-PA = recombinant tissue-
type plasminogen activator; slCH = symptomatic intracerebral hemorrhage; SAMURAI = Stroke Acute Management with
Urgent Risk-factor Assessment and Improvement.

Early ischemic change (EIC) allows the prediction of subsequent infarce locations, and large
EIC often results in clinically significant intracerebral hemorrhage (ICH) following
thrombolysis.!* Thus, for patients with large EIC on the initial CT, as assessed, for example,
using the one-third-of cerebral hemisphere rule, IV recombinant tissue-type plasminogen acti-
vator (1t-PA) is contraindicated according to several guidelines from the United States, Canada,
Europe, and Japan.>* However, visual assessment of the EIC volume depends on the reader’s
experience and skill, and the intrarater and interrater reliabilities in detecting EIC are not
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sufficiently high.” In addition, strict evalua-
tion of the volume by computerized planim-
etry takes time to analyze. An alternative
approach for grading EIC on CT is a quanti-
tative topographic score, the Alberta Stroke
Programme Early CT Score (ASPECTS).!°
For this score, the territory of the MCA is
allotted 10 points, and 1 point is subtracted
for each area of EIC for each of the defined
regions.

Diffusion-weighted MRI (DWI) can
quickly detect hyperacute ischemic brain tis-
sue. The contrast between ischemic tissue and
normal tissue can be clearer on DW1I than on
conventional MRI and CT. The scoring of
ASPECTS using DWI (DWI-ASPECTS) has

( Table 1 Baseline characteristics® 1
Total mRS 0-2 mRS 3-6
n=477} {n=245) (n=232)

Age,y 7111 9.0 =11.8% 73.9+95

Male 316(66.2)  180(735P 136(58.6)

Hypertension 301{63.9) i43 (58.8)° 158(68.7)

Diabites mellitus 89[B7)  46(189) 43(18.5)

Dystipidemia 102(21.5).  55(22.5) 47(20.4)

Congestive heart failyre 30(6.5) ‘834 22(9.8)

Stroke subtype® .
Cardioembolism 293(61.4)  148(59.6) 147(63:4)
Atl;:erothrombotic s;trcke 77{186.2) 31{12.8} 48 (19,8)-
*Léci.mar" sﬁ'qke g 22{4.6) 15(69) 7 (S.O)
mher 85{17.8) ' 53{21.7) 32{13.8)

'Artéfrial occlusion site (n = 457)° ’ L
internal carotid artery 73{16.0} 8(3.2) 65 (28.0)

. Middie cerebral artery trank {M1) 135(28.5) . 67 (37,3) 68(29.3)°
Mid’dleycerebral artery branch (M2) 93{20.4} 55 (éé;&) 38(16.4)
Aniériortéerebral‘artary 7(1.5) 2(08] 5(2.2)
éosterior cerebral artery 16{3.5) 9(3.7) 7{3.0}

‘Vertebrobasilar srtaries 21{4.6) 11{4.5) 10(4.3}

Not occluded . 98{2L.7) 71{29.0} 28(121)
Oiiset to treatment time, min 141228 1400269 1419=204
Prétreatment systolic blood pressure, 15120 151.6 +18.2 1501 =214
mm Hg
Prétreatment diastolic blood pressure, . 82 15 829 £135 817 £165
mm Hg ‘
Baselfne Nll-i Stroke Scale score 13{7-185) 9(6-14P 17 (11-20.75}
DWI-ASPECTS 8(7-10) 9(8-10P 81(8-9)

Abbreviations: ASPECTS = Alberta Stroke Programme Early CT Score; DWI = diffusion-
weighted imaging; mRS = modified Rankin Scale.

a Data are mean =+ SD for age, onset to treatment time, and blood pressure, median (inter-
quartile range) for baseline NIH Stroke Scale score and DWI-ASPECTS, and number of pa-

tients (%) for others.

bp < 0.01 vs MRS 3-6 by t test, x test, or Mann-Whitney U test.

°p < 0.05.
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been reported to be similar to that using
CT."" DWI-ASPECTS predicts the risk of
symptomatic ICH (sICH) after thromboly-
sis.!> However, the evidence for the associa-
tion between DWI-ASPECTS and chronic
outcome after rt-PA therapy has been incon-
clusive. The aim of the present study was to eval-
uate whether pretreatment DWI-ASPECTS
predicts functional and vital outcomes 3 months

after rt-PA therapy.

METHODS Patients were derived from the Stroke Acute
Management with Urgent Risk-factor Assessment and Improve-
ment {SAMURALI) rt-PA Registry. The decails of this study have
been described previously.” In brief, this was a retrospective,
observational study involving consecutive stroke patients treated
with IV rt-PA from October 2005 through July 2008 in 10
stroke centers in Japan. Parient eligibility for alteplase therapy
was determined based on the Japanese guideline for 1V rt-PA
therapy,’ which followed the inclusion and exclusion criteria
used in the Narional Institute of Neurological Disorders and
Stroke (NINDS) study and the Japan Alteplase Clinical
Trial.'*'* According to the Japanese guideline, patients with CT-
documented extensive EIC (size is not defined) were no eligible
for the treatment. Since the guideline daes not refer o EIC on
DW1, the eligibilicy of patients having large EIC on DW1 de-
pended on each physician’s decision. Each local ethics commit-
tee approved the retrospective collection of clinical data from the
database and submission of the data w0 our central office. Each
patient received a single alteplase dose of 0.6 mgfkg (the recom-
mended dose in Japanese guidelines and the approved labeling)
1V, with 10% given as a bolus within 3 hours of stroke onset,
followed by a continuous IV infusion of the remainder aver 1
hour.

Baseline data, including sex, age, comosbidities (hyperten-
sion, diabetes, hyperlipidemia, and congestive heart failure),
blood pressure on admission, dme {rom onset to treatment, neu-
rologic deficits using the NIH Stroke Scale (NIHSS) score, and
stroke subtype according to the TOAST categories,'® were col-
lecred for all patiencs. Before re-PA infusion, MRI studies, in-
cluding DWI and magnetic resonance angiography (MRA),
were performed on a 1.5-Tesla machine immediately before or
after CT studies, principally within 10 minutes afeer CT. Ad-
ministration of ri-PA was began around 10 minutes after CT
and MRI. For the DWI sequence, high-b-value images corre-
sponding to diffusion measurements in 3 gradienc directions
were acquired, in addition to a single, low-b-value image. The
high bevalue was 1,000 s/mm? and the low b-value was 0 s/mm®
in all stroke centers. Ar least 2 experienced vascular neurolo-
gists in each stroke center evaluated the initial DWI and CT
images to calculate quantitative EIC using ASPECTS later as
a post hoc analysis. Arcerial occlusion was assessed on the
initial MRA. ICH was defined as CT evidence of new paren-
chymal hemorrhage type I or type Il within the inital 36
hours? it was also assessed by at least 2 experienced vascular
neurologists of each stroke center. Sympromatic ICH was de-
fined as a parenchymal ICH associated with neurologic dete-
rioration cotresponding to an increase of =4 points from the
baseline NIHSS score.

The primary outcome was independence at 3 months,
corresponding to a modified Rankin Scale (mRS) score of
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0-2. Secondary outcomes were the mRS score of 0-1 at 3
months, death ar 3 months, and sICH within the initial 36
hours.’ :

Staristical analysis was performed using the JMP 7.0 sta-
tistical software (SAS Institute Inc., Cary, NC). Baseline
characteristics were compared between patients with an mRS
score of 0-2 and those with an mRS score of 3~6 using X°
tests, unpaired 7 tests, and the Mann-Whitney U test, as ap-
propriate. To obtain the cutoft DWI-ASPECTS for discrimi-
nating between patients with and without each outcome.
receiver operating characreristic (ROC) curves were con-
structed. Muldvaciare analyses were performed to idendfy
predictors for primary and secondary outcomes. For each our-
come, a backward selection procedure was performed using
p > 0.10 of the likelihood ratio test as the exclusion criterion.
These analyses were later repeated for patients who did not
have culpric infarcts or culprit arterial occlusions in the verte-
brobasilar arterial territory, the isolated anterior cerebral ar-
tery territory, or the isolated posterior cerebral artery
rerritory. Staristical significance was established ar p < 0.05.

RESULTS A rotal of 600 consecutive patients were
enrolled from the SAMURALI register. Of these, 70
patients could nor undergo MRI prior to r-PA
mainly due to contraindications, unsteadiness, or
time limiration, and 14 patients had inferior quality
DWI images that were unsuitable for evaluating
EIC. Of the remaining 516 patients who received
pretreatment DWI, 35 were excluded from the anal-
ysis because their premorbid mRS score was 3 or
more, and 4 were excluded because their 3-month
mRS scores were not available. Finally, 477 patients
(316 men, 71 * 11 years old) were studied. The
baseline clinical characteristics of these patients are
presented in table 1. The median NIHSS score was
13 (interquartile range [IQR] 7-18.5). The median
initial DWI-ASPECTS was 8 (IQR 7-10). DWI-
ASPECTS was 6 or less in 107 patients (22.4%); of

{ Figure 1 Modified Rankin Scale score at 3 months }

All patients
(n=47T7)

DWI-ASPECTS 27
(n=370)

DWI-ASPECTS <7
(n=107)

16.8

140 |10.8

28.1

s
DWI-ASPECTS = scoring of Alberta Stroke Programme Early CT Score using diffusion-

weighted imaging.

these, 37 parients had ASPECTS on the initial CT of
G or less. ASPECTS on CT for most of these 37
patients was judged to be 7 or more at the time of the
treatment decision, and was revised to be lower on
the later reassessment.

Of these 477 partients, 245 (51.4%) were inde-
pendent (mRS 0-2), and 29 (6.1%) had died by 3
months (figure 1). Within the inital 36 hours, 40
(8.4%) had parenchymal ICH, including 15 (3.1%)
with sICH.

Association of DWI-ASPECTS with functional outcome. In
table 1, the baseline characteristics are compared be-
tween patients with mRS scores of 0-2 and those
with mRS scores of 3—6. The median initial DWI-
ASPECTS was 9 (IQR 8-10) in patients with mRS
scores of 0~2 and 8 (IQR 6-9) in those with mRS
scores of 3—6 (p < 0.001). Patients with mRS scores
of 0—2 were more frequenty male (» < 0.001),
younger (p < 0.001), less hypertensive (p = 0.028),
less commonly had congestive heart failure (p =
0.007), and had lower baseline NIHSS scores (p <
0.001) than those with mRS scores of 3—6. Stroke
subtype (p = 0.030) and arterial occlusion site (p <
0.001) differed between the groups; the internal ca-
rotid artery was relatively often occluded in patients
with mRS scores of 3-6. Figure 2A shows the
3-month mRS scores in patients with different
DWI-ASPECTS. The percentage of patients with
mRS scores of 0-2 was similar among rthose
with DWI-ASPECTS =7 and gradually decreased
with the reduction in the DWI-ASPECTS when the
score was =6. The optimal cutoff DWI-ASPECTS
to predict patients with mRS scores of 0-2 at 3
months was =7, with a sensitivity of 88%, specificicy
of 33%, and an area under the ROC curve of 0.623
{figure 3). Overall, 215 (58.1%) of 370 patients with
DWI-ASPECTS 27 and 30 (28.0%) of 107 patients
with DWI-ASPECTS =6 had mRS scores of 0~2
(» < 0.001, figure 1). On muldvariate regression
analysis using backward selection, DWI-ASPECTS
27 was an independent predictor of an mRS score of
0-2 (odds ratio [OR] 1.85, 95% confidence interval
[CI] 1.07-3.24; p = 0.029), along with younger age,
male sex, lower NIHSS score, and absence of internal
carotid artery occlusion (table 2).

For the analysis of the secondary outcome on
mRS scores of 0~1 at 3 months, 26 patients with the
premorbid mRS score of 2 were excluded. For the
remaining 451 patients (304 men, 71 % 11 years
old), the optimal curoff DWI-ASPECTS to predict
patients with mRS scores of 0~1 was =9, with a
sensitivity of 62%, specificity of 56%, and an area
under the ROC curve of 0.627. On multivariate
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regression analysis, DWI-ASPECTS =9 was not an
independent predictor of an mRS score of 0—1 (OR
1.40, 95% CI 0.87-2.24; p = 0.160).

Association of DWI-ASPECTS with mortality. DWI-
ASPECTS was lower in patients who had died by 3
months (median 7, IQR 4~9.5) than in survivors
(median 9, IQR 7-10; p = 0.038). Among parients
with different DWI-ASPECTS, mortality was simi-
lar among patients with DWI-ASPECTS =7 and cx-
ceeded 20% when the score was =4 (figure 2A). The
optimal cutoff DWI-ASPECTS to predict death at 3
months was =5, with a sénsitivity of 38%, specificity
of 88%, and an area under the ROC curve of 0.613.
On multivariate regression analysis, DWI-ASPECTS
=5 was not related to death at 3 months (OR 1.93,
95% CI 0.68-5.03; p = 0.206). When lowering the
cutoff by 1 point, based on the findings in figure 2A,
DWI-ASPECTS =4 was independently related to

Modified Rankin Scale score (mRS) at 3 months {A) and parenchymal
intracranial hemorrhage (ICH) within the initial 36 hours (B) in
patients with each DWI-ASPECTS score

Figure 2

>

.
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DWI-ASPECTS = scoring of Alberta Stroke Programme Early CT Score using diffusion-
weighted imaging.
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death (OR 3.61, 95% CI 1.23-9.91; p = 0.021)
(table 2).

Association of DWI-ASPECTS with ICH. DWI-
ASPECTS was lower in patienrs with sICH (median
7, IQR 5-9) than in those without {median 9, IQR
7-10; p = 0.011). The percentage of sSICH was 4%
or less among patients with DWI-ASPECTS =6,
and exceeded 10% among patients with DWI-
ASPECTS 4 and 5 (figure 2B). The optimal cutoff
DWI-ASPECTS for predicting symptomaric ICH
was =5, with a sensitivity of 40%, specificity of
87%, and an area under the ROC curve of 0.689.
On multivariate regression analysis, DWI-ASPECTS
=5 was an independent predictor of sSICH (OR
4.74, 95% CI 1.54-13.64; p = 0.008) (table 2).

Analyses excluding patients with vertebrobasilar, ante-
rior cerebral, and posterior cerebral arterial strokes.
After excluding 44 patients with ischemia in the ver-
tebrobasilar, anterior cerebral, and posterior cerebral
artery systems, 433 patients (287 men, 71 = 11 years
old) were analyzed. The optimal cutoff DWI-
ASPECTS o predict patients with mRS scores of
0-2 at 3 months was =7, with a sensitivity of 87%,
specificity of 37%, and an area under the ROC curve
0f 0.637. On multivariate regression analysis, DW1-
ASPECTS =7 was an independent predictor of an
mRS score of 0-2 (OR 1.82, 95% Cl 1.03-3.24;
p = 0.040). Similarly, DWI-ASPECTS =4 was in-
dependently related to death (OR 3.96, 95% CI
1.31-11.19; p = 0.016), and DWI-ASPECTS =5
was an independent predictor of sICH (OR 4.76,
95% CI 1.52-14.20; p = 0.009).

DISCUSSION In this study, the associations be-
tween DWI-ASPECTS and clinical outcomes at 3
months after IV rt-PA therapy were assessed. The
major new finding of this study was that pre-
treatment DWI-ASPECTS was associated with
functional and viral outcomes at 3 months; DWI-
ASPECTS =7 was predictive of an mRS score of
0-2, and DWI-ASPECTS =4 was predictive of
death.

Extensive EIC over one-third of the MCA terri-
wry on CT has been reported to be predictive of
poor functional outcome and symptomatic ICH af-
ter thrombolytic therapy.’* ASPECTS 28 could ex-
clude most patients with EIC over one-third of the
MCA territory on CT," and it had a prognostic
value for favorable outcome among acute stroke pa-
tients treated with IV rt-PA.'%% In contrast, EIC on
DWI is the earliest indicator of brain ischemic
changes, and it is more sensitive and clearer to delin-
eate the extension of brain ischemia than EIC on
CT." A coauthor of this study previously reported
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that initial DWI-ASPECTS =5 was independently
associated with NIHSS score 220 at 7 days after
re-PA therapy.® In our single-center study, initial
DWI-ASPECTS =7 was independently associated
with an mRS score of 01 at 3 months after rt-PA.*
In this study, DWI-ASPECTS =7 was indepen-
dently predictive of patients with a 3-month mRS
score of 0-2.

Barber e al.l'' assessed ASPECTS for stroke pa-
tients within 6 hours of onset using both CT and
DWI, and they found that DWI-ASPECTS was
lower than ASPECTS on CT. The mean ASPECTS
difference between the 2 modalities was 0.43. The
superior ability of DWT over CT to detect the exten-
sion of EIC, as well as the time delay for DW1 perfor-
mance, appeared to cause the difference. Thus, the
present cutoff of DWI-ASPECTS =7 to predict
functional outcome appears to have a close rela-
tionship with the cutoff ASPECTS =8 on CT as a
known prognostic variable for re-PA-treated pa-
tienes. %8

In the NINDS rt-PA Stroke Study, IV re-PA for
patients with baseline ASPECTS on CT <3 in-
creased mortality compared with placebo treatment;
2 of the 5 deaths in the re-PA therapy group were
associated with symptomatic ICH compared with
none in the placebo group.”? DWI-ASPECTS was
reported to predicr unfavorable short-term outcome

Figure 3

Receiver operating characteristic curves of scoring of Alberta

Stroke Programme Early CT Score using diffusion-weighted
imaging for predicting modified Rankin Scale scores of 0-2
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(NIHSS score =20 at 7 days)*®; however, to our
knowledge, the score has not been previously re-
ported to affect mortality after rt-PA. In figure 24,
the marked increase in mortality is shown below
DWI-ASPECTS =4, indicating the association of
low DWI-ASPECTS and higher mortality rates.
However, precise cutpoints were difficule to define.

Of the 9 deaths in patients with DWI-ASPECTS .

=4, 3 resulted from symptomatic ICH, 3 from cere-
bral herniation due to massive stroke. and 1 from
severe cardiac failure (data not shown).

Pretreatment DWI volume has recenty been rec-
ognized as an independent risk for siCH after throm-
bolysis.**32% Pretreatment DWI-ASPECTS <7 was
advocated as a predicror of sICH after IV or intraar-
terial thrombolysis within 6 hours of onset.!? In con-
trast, for our patients receiving IV thrombolysis
within 3 hours, pretreatment DWI-ASPECTS =5

“was an independent predictor of sSICH.

MRIis currently not generally the primary imag-
ing modality in acute stroke patients because of the
possible time delay, its potendially inferior ability for
detecting acute ICH, and its contraindications,
which are mainly due to metal implants. Several
studies have reported that MRI screening within 3
hours of onset did not delay IV re-PA therapy or lead
to worse outcomes relative to CT screening. % Re-
garding hyperacute ICH, MRI was reported to be as
reliable as CT, because small amounts of deoxyhe-
moglobin are detectable within the first hours of
ICH on T2*-weighted images.*2* Thus, MRI could
be used as the modality for emergency imaging of
acute stroke patients, whether ischemic or hemor-
rhagic.?? In addition, MRI penumbral assessment
with the mismatch between D'WI and perfusion-
weighted imaging (PWT) is promising to improve pa-
tient selection and outcome for IV rt-PA therapy.303!
Since planimetric PWI-DWI mismatch assessment is
time-consuming, ASPECTS can be applied to assess
PWI-DWI mismarch.?

This study has several limitations. First, DWI-
ASPECTS is not useful for evaluating strength and
size variations of high-intensity change within each
allotted lesion on DWI. Because slight alrerations in
high intensity on DWT are believed to conrain revers-
ible ischemic tissues, DWI-ASPECTS may overesti-
mate the extension of EIC.?* Second, this was an
observational study and patient eligibility for re-PA
was determined according to each patient’s situation,
though the determination was principally based on
the Japanese guidelines.® In particular, eligibility of
patients having large EIC on DW1 depended on each
physician’s decision, and we did not assess how many
patients with low DWI-ASPECTS and relatively
high ASPECTS on CT were excluded from the
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Table 2 Characteristics associated with a
modified Rankin Scale score of
0-2 and death at 3 months, and
symptomaticintracerebral hemorrhage®

ORes%El  p

mRS (-2
Age, per 1-yearincrease 097 095-0.98 <0.001
Female 0.58 0.37-0.85 0.031
Hypertension 0.67 0.42-1.05 0.083
Baseline NIHSS, 092 089-096 <0.001

per 1-pointincrease

DWI-ASPECTS=7 185 107-324. 0,029

ICA occlusion 013 0.06-028- <0.001
Death. L
Congestive heart fallure 7.61 246-2235 <0.001
DWI-ASPECTS 54 361,129 si' ’ d;021
ICA occlusion 4.45 1‘69~11:64 0.003
Symptomatic ICH : e

DWI-ASPECTS <5 4.74 1.54-1384 0008

Abbreviations: ASPECTS = Alberta Stroke Programme
Early CT Score; Cl = confidence interval; DW! = diffusion-
weighted imaging; ICA = internal carotid artery; ICH = in-
tracerebral hemorrhage; mRS = modified Rankin Scale;
NIHSS = NIH Stroke Scale; OR = odds ratio.

2 Adjusted by characteristics selected by a backward selec-
tion procedure.

study. Third, 84 patients lacked MRI information,
which may have caused selection bias. Fourth, all of
the patients received 0.6 mg/kg alteplase, which is
the recommended dose in Japan. Thus, the clinical
value of DWI-ASPECTS in patients treated with the
generally accepted standard dose of alteplase (0.9
mg/kg) outside of Japan was not ascertained. Fifth,
we did not collect data for stroke patients who did
not receive thrombolysis. Thus, we could not com-
pare the present results with stroke outcome of pa-
tients who were excluded from the therapy because
of extensive EIC. Finally, since DWI-ASPECTS for
most of the patients was high (the lower 25% value
was 7), the median DWI-ASPECTS did not differ
much between patients with good outcomes and
those without.

Pretreatment MRI with DWT provides valuable
information for predicring clinical outcome after IV
rt-PA therapy. Although clinical use of rt-PA should
not be chosen solely using DWI-ASPECTS because

‘It requires consideration of various underlying condi-

tions, patients with DWI-ASPECTS of 4 or less do
not scem to be good candidates for IV re-PA since
most patients with these scores have faral or depen-
dent outcomes. DWI-ASPECTS of 5 may be an-
other warning sign for choosing re-PA since more
than 10% of patients with this score developed
sICH. A confirmation of the present findings using

MNeurology 75 August 10, 2010

patients treated with the regular dose of alteplase is

needed.

DISCLOSURE

Dr. Neau, Dr. Koga, Dr. Kimura, Dr. Shiokawa, Dr. Nakagawara, Dr.
Furui, Dr, Yamagami, Dr. Okada, Dr. Hasegawa, Dr. Kario, Dr. Okuda,
Dr. Nishiyama, and Dr. Naganuma report no disclosures. Dr. Minemarsu
serves on the editorial boards of Cerebrovascular Diseases, the Invernational
Jenrnal of Stoke, and the Journal of Stroke and Cercbrovascular Diseases
and receives research support from Asteras Pharma Inc., Takedu Pharma-
cendical Company Limited, Sanofi-Avents, Lundbeck Tnc., Mitsubishi
Tanabe Pharma Corporation, Kyowa Hakko Kirin Pharma, Inc.. Hitachi
Medical Corporation, MHLM, Japan, Rescarch Granes for Cardiovascu-
lar Diseases, Grant-in-Aid, and the Foundation for Bi dical R }

and Innovation. Dr. Toyoda receives research support from Granes-in-
Aid from the Ministry of Healch, Labour and Welfare, Japan.

Received December 3, 2009. Accepted in final form April 28, 2010.

REFERENCES

f. Moulin T, Cauin F, Crepin-Leblond T, et al. Early CT
signs in acuce middle cerebral arcery infarction: predictive
value for subsequent infarct locations and outcome.
Neurology 1996;47:366-375.

2. Hacke W, Kaste' M, Fieschi C, et al. Intravenous throm-
bolysis with recombinant tissue plasminogen activator for
acute hemispheric stroke: The European Cooperarive
Acute Suoke Study (ECASS). JAMA 1995;274:1017~
1025,

3. Silver B, Demaerschalk B, Merino JG, et al. Improved out-
comes in stroke thrombolysis with pre-specified imaging
criteria. Can J Neurol Sci 2001;28:113~119.

4. Burcher K, Christensen S, Parsons M, et al. Post-
thrombolysis blood pressure elevation is associated with
hemorrhagic transformation. Swoke 2010:41:72-77.
Adams HP Jr, del Zoppo G, Alberts M, et al. Guidelines
for the early management of adults with ischemic stroke: a
guideline from the American Hearr Association/American
Stroke Associatien Stroke Council, Clinical Cardiology

i

Council, Cardiovascular Radiology and Intervention
Council, and the Atherosclerotic Peripheral Vascatar Dis-
ease and Quality of Care Outcomes in Research Interdisci-
plinary Working Groups: the American Academy of
Neurology affirms the value of this guideline as an educa-
tional tool for neurologists. Stroke 2007;38:1655~1711.

6. Norris JW, Buchan A, Cote R, et al. Canadian guidelines
for intravenous thrombolytic trearment in acute stroke:' a
consensus statement of the Canadian Stroke Consortium.
Can ] Neurol Sci 1998;25:257-259.

7. The European Stroke Organisation Executive Committee.
Guidelines for management of ischaemic stroke and tran-
sient ischaemic attack 2008. Cerebrovasc Dis 2008;25:
457-507.

8. Shinohara Y, Yamaguchi T. OQutline of the Japanese
Guidelines for the Management of Stroke 2004 and subse-
quent revision. Lt J Stroke 2008;3:55-62.

9. Wardlaw JM, Miclke O. Early signs of brain infarction at
CT: observer reliability and outcome afer thrombolytic
trearmenr~-systemaric review. Radiology 2005;235:444—
453.

10.  Barber PA, Demchuk AM, Zhang J, Buchan AM. Validiry
and reliabilicy of a quantitative computed romography
score in predicting outcome of hyperacute stroke before

thrombolytic therapy: ASPECTS Study Group Alberta

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.

VLA




12.

16.

21,

Stroke Programme Early CT Score. Lancer 2000;355:
1670~1674.

Barber PA, Hill MD, Eliasziw M, et al. Imaging of the
brain in acute ischaemic stroke: comparison of computed
tomography and magnedc resonance diffusion-weighted
imaging, ] Neurol Neurosurg Psychiatry 2005;76:1528
1533.

Singer OC, Kurre W, Humpich MC, ecal. Risk assessment of
symptomatic intracerebral hemorrhage after thrombolysis us-
ing DWI-ASPECTS. Stroke 2009:40:2743-2748.

Toyoda K, Koga M, Naganuma M, et al. Routine use of
intravenous low-dose recombinant tissue plasminogen ac-
tivator in Japanese patients: general outcomes and prog-
nostic factors from the SAMURAL register. Stroke 2009;
40:3591-3595.

The Narional Institute of Neurological Disorders and
Stroke rt-PA Stroke Study Group. Tissue plasminogen ac-
tivacor for acuce ischemic stroke. N Engl } Med 1995;333:
1581-1587.

Yamaguchi T, Mori E, Minematsu K, ecal. Alteplase at 0.6
mglkg for acute ischemic stroke within 3 hours of onset:
Japan Alteplase Clinical Trial (J-ACT). Stroke 2006;37:
1810-1815.

Adams HP Jr, Bendixen BH, Kappelle L], et al. Classifica-
tion of subtype of acute ischemic stroke: definitions for use
in a multicenter clinical trial TOAST Trial of Org 10172
in Acure Stroke Treatment. Stroke 1993:24:35-41.

Phan TG, Donnan GA, Koga M, et al. The ASPECTS
remplate is weighted in favor of the striatacapsular region.
Neuroimage 2006;31:477-481.

Dazialowski 1, Hill MD, Courts SB, et al. Extent of early isch-
emic changes on computed tomography (CT) before throm-
bolysis: prognoestic value of the Alberta Stroke Program Early
CT Score in ECASS 1. Stroke 2006;37:973-978.

Barber PA, Dacby DG, Desmond PM, et al. Identification
of major ischemic change: diffusion-weighted imaging ver-
sus compured tomography. Stroke 1999;30:2059-2065.
Kimura K, Iguchi Y, Shibazaki K, et al. Large ischemic
lesions on diffusion-weighted imaging done before intrave-
nous tissue plasminogen activator thrombolysis predices a
poor outcome in patients with acute stroke. Stroke 2008;
39:2388-2391.

Nakashima T, Toyoda K, Koga M, et al. Arterial occlusion
sites on MRA influence the efficacy of intravenous low-

22.

23.

26.

28.

29.

30.
31.

32.

33.

Neurology 75  August 10, 2010

dose (0.6 mgfkg) alteplase cherapy for ischemic stroke. Int
J Stroke 2009;4:425-431.

Demchuk AM, Hill MD, Barber PA, Silver B, Pacel SC,
Levine SR. Importance of early ischemic computed to-
mography changes using ASPECTS in NINDS riPA
Stroke Study. Stroke 2003;36:2110-2115.

Lansberg MG, Thijs VN, Bammer R, e al. Risk factors of
symptomatie intracerebral hemorrhage alter (PA therapy
for acute stroke. Stroke 2007;38:2275-2278.

Singer OC, Humpich MC, Fichler . etal, Risk for symp-
tomatic intracerebral hemorrhage alter thrombolysis as-
sessed by diffusion-weighted magnetic resonance imaging.
Ann Neurol 2008;63:52-60.

Kang DW, Chalela JA, Dunn W, Warach S. MRI screen-
ing before standard tissuc plasminogen activator therapy is
feasible and safe. Stroke 2005;36:1939-1943.

Schellinger PD, Thomalla G, Fichler J, et al. MRI-based
and CT-based thrombolytic therapy in acute stroke within
and beyond established time windows: an analysis of 1210
patients. Stroke 2007;38:2640~2645.

Linfante I, Llinas RH, Caplan LR, Warach S. MRI fea-
tures of intracerebral hemorrhage within 2 hours from
symprom onset. Stroke 1999;30:2263-2267.

Schellinger PD, Jansen O, Fiebach JB, Hacke W, Sartor K.
A standardized MRI stroke protocol: comparison with CT
in hyperacute intracerebral hemorrhage. Stroke 1999;30:
765-768.

Chalela JA, Kidwell CS, Neatwich LM, et al. Magneric
resonance imaging and computed tomography in emer-
gency assessment of patients with suspected acute suroke: a
prospective comparison. Lancet 2007;369:293-298.
‘Hjore N, Bucher K, Davis SM, et al. Magnetic resonance
im:;ging criteria for thrombolysis in acute cerebral infarcr.
Stroke 2005;36:388 ~397.

Donnan GA, Baron JC, Ma H, Davis SM. Penumbral se-
lecrion of patients for trials of acute stroke therapy: Lancet
Neurol 2009;8:261-269.

Butcher K, Parsons M, Allport L, et al. Rapid assessment of
perfusion-diffusion mismarch. Stroke 2008;39:75-81,
Bykowski JL, Latour LL, Warach S. More accurate identi-
fication of reversible ischemic injury in human stroke by
cerebrospinal fluid suppressed diffusion-weighted imaging,
Stroke 2004;35:1100-1106.

561

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited,

/37



Biomaterials 31 (2010) 4231-4237

Continuous separation of cells of high osteoblastic differentiation potential from
mesenchymal stem cells on an antibody-immobilized column

Atsushi Mahara !, Tetsuji Yamaoka*

Department of Biomedical Engineering, Advanced Medical Engineering Center, National Cardiovascular Center Research Institute, Suita, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 24 December 2009
Accepted 21 January 2010
Available online 24 February 2010

Here, we report that two distinctive cell populations with osteoblastic differentiation ability were found
in adherent cell populations from bone marrow. Mesenchymal stem cells (MSCs) were conventionally
isolated by using adherent property of bone marrow cells onto a plastic culture dish. MSCs enriched on
the basis of their adherent property were considered phenotypically and functionally heterogeneous. We
developed a ligand-immobilized surface for separating subpopulation of adherent cells derived from

Keywords: bone marrow by the cell rolling process. We successfully isolate two cell populations with high differ-
'S\";:sgg:yma‘ stem cells entiation ability for osteoblasts in adherent bone marrow cells by using the anti-CD34 antibody-
Interface immobilized column. The antibody was covalently conjugated with polyacrylic acid and introduced onto
Osteoblast the inner surface of a silicone tube. When cell suspension of MSCs was injected into the antibody-

immobilized column, different cell populations were isolated. After the cultivation of isolated cells in -
the osteoblastic differentiation medium for 1 week, few sub-populations were strongly induced to form
osteoblastic cells. This study revealed that the ligand-immobilized surface can be used to continually
separate cell populations under a labeling-free condition.

© 2010 Elsevier Ltd. All'rights reserved.

1. Introduction

It is widely known that adherent cells found in bone marrow
have an ability to differentiate into osteoblasts, adipocytes and
chondrocytes. That stem cell is generally named as marrow stromal
cells or mesenchymal stem cells (MSCs). Cell differentiation prop-~
erty and its mechanisms have been widely studied in clinical and
biological fields. In particular, the field of regenerative medicine
focuses on tissue derived stem cells for autologous cell trans-
plantation [1,2]. One important finding is that MSCs, which exist in
not only bone marrow but also cord blood and adipose tissue, have
therapeutic potential for heart, neural, and brain diseases [3-5].
A standard procedure for isolation of MSCs was reported by Pit-
tenger et al. [6]. MSCs are easily separated by using the adherent
property of bone marrow cells onto plastic culture dishes. Ficoll-
Hypaque density gradient centrifugation is also used for sepa-
rating mononuclear cells containing MSCs [7,8]. Other isolation
methods based on selection of non-adherent cell population [9],
STRO-1 antibody-recognized antigen level [10], and size-sieved cell
population {11] have been reported. Isolation methods based on

* Corresponding author. Tel.: +81 6 6833 5012x2637; fax: +81 6 6835 5476.
E-mail addresses: mahara@ri.ncve.go.jp (A. Mahara), yamtet@ri.ncve.go.jp
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0142-9612/% ~ see front matter © 2010 Eisevier Ltd. All rights reserved.
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various combinations of cell surface markers have been reported by
many groups [12~16]. '

Although the adherent property of MSCs has been widely used
for their isolation, MSCs enriched on the basis of their adherent
property are considered as phenotypically and functionally,
heterogeneous {17]. Surface marker characteristics such as marke
density and its variation change with the differentiation process
and development of MSCs. Surface marker profile of murine MSCs
significantly differ with the passage levels [18,19]. (D34 expression
of hematopoietic stem cells continuously decreases with the
developmental stage [20). Consequently, the development of a new
approach to isolate MSCs population is important for homogeneous
separation.

We have recently developed an antibody-immobilized column
which can separate CD34-positive KG-1a cells from CD34 negative
HL60 cell [21]. The separation mechanism seems to be based on
dynamic interaction between cell surface marker (CD34) and
immobilized antibody, known as the cell rolling. In nature, cell
rolling is mainly observed in blood vessels as an inflammatory
response of leukocytes [22], and its mechanism is derived from
temporary interaction between cell surface and ligands. Rolling
velocity is regulated by the ligand or cell surface receptor density
[23-27]. Thus, cells with different rolling velocities are separated
on the surface constantly modified with the ligand against
a specific cell surface marker. This separation technique would
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principally enable a labeling-free process, and the isolated cells are
not contaminated with fluorescent or magnetic-labeled antibody.

This procedure would be effective in separating sub-populations of

MSCs with different density of surface marker.

In the present study, we applied the antibody-immobilized
column to heterogeneous which acquired from murine bone
marrow by conventional isolation procedures, and successfully
found two different populations in the crude MSCs. The fractions of
MSCs were cultured under an osteoblastic differentiation condition
for 1 week, and gene expression of specific markers was analyzed
by real-time polymerase chain reaction (PCR). To evaluate calcium
deposition on the cells, staining with alizarine red S solution was
carried out.

2. Materials and methods
2.1, Isolation and culture of mouse MSCs

MSCs were collected according to a protocol modified from Tropel et al. {18}
Mouse bone marrow cells (BMCs) were isolated by flushing the marrow cavities
of 8-10-weeks-old CS7BI/6 mice (Japan SLC, Inc., Shizuoka, Japan). BMCs were
cultured on a polystyrene cell culture dish (lwaki Glass, Chiba, Japan) with
alpha-MEM (Gibco-Invitrogen, Carlsbad, CA) containing 15% fetal bovine serum
(FBS; MB Biomedicals, Inc., Eschwege, Germany), 25 U/ml penicillin, and
25 pgfml streptomycin (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Non-
adherent cells were removed by replacing the culture medium after 3 days. The
cells were grown to confluency, washed with the medium, and subcultured by
using the Trypsin/EDTA kit (Lonza, Walkersville, MD). Confluent cells were
plated at 1:2 to 1:3 dilutions. The adherent cells enriched into plastic culture
dish with early passage (passage 3 or 4) were subjected to all experiment as
crude MSCs.

A
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2.2. Surface marker analysis and cell sorting by fluorescence activated cell sorting

To evaluate the expression of surface markers by fluorescence-activated cell
sorting (FACS), cells were suspended in PBS buffer for 30 min at 4 °C with fluores-
cein- or phenylephrine-conjugated antibodies against the surface markers CD28,
CD31, CD34, CD44, CD45, CD81, CD11b and Sca-1. Antibody labeling was performed
using the standard protocol. CD29 and CD31 antibodies were purchased from AbD
Serotec (Oxford, UK) and Immunotech (Marseille, France), respectively. CD34, CD11b
and Sca-1 antibodies were purchased from eBiocience (San Diego, CA). D44, CD45
and CD81 antibodies were purchased from Pharmingen (San Diego, CA). After
labeling with antibodies, 104 cells were analyzed with a FACScalibur flow cytometer
(BD Biosciences, San Jose, CA). Conventional sorting of cells with different CD34
expression levels was conducted by FACSAria (BD Biosciences), as control
experiment,

2.3. Preparation of the anti-CD34 antibody-immobilized column
B

Silicone tubes with 0.5 mm inner diameter were used as a substrate for the
antibody-immobilized column. Graft polymerization of acrylic acid onto the silicone
tube surface was conducted as follows. The tube was treated with ozone gas (ON-3-
2, Nippon Ozone Co,, LTD,, Tokyo, Japan) for 4 h, dipped in 10% acrylic acid/methanol
solution, and incubated at 60 °C. After 4 h, the tube was washed with water [28.29].
Graft polymerization was confirmed by toluidine blue staining. To immobilize anti-
(D34 antibody on the tube surface, the paly(-acrylic acid)-grafted tube was pre-
activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochioride
(WSC), filled with the anti-mouse CD34 rat IgG antibody (AbD Serotec) solution at
concentration of 10 pg/ml, and incubated at 37 C for 15 h. The tube was washed
with PBS, treated with 1 mmM 2-aminoethanol solution for 1 h, and preserved at 4 °C
until experimental use, The column length was 10 cm, and the tilt angle was 20°.

24. Separation of crude MSCs on the antibody-immobilized column

Atotal of 2 x 10 cells of crude MSCs in 10 WL PBS were injected into the column,

. The column was flushed with PBS buffer at the flow rate of 50 uL/min until the flow
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Fig. 1. (A) Morphology of murine MSCs culture. Cultured cells contained some type of cells like small round cells and fibroblast-like cells. (B) Surface marker expression of murine
MSCs at passage 2. MSCs were stained with an FITC or PE-labeled antibody. Staining cells were shown in red histogram, and the black is unstained cells as control, These data were

confirmed by 3 independent experiments,
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Fig. 2. Elution profiles of murine MSCs on the anti-CD34 antibody-immobilized column or unmodified column. Cell number ratio normalized by the total cell number was plotted

against the fraction number. Each data point represents results from 3 independent experiment and the data are presented as mean + standard error of the means.

volume of 250 i, and at 600 uL/min thereafter. Eluted cell suspension was collected
from top of the column, and cell suspensions were fractionated by elution volume
(12.5 plL per fraction). Number and surface marker profile of cells in each fraction

was analyzed by the FACS system.

" 2.5. Differentiation of isolated MSCs into osteoblasts

Purified MSC fractions were acquired from 2 x 104 crude MSCs. MSCs separated
on the antibody-immobilized column were cultured on fibronectin-coated 24-well
plates (FALCON, Oxnard, CA) with the osteoblastic differentiation medium con-
taining 1078 & dexamethasone, 10 mm B-glycerophosphate, and 0.3 ma ascorbic acid

A

2.6. Gene expression analysis by real-time PCR

(all three reagents from Sigma-Aldrich, St. Louis, MO). The medium was changed 3
times per week. The cells were fixed with 10¥ formalin for 20 min at room
temperature (RT) and stained with alizarin red S solution.

After culturing in differentiation medium for 1 week, total cellular RNA was .
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Fig. 3. Surface maker expression of isolated MSCs. Two-dimensional expression analysis of CD34 or Sca-1 was carried out in isolated cells fractions.

/%0

isolated using Quickgene Mini80 with Quickgene RNA cultured cell kit S (FUJIFILM,
Tokyo, Japan). Reverse transcription (ReverTra Ace, TOYOBO Co., LTD., Osaka, Japan)
using oligo dTyg primer was performed on aliquots (200 ng) of total RNA as
atemplate. The resultant cDNA was used for PCR amplification, and PCR analysis was
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Fig. 4. Gene expression analyses of isolated MSCs on the anti-CD34 antibody-immobilized column for osteoblastic differentiation after 1 week, Relative expression is normalized by
the expression of crude MSCs. GAPDH expression level was used as the internal standard control. Each data point represents results from 3 independent experiment and the data are

presented as mean =+ standard error of the means,

carried out by the GeneAmp 5700 Sequence Detection System (Applied Biosystems,
Foster City, CA). PCR primers were designed by Primer Express software (Applied
Biosystems). Type 1 collagen, CBFA1, osteopontin and osteonectin were selected as
specific marker genes for differentiation. PCR reaction mixture contained 0.52 L
¢DNA, 5 pmol of each primer, 25 uL SYBR Green Real-time PCR Master Mix (TOYOBO
Co,, LTD., Osaka, Japan). Amplification conditions were as follows: 40 cycles of 95 °C
for 1 min; 60 °C for 15 s: 74 °C for 1 min. Primers used were (5’ to 3') CBFA1:
CCGCACGACAACCGCACCAT (forward), CGCTCCGGCCCACAAATCTC (reverse); Type 1
collagen: GAAGTCAGCTGCATACAC (forward). AGGAAGTCCAGGCTGTCC (reverse);
Osteopontin: TCACCATTCGGATGAGTCTG (forward), ACTTGTGGCTCTGATGTTCC
(reverse); Osteonectin: AGCGCCTGGAGGCTGGAGAC (forward), CTTGATGCCAAAG-
CAGCCGG (reverse); GAPDH: CAAAATGGTGAAGGTCGGTGTG (forward), ATTT-
GATGTTAGTGGGGTCTCG (reverse). .

3. Results and discussion
3.1. Surface marker analysis of adherent cell population

MSCs are isolated by the bases of adherent property of bone
marrow in some species, such as human [6] and rat [30]. However,
it is difficult to isolate homogeneous MSCs by adhesion separation
because of unwanted contamination. The crude MSCs displayed
a fibroblast-like morphology shown in Fig. 1(A). To eliminate the
monocytic cell fraction in adhesion cell population, magnetic beads
conjugated with anti-CD11b or anti-CD45 antibodies were used for
negative selection [14,16]. Although some surface markers for MSCs
were reported in a recent study, homogeneous MSCs could not be
identified by such kinds of markers [17,31]. Surface marker
expression level of adherent population of murine MSCs are shown
in Fig. 1(B). A strong expression of the surface markers CD29, CD44,
CD81, and Sca-1, and a weak expression of the surface markers
(D34, CD45, and CD11b were observed. No expression of CD31 was

observed. Some studies have reported that murine MSCs were
positive for the surface markers CD29, CD44 and Sca-1 [14,15,32],
and this finding was confirmed in our experimental data. Sca-1
expression level changed with the culture period (data not
shown). This phenomenon was already reported in other studies
[32]. The MSCs showed a weak and broad expression of CD34,
a hematopoietic lineage marker. Umezawa et al. reported that
murine MSCs with a low expression of CD34 have a high potential
for the regenerative effect in cardiopulmonary disease, CD34 is the
progenitor or stem cell marker, and the expression continuously
decreased with the culture period. That is, the CD34 expression
would be closely related with the differentiation stage. Hence, we
chose the anti-CD34 antibody as the immobilized ligand and
evaluated the differentiation ability of MSCs isolated on the anti-
CD34 antibody-immobilized column.

3.2. Separation profile of MSCs on the anti-CD34 antibody-
immobilized column

We have developed a separation column in previous work [21].
Details about the separation column were shown in Materials and
methods. The antibody-immobilized column was connected with
an injection tube. The length of the column and injection tube was
100 mm. Medium flow into the column was accomplished with
a syringe pump. Elution profile of crude MSCs on the anti-CD34
antibody-immobilized column was evaluated by counting the
number of eluted cells in each fraction. When the crude MSCs were
injected into an unmodified column, almost all the cells were
eluted in early fractions. On the other hand, when the crude MSCs
were injected into the anti-CD34 antibody-immobilized column,
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and the data are presented as mean 4 standard error of the means,

two peaks were observed (Fig. 2). That is, the delay of cell elution
observed in the case of the anti-CD34 antibody-immobilized
column probably resulted from the continuous interaction between
the surface marker and the immobilized antibody. In our previous
work, KG-1a (CD34-+)and HL60 (CD34-) cells know as cell line were
separated on antibody-immobilized column {21]. In the results,
cells were separated by a marker specific manner, and the elution
pattern was distinctly depended on the marker expression level. In
the case of MSC separation, elution patterns were comparatively
broad because of heterogeneity of crude MSCs. Then, surface
marker expression of the isolated MSCs on the anti-CD34 antibody-
immobilized column was evaluated by FACS. Two-dimensional
FACS analysis of CD34 expression against Sca-1 expression is
shown in Fig. 3. MSCs with a high expression of CD34 and Sca-~1
were presented in later fractions, and a continuous change in the
marker expression level was observed with increasing fraction
number. These data indicated that the crude MSCs were separated
on the column on the basis of the surface marker density. From the
above results, we suggest that the antibody-immobilized column
could be used to isolate murine MSCs on the basis of their surface
marker density.

3.3. Differentiation of isolated MSCs on the anti-CD34 antibody-
immobilized column

Osteoblastic differentiation was evaluated by gene expression
analysis and alizarin red S staining. Type 1 collagen, osteonectin,
CBFA1, and osteopontin were selected as specific markers for

&

ostecblastic differentiation, The gene expression level was analyzed
in separated MSCs obtained from the column. Type 1 collagen and
osteonectin are constantly expressed during osteoblastic differen-
tiation [33-35), while CBFA1 is expressed during the process of
maturation. CBFA1 is a transcriptional factor, and the osteopontin
expression was promoted by the CBFAT. Fig. 4 shows the expression
levels of specific marker genes analyzed by real-time PCR. Type1
collagen was expressed in almost all fractions, and the expression
level was the same as that of crude MSCs. In the case of CBFA1, the
expression level in fractions 3, 5, and 6 was higher than that in
other fractions. This tendency was the same as that observed for the
expression pattern of osteopontin.

CBFAL1 is a key factor for mature osteoblastic differentiation. The
suppression of CBFA1 expression by mutation of CBFA1 completely
restricted bone formation of murine neonatal or newborn {33]. That
is, the expression of CBFA1 is necessary for calcium deposition on the
cells. The isolated MSCs after differentiation were stained with aliz-
arin red S solution, Fig. 5 shows the picture of stained cells, Isolated
MSCs in early fractions (fractions #2- and #3) or later fraction (frac-
tions #5-7) were strongly positive. This staining pattern in terms of
the fraction number was similar to that of CBFA1 expression pattern.

These results suggest that separated MSCs in early fraction or
later fraction had a high potential for osteoblastic differentiation. It
has been reported that osteoblastic progenitor cells were enriched
in the CD34-positive population from bone marrow [36]. That is,
the cells with high expression of CD34 in later fractions are mainly
osteoblastic progenitor cells. It is difficult to determine the origin of
these progenitor cells, However, there are two possibilities with
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regard to their origin, First, the osteoblastic progenitor cells in bone
marrow were contaminated in TCPS-adherent cells. Second, a frac-
tion of MSCs differentiated into progenitor cells during cultivation.
Stem cells are difficult to be cultured on a TCPS dish keeping with
differentiation properties. Because the environment of MSCs on
a culture dish is largely different from that in vivo, cultured MSCs
have heterogeneous characteristics in terms of surface marker [17]
and differentiation property. The purification process of stem cells
is important for experimental or clinical use. From these resuits, we
suggested that the ligand-immobilized column could be used to
isolate MSCs from the heterogeneous cell populations consisting of
progenitor or differentiated cells.

3.4. Differentiation of sorted MSCs by FACS

To verify the effect of surface marker density on the differenti-
ation ability of MSCs, crude MSCs were sorted by FACS as
a conventional method for cell separation. Four cell populations
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Fig. 6. (A) Sorting regions of isolated cell populations with distinct expression density.
Crude MSC populations were divided into four cell populations. Cells with highest
CD34 expression density were in the CD34"8PFSC'™¥ population, On the other hand,
cells with lowest expression density were in the CD341WESCHIR popylation, (B) Gene
expression analysis of sorted MSCs by FACS. Sorted MSCs were cultured in the oste-
oblastic differentiation medium for 8 days. Specific surface markers {bar with lines:
type 1 collagen, bar with dots; osteonectin, closed bar; CBFA1, open bar; osteopontin)
were analyzed by real-time PCR. Relative expression was normalized by GAPDH. Each
data point represents results from 3 independent experiment and the data are pre-
sented as mean + standard error of the means.

were sorted for the evaluation of osteoblastic differentiation
(Fig. 6). The CD34 expression level in each population was different,
and MSCs with a high density of CD34 were contained in
CD34Hi8hFSCloW population. In contrast, the low density of CD34
was collected in CD34°WESCHIB! population, The surface marker
density of the cells in CD34"8PESCHiER or CD34WESCYOW pop-
ulation was almost the same. Fig. 6(B) shows the relative expression
of specific marker genes for osteoblastic differentiation. In case of
MSCs sorted by FACS, cell population with high and low marker
density of CD34 has shown high expression of differentiation
markers, This tendency was the same as that observed for sepa-
rated MSCs on the antibody-immobilized column. This result sup-
ported that the two cell populations with high ability for
osteoblastic differentiation were present in crude MSCs, and the
populations were separated using a CD34 antibody-immobilized
colummn.

4. Conclusion )

An anti-CD34 antibody-immobilized column was developed for
separating MSCs based on their surface marker density. We
selected the anti-CD34 antibody as the immobilized ligand, and
crude MSCs were separated on this column. Two cell populations
with a high ability for osteoblastic differentiation were purified on
this column. MSCs express some surface markers, and their
combinations have been explored in many groups in order to
specify homogeneous MSCs population. In our approach, marker
density is considered as the essential factor for the characterizing
MSCs. Two different cell populations could be separated on this
column based on their surface marker density. To characterize the
cells with a high differentiation ability, it might be effective to use
some kinds of ligand-immobilized columns. Further studies on the
design of ligand-immobilized surface and construction of the
column system are required for effective separation of MSCs.
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Appendix

Figures with essential colour discrimination. Most of the figures
(Figs. 1, 3, 5 and 6) in this article have parts that may be difficult to
interpret in black and white, The full colour images can be found in
the on-line version, at doi:10.1016/j.biomaterials.2010.01.126.
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A decellularization method using high-hydrostatic pressure (HHP) technology (>600 MPa) is described.
The HHP disrupts the cells inside the tissue. The cell debris can be eliminated with a simple washing
process, producing clean, decellularized tissue. In this study, porcine aortic blood vessel was decellu-
larized by HHP. The mechanical properties and in vivo performance of the decellularized tissue were
evaluated. Mechanical properties of the decellularized tissue were not altered by the HHP treatment.
Reduced inflammation of the decellularized tissue was confirmed by xenogenic transplant experimen-
tation. An allogenic transplantation study showed that decellularized blood vessel endured the arterial
blood pressure, and there was no clot formation on the luminal surface. In addition, cellular infiltration
into the vessel wall was observed 4 weeks after implantation, suggesting that HHP treatments could be

applied widely as a high-quality decellularization method.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering is one of the key technologies for treatment
of atherosclerotic vascular diseases, valvular heart disease, aneu-
rysm, and varices {1-4]. Decellularized tissue is promising as an
ideal scaffold for cardiovascular tissue engineering. Several tech-
nologies have been developed to fabricate artificial valves and some
of them have already been used clinically [5-7]. Decellularization
techniques are classified by the chemicals used, such as acid or
alkaline treatment, detergent treatment, or enzymatic digestion,
and the physical methods used, such as snap freezing and
mechanical agitation [8~12]. Among these, detergent treatment is
the most widely used. Decellularization of biological tissues by
detergent treatment has the advantage of being easy to use, but its
drawbacks include long treatment time, alteration of mechanical
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properties, and residual toxicity [13]. Researchers have developed
specific treatment recipes to overcome each of these problems.

As another candidate for a new decellularization treatment, we
have reported our work on the high-hydrostatic pressure (HHP)
method {14,15]. The unique characteristics of the HHP method are
the destruction of cell membranes, uniform treatment, and short
treatment time. Subsequent washing of the treated tissue can
produce a decellularized tissue that does-not adopt any chemical
agents.

Decellularizing corneal tissue with detergent treatment is
difficult, whereas by using HHP treatment, almost complete
decellularization of corneal tissue was accomplished [15]. Experi-
ments with decellularized porcine corneal tissue implanted into
rabbit eye showed superior functionality, ie. transparency.
However, there are still few reports on decellularization using, and
there is no a specific study on the decellularization condition yet.

In this study, we attempted to use HHP to prepare deceliularized

cardiovascular tissues. Cardiovascular tissues, such as heart valve,

aortic vessel, and small diameter blood vessel, should have superior
properties to corneal tissue. For instance, they should be pressure
resistant, anti-thrombogenic, and have anti-calcification ability.
Porcine aortic blood vessel was decellularized by HHP treatment
and the efficiency of decellularization, mechanical properties,
immunogenicity, and in vivo performance were evaluated. This
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article focuses particularly on the preparative conditions for the
decellularized blood vessel using the HHP technique, Determining
the optimal conditions for obtaining biologic scaffold with
undamaged extracellular matrices (ECM) and high decellulariza-
tion was one of the goals of this study. For this purpose, the effect of
water state (ice formation) during pressurization was investigated
in detail. :

2, Materials and methods
2.1. Materials

Fresh porcine hearts were obtained from a Jocal slaughterhouse (Tokyo Shibaura
Organ Co. Ltd, Japan). The aortic blood vessel next to the aortic valves was excised
and cut into 1 x 0.2 cm pieces. Aortic tissue was cleaned to remove fat and stored
immediately at 4 °C in phosphate buffer saline (PBS) without Ca®* or Mg?* for
transport to the laboratory for further processing.

2.2, Decellularization by HHP

22.1. Pressurization profile

The decellularization protocol consisted of two steps: 1) HHP treatment and 2)
washing. The blood vessel samples were pressurized using a cold isostatic pres-
surization machine (Dr, Chef; Kobelco, Japan). The detailed procedures were as
follows. After packing each sample in a plastic bag filled with PBS, the bag was
immersed into the transmission fluid in the sample chamber of the machine. Before
compression, the onset temperature was set at 10 or 30 °C, Then, the atmosphere
inside the sample chamber was pressurized at a predetermined rate (1961 or
65.3 MPa/min) until the pressure reached 980 MPa, The pressure was maintained at
980 MPa for 10 min and then was decreased at a predetermined rate {1861 or
65.3 MPa/min) until atmospheric pressure was reached.

2.2.2, Washing process
After the HHP process, samples were washed with PBS for 14 days. Then, the
samples were immersed in new PBS containing antibiotics and stored at 4 °C.

2.3, Preparation of decellularized aortic scaffold by detergent treatment

Triton® X-100 treatment: The blood vessels were placed in a solution of 1%
Triton® X-100 {Sigma~Aldrich, Japan) with 0.02% EDTA (Wake, Japan) in PBS for
24 h, together with RNase A (20 mg/mL) (Roche, USA). DNase 1(0.2 mg/mL) (Roche,
USA), and 1% penicillin and streptomycin (Gibeo, Japan) {16}, The blood vessels were
washed with PBS several times to remove residual substances.

SDS treatment: The blood vessels were placed in a solution of 0.1% SDS {sodium
dodecyl sulfate, Wako, Japan), together with RNase A (20 mg/mL), DNase (0.2 mg/mL},
and 1% penicillin and streptomycin for 1 h at room temperature [17). Then, they were
washed with PBS for 48 h to remove residual substances.

Trypsin treatment: The blood vessels were placed in a trypsin solution (0.05%
trypsin (Biochrom KG, Germany) and 0.02% EDTA) for 48 h at 37 °C [18].

2.4, Evaluation of decellularized tissue

24.1. Observation of structure of the decellularized tissue

Decellularized blood vessels were fixed by immersion with 10% neutral buffered
formalin solution. The specimens were dehydrated in graded alcohol, embedded in
paraffin blocks, and sectioned. The sections were stained with 1% hematoxylin-
eosin (H-E). The slides were observed by optical microscope (Coolscope, Nikon Co.,
Ltd. Japan). For transmission electron microscopy (TEM), the decellularized blood
vessels were fixed with 2,5% glutaraldehide in PBS. The specimens were prepared
and observed by standard procedures for TEM.

24.2. Mechanical properties

Mechanical strength testing of the non-treated and the decellularized blood
vessels was performed longitudinally. The samples were cut into dumbbell-shaped
pieces. The tested parts were 15-20 mm long and 2 mm wide. Wall thickness was
measured by micrometer prior to mechanical testing. Stress-strain curves were
obtained with a creep meter RE2-33005 B (Yamaden Co., Ltd. Japan). Each sample
was strained at a rate of 10 mm/min. All testing was conducted in air at room
temperature {25 °C),

The stress—strain curve for each individual specimen was analyzed with regard
to four parameters: early phase modulus of elasticity, late phase modulus of elas-
ticity, ultimate tensile strength (UTS), and failure strain [19]. These parameters are
defined that illustrates the typical stress-strain curve of blood vessel tissue. The
analysis parameters from each group were averaged over the number of specimens
in each group (n=10). Results were expressed as the mean = standard deviation
(SD). Additionally, the individual means from each treatment group were compared
by Student’s t-test.

2.4.3. Quantification of residual DNA

Twenty-five mg of samples were placed in 10% proteinase K (Quiagen, USA) in
lysis buffer solution overnight. The DNA from each sample was purified using
a DNeasy® assay kit (Quiagen, USA). The DNA amounts were measured by spec-
trophotometry (4 = 280 nm).

2.44. Xeno-transplantation (pig to rat)

The animal study was performed in accordance with the NIH guidelines for the
care and use of laboratory animals (NIH Publication 85-23, revised 1985) and the
institutional guidelines for the care and use of experimental animals of Tokyo
Medical and Dental University. Porcine blood vessel samples were dissected to be
1x1cm segments. Native aorta samples and samples decellularized by several
pressurization programs (the two experimental conditions) were implanted in the
subcutaneous mucosal position of Wister rats (2508, 7 weeks old) (n=3). The
implantation pericds were 1 and 4 weeks. At a predetermined time, all animals were
terminated by elective euthanasia with anesthesia of ether. The explanted speci-
mens were fixed, dissected, and stained by H-E.

2.4.5. Measurement of immune response in xeno-transplantation area

The measurement of immune response was done by calculation of the area that
was had an inflammatory response. Image | (National Institute of Health, USA) was
used to measure the immunologic site surrounding in the transplant tissue.

2.4.6. Allo-transplantation (pig to pig) .
The decellularized blood vessel was implanted into abdominal porcine aorta. No {

anticoagulants were administered after surgery. The implantation periods were 4,12, .

and 24 weeks. The explanted specimens were fixed, dissected and stained by H-E.

3. Results and discussion
3.1. Effect of ice formation during pressurization

The effect of high pressure on the extracellular matrix is largely
still unknown. Denaturation of proteins at high pressure has been
widely studied [20,21] while the research on collagen is quite
limited. In our HHP treatment, collagen denaturation would have
a great impact on the physical properties of the tissue. So, an
important point in this study was to find out whether the extracel-
lular matrix structure was maintained throughout the treatment.

First, the relationship between the pressure and the tempera-
ture of the treatment chamber was studied. Pressure-temperature
curves for each pressurization condition were drawn in the phase
diagram of water to see whether ice would form during the pres-
surization and depressurization processes. It is known that the
lowest freezing point of water is ~20 °C at about 200 MPg, and it
increases to 30 °C at 980 MPa (The phase diagram of water is shown
in Fig. 1, inset) [22,23]. The phase diagram of the pressure-/
temperature graph for water suggests that increased pressure -
would induce the water to freeze. This suggests that the high
pressure treatment of native tissue may also cause the formation of
ice during our process. It has been reported that the freezing
process generally destroys the structure of biological tissues under
normal pressure [24,25]. Therefore, temperature control during
pressurization is necessary.

As shown in Fig. 1 (large image), under condition I (the starting
temperature was 10 °C, pressurization and depressurization rates
were 196.1 MPa/min), the samples passed the freezing zone from
937 to 980 MPa during the increasing pressure process. In our
conditions, the highest pressure was maintained for 10 min before
depressurization. From 980 to 759 MPa, the water would be in the
freezing state and would return to the liquid state after further
depressurization under 759 MPa. On the other hand, under
condition Il (the starting temperature was 30 °C, pressurization and
depressurization rates were 65.3 MPa/min), the samples did not
pass the freezing zone throughout the pressurizing process. This
means that the destruction of tissue structure by the formation of
ice would not occur when the starting temperature was 30°C. It
should be noted that the pressurization and depressurization rates
should be controlled to maintain the starting temperature, Fast
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Fig. 1. Pressure-temperature phase diagram from 1 to 980 MPa. The small figure is the
water phase diagram [19]. (M) Pressurization/depressurization rate: 65.3 MPa/min.
Onset temperature: 30 °C (© ) Pressurization/depressurization rate: 196.1 MPa/min.
Onset temperature: 10 °C.

pressurization and depressurization should be avoided because it
induces drastic increases and decreases in the temperature.

The decellularized tissues treated under conditions I and Il were
evaluated by H-E stain and TEM (Fig. 2). As shown in Fig. 3 (b) and
(c), the cell nuclei were removed in conditions I and IL This shows
that passing the freezing point had little effect on decellularization
efficiency. However, change of tissue structure was observed at

high magnification [Fig. 2 (e) and (f)]. For condition |, the expansion
of the space between collagen fiber filaments of the tissue was
observed, while the samples in condition 1I showed relatively
tighter arrays of collagen fiber filaments. When the structures of
the samples were observed with TEM, collagen fibrils were
observed in native tissue and in process condition II [Fig. 2 (g) and
(i)]. but no fibrils were observed for condition I [Fig. 2 (h)]. These
results show that the extracellular matrix structure is maintained
in condition I, and the collagen fibrils were destroyed in condition
I. This is because of the ice formation during the pressurization and
depressurization, as shown in Fig. 1. The tensile strength of the tissues
was evaluated for the biomechanical characterization of the decel-
lularized tissue. Ingham et al. have divided the section into the
three phases: the early phase elasticity is dependent on the
elastic modulus of the elastin in the tissue (elastin phase), the
latter-phase elasticity is dependent on the elastic modulus of the
collagen in the tissue (collagen phase), and the transition phase,
where is located between the elastin and collagen phase [19]. In
the elastin phase, the tissue offers little resistance to elongation
because force transmission and load bearing are provided mainly

" by the elastin fiber. Following the elastin and transition phases,

in the collagen phase, all the elastin fibers are uncoiled and the
load is entirely supported by collagen. So, to evaluate the
mechanical strength of the blood vessel, the elasticity in the
elastin and collagen phases should be measured and calculated.

Table 1 shows the results of the tensile test in the longitudinal
direction of the decellularized blood vessel. After decellularization
under condition 1, the elasticity in the elastin phase increased,
while elasticity in the collagen phase decreased compared to that of
native tissue. This shows that the pressurization effect damages'
both elastin and collagen and alters their physical properties. A

]

R

Fig. 2. Histological evaluation: (a)~(f) H-E staining, (g)-(1) TEM observation. (a){(d), (g) Non-treated. (b),(e), and (h) Ultra-high pressure (condition I) and 20-day wash. (c),(f), and (i)
Ultra-high pressure (condition 1I) and 20-day wash. Scale bar: {a)-{c) 500 ym, (d)~{f) 50 um. Magnification ratio: (g)-{i) x 10,000. Black arrows indicate the cleavage of collagen

fibers. C: Collagen fibrils.
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Fig. 3. H-E staining of the decellularized aorta samples by various washing metheds. (a) Non-treated, (b) Trypsin, {c) Triton® X-100, (d) SDS, (e) SDC, and (f) UHP (Initial

temperature 30 °C, Pressurization/depressurization rate: 65.3 MPa/min). Scale bar = 50 pm.

decrease of UTS in condition I was also observed, but there was no
significant difference in failure strain. In Fig. 2 (e), cleavage of the
collagen fibers is shown, which seems to be the cause of the
decrease of the elasticity. In condition II, the four parameters were
similar to those of native tissue. This shows that the structure of the
decellularized blood vessel under condition I was well maintained.
These results indicate that it is necessary to avoid the freezing
phase when the HHP treatment is applied in order to maintain the
native structure of the blood vessel.

3.2. Comparison and quantification of cell removal

The various decellularization methods are compared by H-E
micrographs and DNA removal efficiency. Fig. 3 shows H-E micro-
graphs of the blood vessels decellularized by various treatments. The
HHP treatment shows almost the same or even better decellulari-
zation efficiency than the chemical treatments. For the SDS treatment
and trypsin treatment, cells were not observed in the blood vessel. On
the other hand, in the SDC treatment and Triton® X-100 treatment,
the nuclej of the cells were still observed in the tissue. This means
that decellularization with these two methods was imperfect. This
was because of insufficient infiltration of the detergent into the inside
of the tissue; the blood vessels used were too thick for the detergent
to penetrate the entire tissue in 24 h. Another possible reason is that
the decellularization conditions were set for SDS treatment. The
concentration of the detergent and the washing time appropriate for
SDS might have been inadequate for Triton® X-100 and SDC.

To quantify the amount of cells remaining inside the blood
vessel, the amount of residual DNA in the tissue was measured
(Fig. 4). For the chemical treatment methods, the amount of
residual DNA varied from 0.3 to 1.3 ug/mg. Although Fig. 4 shows

Table 1
Mechanical property change in longitudinal direction after UHP decellularization
(n=23).

Methods

ff(xo?,!gc ;pa)

‘-"677:&24

Non-treated 224 1 5 267%57
Condition] 8214 9609 6324388
Condition I 24£0.7 167:‘:57‘ 60.5£19.0

Non-treated vs *p < 0.01, Non-treated vs *“0.01 < p <0.05.

that the SDS and trypsin treatments showed no cells within the
tissue, there was still a detectable amount of DNA. This means that
residual DNA quantification is a more sensitive method for judging
completeness of cells removal. For the HHP method, residual DNA
was removed to the measurement limit level.

1t was noteworthy that the washing process was important for
HHP treatment. The detergent methods destroy and wash out the
cells simultaneously, whereas in the HHP treatment, destruction
and washing out were independent processes. The high pressure
only destroys the cells within the native tissue, leaving DNA
exposed to the environment. The washing process involves the
degradation of the exposed DNA by DNasel. By washing out the cell
debris thoroughly, it is possible to obtain a decellularized blood
vessel that contains no cell debris at all.

3.3. In vivo studies

The host reaction to tissue decellularized by HHP treatment
{condition II) was evaluated by xenogenic transplantation. Fig, 5 (a)

2.0
18 |
16 |
14}
12}
107
08¢
06}
04t
0.2
0.0

dede

Residual DNA amount (¢ g/mg)

*p<0.01
**0.01<p<0.05

Fig. 4. Quantification of residual DNA in the aorta decellularized by various methods.
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Fig. 5. Histological evaluation of xeno-transplantation study and immune response after xeno-transplantation. (a) Native aorta tissue (n = 3). (b) Aorta tissue decellularized by UHP
process (n = 3). (¢) Immune response for the implantation of decellularized aortic tissue. (n=3, *p < 0.05). Formula: Score = the area stained by hematoxylin dye/the total surface
area of porcine aorta. A. Non-treated. B UHP treated by condition II.

and (b) show H-E microphotographs of the samples implanted area of inflammation were compared for each sample [Fig. 5 (c)].
subcutaneously in a rat after 4 weeks. As shown in Fig. 5 (a), severe There was a difference in the inflammatory response after 1 week
inflammation was observed around the native porcine blood vessel. of implantation. This continued for the 4 weeks of implantation.
On the other hand, for the decellularized porcine blood vessel, the The inflammation area of native tissue was 2.5 times higher than
inflammation seemed to be suppressed (Fig. 5 (b)). The ratios of the that of decellularized blood vessel. It became clear that the HHP

Fig. 6. Results of allo-transplantation study. (a){d).(g) decellularized tissue (condition II) implantation after 4 weeks. (b),(e),(h) decellularized tissue implantation after 12 weeks.
(C).(N.(1) decellularized tissue implantation after 24 weeks.
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treatment could remove the cells that cause the xenogenic
inflammation, and it can be concluded that the HHP treatment is an
effective method for xenogenic tissue transplantation.

An allogenic transplant of the decellularized porcine blood
vessel that was processed under condition II was performed to
evaluate the in vivo performance of tissue decellularized by HHP
(Fig. 6). As shown in Fig. 6 (a) to (¢), the transplanted decellularized
blood vessel maintained a caliber equal to the recipient’s blood
vessel, which meant that dilatation was not observed at 4, 12, or 24
weeks after implantation. Fig. 6 (d) to (f) shows that no thrombus
formation was observed for any of the samples. The inner surfaces
of the transplanted blood vessels were luminous, implying that the
inner surface was fully covered with recipient endothelial cells. The
infiltration of the recipient cells into the transplanted blood vessel
is shown in Fig. 6 (g) to (i). The cells infiltrated into the transplanted
blood vessel in a time-dependent manner, which indicates that
remodeling of the transplanted blood vessel occurred normally.

It has been reported that the HHP treatment could destroy the
lipid bilayer membranes of bacteria, fungi, and viruses with lipid
membranes as well as animal cells, which means that HHP treat-
ment also has a sterilizing effect. As the inactivation of viruses and
extinction of bacilli have been reported when the applied pressure
was higher than 600 MPa [26], the pressure of 980 MPa in our HHP
condition was high enough to ensure a high sterilization effect.

4. Conclusion

By controlling the temperature during pressurization, decellu-
larized tissue without structural damage can be obtained. The
mechanical properties of the decellularized tissue were not altered at
all under appropriate conditions. The amount of cell debris remain-
ing inside the blood vessel was too small to be detected. The allogenic
transplantation study indicated that decellularized blood vessels
endured the arterial blood pressure and that there was no clot
formation on the luminal surface. In addition, cellular infiltration into
the vessel wall was observed 4 weeks after implantation. Because the
isostatic pressurization can treat the samples set in the chamber
homogeneously, it is thought that HHP treatment is an effective
method for the decellularization of a wide variety of tissue sizes.
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Appendix

Figures with essential colour discrimination, Figs. 2,3,5,6 in this
article may be difficult to interpret in black and white. The full
colour images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.01.073.
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Residual Vessel Length on Magnetic Resonance
Angiography Identifies Poor Responders to Alteplase in
Acute Middle Cerebral Artery Occlusion Patients

Exploratory Analysis of the Japan Alteplase Clinical Trial II

Teruyuki Hirano, MD; Makoto Sasaki, MD; Etsuro Mori, MD; Kazuo Minematsu, MD;
Jyoji Nakagawara, MD; Takenori Yamaguchi, MD; for the Japan Alteplase Clinical Trial II Group

Background and Purpose—TIt remains unknown whether the effects of 0.6 mg/kg alteplase differ with occlusion site of the
middle cerebral artery (MCA). We therefore evaluated the effects of 0.6 mg/kg intravenous alteplase in patients with
different sites of MCA occlusion.

Methods—An exploratory analysis was made of 57 patients enrolled in the Japan Alteplase Clinical Trial II (J-ACT 10),
originally designed to evaluate 0.6 mg/kg alteplase in Japanese patients with unilateral occlusion of the MCA (M1 or
M2 portion). The residual vessel length (in mm), determined by pretreatment magnetic resonance angiography, was used
to reflect the occluded site. The proportions of patients with valid recanalization (modified Mori grade 2 10 3) at 6 and
24 hours and a modified Rankin Scale (imRS) score of O to | and of 0 to 2 at 3 months were compared between the
groups dichotomized according to length of the residual vessel. Multiple logistic-regression models were generated to
elucidate the predictors of valid recanalization, mRS 0 to I, and mRS 0 to 2.

Results—Receiver operating characteristics analysis revealed that 5 mm was the practical cutoff length for dichotomiza-
tion. In patients with an M1 length <5 mm (n=12), the {requencies of valid recanalization at 6 and 24 hours (16.7%
and 25.0%) were significantly lower compared with those (62.1% and 82.8%. respectively) of the 45 patients with a
residual M1 length =5 mm and an M2 occlusion (P=0.008 for 6 hours, P<<0.001 for 24 hours). The proportions of
patients who achieved an mRS of 0 to 1 and an mRS of 0 to 2 were also lower for those with an M1 length <5 mm
(8.3% and 16.7%, respectively) compared with the other group (57.8% and 68.9%, respectively; P=0.003 for mRS 0
to 1. P=0.002 for mRS 0 to 2). In logistic-regression models, the site of MCA occlusion (<5 mm) was a significant
predictor of valid recanalization at 6 and 24 hours and of an mRS of 0 to | and of mRS of 0 to 2.

Conclusions—1In patients with acute MCA occlusion, a residual vessel length <5 mm on magnetic resonance angiography
can identify poor responders to 0.6 mg/kg alteplase.

Clinical Trial Registration—URL: http://www clinicaltrials.gov. Unique identifier: NCT00412867.

(Stroke. 2010;41:2828-2833.}

Key Words: acute ischemic stroke ® middle cerebral artery occlusion m tissue plasminogen activator m recanalization
‘ B magnetic resonance angiography

recanalization of the occluded artery represented the most

Intravenous thrombolysis with recombinant tissue plasmin-
powerful predictor of a favorable outcome at 3 ‘months in

ogen activator is effective in carefully selected patients

with acute ischemic stroke.!? Among patients treated with
intravenous alteplase, stroke severity, systolic hypertension,
early ischemic changes on computed tomography, persistent
arterial occlusion, stroke subtype, and time to thrombolytic

treatment have been repeatedly demonstrated as independent-

predictors of poor outcome.*' Furthermore, the Japan Alte-
plase Clinical Trial II (J-ACT II) clearly demonstrated that

selected patients with magnetic resonance angiography
(MRA)-documented middle cerebral artery (MCA) occlu-
sions.!' Information concerning early predictors of recanali-
zation resistance may thus be useful for selecting patients to
receive more aggressive reperfusion strategies.

Previous angiographic,!*'4 transcranial Doppler,’s and
MRAS-1® studies have demonstrated that more proximal
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occlusions, such as those of the internal carotid artery
(ICA) #1720 or tandem ICA/MCA 2! carry a greater thrombus
burden, whereas distal MCA occlusions are more likely to
recanalize with systemic alteplase therapy. A meta-analysis
revealed that recanalization, either spontaneous or related to
thrombolytic or interventional therapies, is less likely with ICA
occlusions.?? ICA occlusion has been shown to predict a poorer
clinical outcome compared with MCA occlusion. 4171920 How-
ever, little is yet known about the differences in recanaliza-
tion rates and response to alteplase among patients with
various sites of MCA occlusion. We therefore performed an-
exploratory analysis of patients with MCA occlusion enrolled
in J-ACT T, giving special attention to the residual vessel
length as documented on pretreatment MRA.

Methods
J-ACT I1is a prospective, single-dose, open-label, multicenter. phase
IV tral, originally designed to evaluate 0.6 mg/kg alteplase in
Japanese patients with unilateral occlusion of the MCA. Details of
" the trial have been published previously.! In brief, 58 patients with
ischemic stroke within 3 hours of onset whose arterial occlusion was
identified in the M1 or M2 segment on standardized MRA were
enrolled. The results showed that the rates of early and delayed
recanalization and a favorable outcome elicited by 0.6 mg/kg
alteplase were comparable to the previously reported findings for the
regular dose of 0.9 mg/kg.

Site of MCA Occlusion

All baseline MRA data were re-evaluated centrally by 2 reviewers, |
expert neurologist. and 1 expert neuroradiologist (the image-reading
panel), all of whom were blinded to all clinical information except
the affected side. For patients with M! occlusions, the site of
occlusion was determined in an anteroposterior view on
3-dimensional time-of-flight MRA as the horizontal distance from
the ICA bifurcation to the distal end of the flow signal. The residual
vessel length (in mm) was used to reflect the occluded site in the
patients with M1 occlusions (Figure 1).

Evaluation of Recanalization

MRA was repeated at baseline, 6 hours, and 24 hours after symptom
onset. The time allowance for the 6-hour MRA was between the end
of alteplase infusion and 8 hours from symptom onset, and that for
the 24-hour MRA was between 24 and 36 hours after symptom
onset.

Recanalization was evaluated centrally by the image-reading panel
according to the modified Mori grade: grade 0, no reperfusion; grade
I, movement of thrombus not associated with any flow improve-
ment; grade 2, partial (branch) recanalization in <50% of the
branches in the occluded arterial territory; and grade 3, nearly
complete recanalization with reperfusion in =50% of the branches in
the occluded arterial territory.!! The recanalization rate was esti-
mated by regarding grades 2 and 3 as valid recanalization, corre-
sponding to Thrombolysis in Myocardial Infarction grades 2 and 3.

€
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Figure 1. Measurement of residual vessel length in
patients with M1 occlusions. Examples are shown
of the residual vessel length measured by
3-dimensional time-of-flight MRA. The site of M1
occlusion was determined in an anteroposterior
view as the horizontal distance from the [CA bifur-
cation to the distal end of the flow signal.

Clinical Evaluation

Functional outcome after 3 months was assessed by the modified
Rankin Scale (mRS) score. Patients with an mRS of O to 1 at 3
months were regarded as having a favorable ouicome. In addition, an
mRS of 0 to 2 was judged to be indicative of functional indepen-
dence, that is, avoiding death or dependency.

Statistical Analysis
The proportions of patients with valid recanalization at 6 and 24
hours after symptom onset, a favorable outcome (mRS O to 1), and
functional independence (mRS 0 to 2) at 3 months were compared
between the groups dichotomized according to length of residual
vessel on MRA. Receiver operating characteristics curves were
constructed for the patients with M1 occlusions to make comparisons
between vessel length and clinical outcome.

The predictors of valid recanalization at 6 and 24 hours, mRS 0 to
1, and mRS 0 to 2 were assessed by multiple logistic-regression
analysis. Knowledge of disease-related factors before alteplase
administration, such as time from onset. presence of hypertension,
diabetes mellitus, baseline National Institutes of Health Stroke Scale
score, and Alberta Stroke Program Early Computed Tomography
Score (ASPECTS). as well as MCA occlusion site, was included in
a stepwisc regression analysis, for which age and sex were forcibly
entered into the model to adjust for their possible confounding
effects.

Table 1. Comparison of Demographic and Baseline
Characteristics of the Patients (N=57) According to Site of
MCA Ocelusion

Totat Mt <5 mm M1 =5mm M2
(N=57) n=12) (n=29) (n=16)
Mean=SD age, v 70.7+11.2  746+98 664+117 755%8.2
Female, n 23(40.4%) 8(B6.7%) 12(41.4%)  3(18.8%)
Baseline NIHSS 12 (5-22) 17 {5-22) 12(6-22)  11(5-21)
score {range)
Stroke subtype, n
Cardioembolic 49{86.0%) 10(83.3%) 25(86.2%) 14(87.5%)
Atherothrombotic 5 {8.8%) 2(16.7%)  2(6.9%) 1(6.3%)
Other/not 3(5.3%) 0 (0%) 2 (6.9%) 1(6.3%)
differentiated
Concomitant
diseases
Hypertension, n 36 (63.2%)  9(75.0%) 13(44.8%) 14(87.5%)
Diabetes 10(17.5%) 2(16.7%)  3(10.3%)  5(31.3%)
Dystipidemia 18(31.6%)  3(25.0%) 10(34.5%)  5(31.3%)
Atrial fibrillation 34 (59.6%) 9(75.0%) 15{51.7%) 10(62.5%)
Previous stroke/TIA 12 (21.1%) 1{8.3%) 7(24.1%)  4(25.0%)
ASPECTS vaiue 9 (310} 8(3-10 9(5-10) 9 (7-10)
{range)

NIHSS indicates National Institutes of Health Stroke Scale; TIA, transient
ischemic attack. Data show the mean (SD), median (interquartile range), or No. (%).
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Figure 2. Rate of valid recanalization at 6 and 24 hours by site
of vessel occlusion. The rate of valid recanalization was signifi-
cantly lower in patients with a residual M1 length <5 mm at
both 6 and at 24 hours.

To examine the possible interaction of MCA occlusion site with
recanalization for the 3-month outcome, the following recanalization
patterns were evaluated with the logistic model in addition to the
disease-related factors: (1) model 1, in which recanalization on 6-hour
MRA. was entered; (2) model 2, in which recanalization on 24-hour
MRA was entered; and (3) model 3, in which recanalization within 6
hours and delayed recanalization (that is, arterial occlusion unchanged
on 6-hour MRA but recanalized on 24-hour MRA) were entered.
Significance was set at P<0.05 in all models. The adds ratio (OR) and
95% CIs were also determined. SAS 9.1.3 was used for statistical
analyses.

Results
Of the 58 patients enrolled in the trial, 41 (70.7%) were
evaluated as having an M1 occlusion. Their residual M1
length ranged from 0.0 (origin) to 17.7 mm (distal end),
- whereas the contralateral M| length ranged from 19.5 to
32.1 mm (mean:SD, 26.1%3.1 num). One patient was judged
to have no occluded artery on baseline MRA by the image-
reading panel and was therefore excluded from the present
analysis. The remaining 16 patients (27.6%) were evaluated
as having an M2 occlusion. Further analyses were therefore
performed on 57 patients with MCA occlusion. Table 1
summarizes these patients’ characteristics.

The cumulative frequency of valid recanalization at 6 and
24 hours increased as the residual M1 length increased. No
patient had recanalization on 6-hour MRA that subsequently
disappeared on 24-hour MRA. Receiver operating character-
istics analysis revealed that valid recanalization differed
between the groups dichotomized by residual vessel length at
both 6 (Az 0.701, P=0.027) and 24 (Az 0.817, P=0.001)
hours, The optimal cutoff residual M1 lengths for predicting
valid recanalization at 6 and 24 hours were the same, 5.3 mm.
When the patients with M1 occlusions were divided into 2
groups (residual vessel length <5 mm or =5 mm), the
frequency of valid recanalization was significantly lower in
the patients with a residual Ml length <5 mm (n=12)
compared with the combined group with an M1 length
=5 mm (n=29) and those with M2 occlusions (n=16)
(P=0.008 for 6 hours, P<<0.001 for 24 hours; Fisher’s exact
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Figure 3. Distribution of scores at 3 months on the mRS scale
by site of vessel occlusion. The proportion of patients with a
favorable cutcome, ie, an mRS score of 0 to 1, was significantly
lower in patients with a residual M1 length <5 mm. Similar
results were obtained when the frequency of functional indepen-
dence, ie, an mRS of 0 to 2, was investigated. *Data were not
obtained in 1 patient each with a residual M1 length =5 mm
and M2. These patients were assigned an mRS =3.

test; Figure 2). In logistic-regression models, the site of MCA
occlusion (<5 mm) was the only significant predictor of valid
recanalization at both 6 (OR=0.076; 95% CTI, 0.010 to 0.573)
and 24 (OR=0.023; 95% Cl, 0.002 to 0.245) hours.
Similarly, receiver operating characteristics analysis dem-
onstrated that the proportions of patients with a favorable
outcome (mRS 0 to 1) and functional independence (mRS 0
to 2} were also different among patients with M1 occlusions,
with an optimal cutoff length of 5.3 mm. The distribution of
scores on the 3-month mRS was different among patients
with MI lengths <5 mm compared with those with an M1
length =5 mm and M2 occlusions (Figure 3). On logistic-

Table 2. Predictors of Favorable Outcome and Functional
lndependence by Multiple Logistic Regression Analysis

OR 95% CI PValue

mRS 0-1
Sex (female vs male) 1.011  0.274-3.726  0.9871
Age (by 1 year) 0.889 0.932-1.050 0.7155
Time from onset to freatment (by min}  0.998 0.971-1.027 = 0.9112
Diabetes 0.891 0.146-5.428 0.8006
Hypertension 1.872 0485-7.528 0.3773
Baseline NIHSS (by 1 point) 0.878 0.737-1.046 0.1466
Occluded site (<5 mm vs others) 0.082 0.008-0.812 0.0325
ASPECTS value {by 1 point) 1.429 0.758—2.592 0.2392

mRS 0-2
Sex (female vs male) 0.639 0.152-2688 0.5416
Age (by 1 year) 1.016  0.952-1.085 0.6290
Time from onset 1o treatment (by min) 0.978 0.948~1.008 0.1508
Diabetes 0.607 0.080-4.632 0.6302
Hypertension 1025 0.235-4473 0.9743
Baseline NIHSS (by 1 point) 0.890 0.746-1.061 0.1925
Occluded site (<5 mm vs others) 0125 0.020-0.793  0.0274
ASPECTS value (by 1 point) 2121  1.082-4.158 0.0285

NIHSS indicates National Institutes of Health Stroke Scale. Table entries in
bold-faced type are statistically significant.
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Table 3. Predictors of Favorable Ouicome and Functional Independence by Multiple-Logistic Regression Analysis in 3 Different
Models of Postireatment Recanalization :

Model 1: 6-Hour
Recanalization Model

Mode! 2: 24-Hour
Recanalization Model

Mode! 3: 6-Hour and Delayed
Recanalization Mode!

OR 95% Cl P Value OR 95% Cl P Value OR 95% Cl PValue
mRS 01
Sex (female vs male) 0.846 0.198-3.619  0.8212 0.814  0.168-3.933 0.7974 0668 0.137-3.245 0.6167
Age (by 1 year) 0.986 0.924-1.052 0.6689 0.98% 0.921-1.062 0.7555 0.973  0.805-1.046 0.4632
Time from onset fo treatment (by min)  1.006  0.976-1.037 0.7024 0997 0.967-1.027 0.8273 1.003  0.972-1.034 0.8721
Diabetes 0.3¢1  0.042-2.783 0.3152 0.456  0.053-3.893 04728 0281 0.028-2.783 0.2779
Hypertension 1.847  0.419-8.147 - 04177 2919 0.544-15.671 0.2115 2558  0.449-13.087 0.2602
Baseline NIHSS (by 1 point) 0.903 0.748-1.091 0.2915 0.797  0.643-0.988 0.0391 0859 0.701-1.054 0.1456
Occluded site (<5 mm vs others) 0.173  0.016-1.901 0.1515 0544  0.041-7.290 0.6453  0.568  0.040-8.068 0.6759
ASPECTS value (by 1 point) 1.755 0.881-3.497  0.1096 2111 0.981-4.541 0.0560 2.007 0.940-4.287 0.0718
Recanalization within 6 h 6.772 1.346-34.080 0.0203 38972 3.222-471.318  0.0040
Recanalization within 24 h 32.762 3.572-300.514 0.0020
Delayed recanalization 18.607 1.357-255.149  0.0286
mRS 0-2 R

Sex (female vs male) 0.546 0.113-2.646  0.4521 0.525  0.100-2.763 0.4471 0522 0.104-2.636 04317
Age (by 1 year) 1.007  0.938-1.081 0.8476 1017 0.947-1.092 0.6420 1004 0.935-1.079 0.9029
Time from onset to treatment (by min)  0.887  0.955-1.020  0.4274 0.978  0.946-1.010 01784 0986 0.955-1.018 0.3942
Diabetes 0.233 0.021-2586  0.2357 0.362  0.035-3.713 03826  0.228 0.019-2.730 0.2434
Hypertension 1.115 0.236~5.277  0.8906 1524  0.298-7.802 0.6129  1.288 (.264-6.281 0.7543
Baseline NIHSS (by 1 point) 0.925 0.759-1.127 0.4382 0.850 0.699-1.035 0.1056 0911 0.746-1.112 0.3594
Occluded site (<5 mm vs others) 0.250  0.035-1.798 0.1684  0.447  0.052-3.821 04618  0.383 0.043-3.073 0.3522
ASPECTS value (by 1 point) 2683 1.217-5.918 0.0145 2.949  1.279-6.798 0.0111 2781 1.231-6.331 0.0140
Recanalization within 6 h 7362 1.250-43.371  0.0274 13178 1.478-117.510  0.0208
Recanalization within 24 h 15502 1.953-123.034 0.0095
Delayed recanalization 3132 0.322-30.427 0.3250

NIHSS indicates National Institutes of Health Stroke Scale. Table entries in bold-faced type are statistically significant.

regression analysis including the disease-related factors pres-
ent before alteplase administration, a residual M1 length
<5 mm was the only significant predictor of a favorable
outcome (OR=0.082; 95% CI, 0.008 to 0.812; Table 2). A

well as for a favorable outcome and functional independence
at 3 months. Patients with residual M1 lengths <5 mm are
poor responders to 0.6 mg/kg alteplase. The site of vessel
occlusion was a strong predictor of outcome before systemic

residual M1 length <5 mm (OR=0.125; 95% CI, 0.020 to
0.793), together with a high ASPECTS value (OR=2.121;
95% CI, 1.082 to 4.158), was significantly related to func-
tional independence at 3 months (Table 2).

Possible interactions between the pretreatment residual
vessel length and patterns of recanalization were evaluated by
multiple logistic-regression analysis (Table 3). Among the
models for favorable outcome, recanalization in model 1,
recanalization and baseline National Institutes of Health
Stroke Scale score in model 2, and 6-hour and delayed
recanalization in model 3 were significant predictors. Among
the models for functional independence, recanalization and
ASPECTS score in model 1, recanalization and ASPECTS
score in model 2, and 6-hour recanalization and ASPECTS
score in model 3 were significant predictors.

Discussion
In the present exploratory analysis of the J-ACT II cohort, we
found that a residual M1 length <5 mm on MRA was a
negative predictor of early and delayed recanalizations as

alteplase administration.

In a previous magnetic resopance imaging—based, open-
label, nonrandomized study, the German Stroke Excellence
Network Initiative,'¢ the reported recanalization rate of prox-
imal MCA occlusions was comparable with distal MCA and
M2 occlusions (76.7% for the proximal MCA, 60.0% for the
distal MCA, and 87.5% for M2) in the 76 patients treated with
thrombolysis. On the other hand, the difference in recanali-
zation rate was significant between an MCA origin and other
sites of MCA occlusion in our study. In addition to the
different alteplase doses between Europe and Japan, the lack
of a clear definition of “proximal” and “distal” MCA might
have led to this discrepancy. In our study, cumulative analysis
followed by receiver operating characteristics analysis dem-
onstrated that <5 mm was the practical cutoff length between
proximal and distal sites within the M1 portion.

Our results paralleled those of Sagqur et al,!® who exam-
ined the effects of alteplase by transcranial Doppler. They
showed that patients with distal MCA occlusions were more
likely to recanalize and were twice as likely to achieve an
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mRS of 0 to 1 than were those with proximal MCA
occlusions. Their transcranial Doppler—based definitions of
the occluded site in the MCA and of complete recanalization
differed from ours, however. The proportions of patients
achieving an mRS of 0 to | decreased with more proximal
occlusions: distal MCA, 52%: proximal MCA, 25%; tandem
ICA/MCA. 21%: and terminal ICA. 18%.

What are the potential reasons for different outcomes
between patients with residual M! lengths <5 mm and
others? In terms of thrombus size and the association of
thrombi with atherosclerosis. clot size, is bigger in patients
with a residual M1 length <5 mm, and there may be
differences in clot composition between proximal and distal
M1 occlusions.? Fibrin-rich clots have been shown to display
a greater propensity for lysis by alteplase compared with
platelet-rich clots.’® Relative to other stroke subtypes, the rate
of complete recanalization has been reported to be higher in
patients with cardioembolic stroke.!® Although there was no
statistical difference, atherosclerotic occlusion was found
more frequently in patients with proximal M1 occlusions
(16.7% in M1 <5 mm; 6.7% in M1 =5 mm and M2,
P=0.281).

Another possible explanation concerns the number of
perforating arteries originating from the M1 portion. Patients
with a residual M1 length <5 mm seldom spare perforators
that allow a continuous blood stream. Effective delivery and
distibution of alteplase into the clot may thus become
severely disturbed. Experimental studies have demonstrated
that the fibrinolytic rate is dependent on the pressure gradient
to which the clot is exposed.®

In our first logistic-regression model including only pre-
treatment factors, the site of vessel occlusion (M1 <5 mm or
other) was a strong predictor of 3-month outcome. Once
important posttreatment factors, like early and/or delayed
recanalization, were included in the second of the 3 different
models, the site of vessel occlusion no longer remained as
significant. This is reasonable, because the site of vessel
occlusion before treatment with alteplase was strongly corre-
lated to posttreatment recanalization. To achieve an mRS of 0
to 1, the key is recanalization immediately after thrombolysis,
as repeatedly reported.?5-2° Using the Safe Implementation of
Treatment in Stroke-International Stroke Thrombolysis Reg-
ister database, Kharitonova et al*® also noted that disappear-
ance of a hyperdense MCA signs, an indirect marker of
recanalization on computed tomography, was significantly
related to functional independence and survival.

On the other hand, an mRS of 0 to 2 might be achieved
independently of recanalization if the patient has good col-

lateral flow, indicated by a high ASPECTS value.*! Regard- \

ing the influence of pretreatment ASPECTS, the Pro-
Urokinase for Acute Cerebral Thromboembolism II trial
demonstrated that patients with ASPECTS scores >7 were 3
times more likely to achieve an mRS of 0 to 2.32

It might be reasonable to modify our treatment strategy
according to the MRA information concerning the site of
pretreatment vessel occlusion. We speculate that patients with
M1-origin occlusions (residual vessel length <5 mm) as well
as those with ICA occlusions may be potential candidates for
rescue interventional therapies, such as intra-arterial

thrombolysis and mechanical thrombectomy, should intrave-
nous thrombolysis fail to achieve recanalization and
reperfusion.

The present study has several limitations. First, the number
of patients was relatively small because the target population
was strictly limited to MRA-documented M1 or M2 occlu-
sions. Second. we could not evaluate collateral status because
MRA was the only required modality for imaging. Good
collateral flow up to the distal end of the clot might have
accelerated recanalization.?? Third, the alteplase dose was 0.6
mg/kg, which is the specified dose in the Japanese license.3¢
The recanalization rate in patients with 2 residual M1 length
<5 mm could have been improved with the 0.9 mg/kg dose
of alteplase, although J-ACT Il demonstrated efficacy in
terms of vascular and clinical outcomes.!!

In conclusion, the effect of 0.6 mg/kg intravenous alteplase
differs according to the MRA-documented site of MCA
occlusion. In patients with acute MCA occlusions, a residual
M1 length <5 mm on MRA can identify poor responders to
0.6 mg/kg alteplase.
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Thrombolysis With 0.6 mg/kg Intravenous Alteplase for
Acute Ischemic Stroke in Routine Clinical Practice

The Japan post-Marketing Alteplase Registration Study (J-MARS)

Iyoji Nakagawara, MD; Kazuo Minematsu, MD: Yasushi Okada. MD; Norio Tanahashi, MD:
Shinji Nagahiro, MD; Etsuro Mori, MD; Yukito Shinohara, MD; Takenori Yamaguchi, MD;
for I-MARS Investigators

Background and Purpose—In Japan, alteplase at 0.6 mg/kg was approved in October 2005 for use within 3 hours of stroke
onset by the Ministry of Health, Labor and Welfare (MHLW). The aim of the Japan post-Marketing Alteplase
Registration Study (J-MARS), which was requested by MHLW at the time of approval, was to assess the safety and
efficacy of 0.6 mg/kg alteplase in routine clinical practice for the Japanese.

Methods—A total of 7492 patients from 942 centers were enrolled in the J-MARS, an open-label, nonrandomized,
observational study, from October 2005 to October 2007. Primary outcome measures were symptomatic intracranial
hemorrhage (a deterioration in NIHSS score =4 from baseline) and favorable outcome (modified Rankin Scale score,

0-1) at 3 months after stroke onset.

Results—The proportion of patients with symptomatic intracranial hemorrhage in 7492 patients (safety analysis) was 3.5%
(95% confidence interval [CI], 3.1%-3.9%) within 36 hours and 4.4% (95% CI, 3.9%-4.9%}) at 3 months. The overall
mortality rate was 13.1% (95% Cl, 12.4%-13.9%) and the proportion of patients with fatal symptomatic intracranial
hemorrhage was 0.9% (95% CI. 0.7%-1.2%). The outcomes at 3 months were available for 4944 patients and the
proportion of favorable outcome (efficacy analysis) was 33.1% (95% CI, 31.8%-34.4%). The subgroup analysis in
patients between 18 and 80 years with a baseline NIHSS score <25 demonstrated that favorable outcome at 3 months

was 39.0% (95% CI, 37.4%-40.6%).

Conclusions—These data suggest that 0.6 mg/kg intravenous alteplase within 3 hours of stroke onset could be safe and
effective in routine clinical practice for the Japanese. (Stroke. 2010;41:1984-1989.)

Key Words: acute ischemic siroke m alteplase m postmarketing registration m thrombolysis
® tissue plasminogen activator

ince the recombinant tissue plasminogen activator stroke
S study organized by the National Institute of Neurological
Disorders and Stroke (NINDS)' demonstrated that intrave-
nous alteplase treatment within 3 hours of stroke onset
improved functional outcome in 1995, this treatment has been
an approved medical therapy for patients with acute ischemic
stroke and is recommended as the first-line treatment by most
national and international guidelines.>* Intravenous alteplase
treatment of ischemic stroke within the 3-hour time window
has been shown to be safe and effective in previous random-
ized controlled trials.*-8 However, the safety and efficacy of
thrombolysis with alteplase in routine clinical practice should
be investigated in each country.

Alteplase was licensed for the treatment of acute ischemic
stroke in the United States in 1996 and in the European Union
in 2002 for selected patients treated within the 3-hour time
window. In Japan, a prospective, single-arm, open-label study
called the Japan Alteplase Clinical Trial (J-ACT)® was
conducted from April 2002 to September 2003. Although the
internationally recommended dosage of intravenous alteplase
was adjusted to 0.9 mg/kg, the challenging dose of 0.6 mg/kg
was selected in J-ACT based on previous recombinant tissue
plasminogen activator studies for Japanese patients. Random-
ized controlled trials of duteplase, a recombinant tissue
plasminogen activator similar to alteplase, have been con-
ducted for acute stroke patients within 6 hours of onset in
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Japan.'o-12 After a pilot study,'® 20 million international units
{MIU) of duteplase proved to be superior to placebo based on
the angiographic recanalization rate.)' Tn a randomized,
double-blind, dose-comparison study, partial recanalization
and complete recanalization in 18 of 54 (33.3%) patients
administered 20 MIU and in 25 of 59 (42.4%) patients admin-
istered 30 MTU. respectively. were not found to be statistically
different.’? However, massive brain hematomwhemorrhagic
transtormation occurred in 2 of 56 (3.6%) patients administered
20 MIU and 9 of 65 (13.8%) patients administered 30 MIU.!2
Therefore, it was considered that the optimal dose of aiteplase
for J-ACT was 0.6 mg/kg, which was equivalent to 20 MIU per
person or 0.33 MIU/kg at a mean body weight of 60 kg. The
underlying rationale has been published on the Stroke web site
(http://stroke.ahajournals.org/cgi/content/full/37/7/1810).° In
J-ACT, 103 patients were treated with 0.6 mg/kg intravenous
alteplase. and the proportion of modified Rankin Scale (mRS)
score of O to 1 at 3 months was 36.9% (38/103; 90%
confidence interval [CI], 29.1%-44.7%), and the incidence of
symptomatic intracranial hemorrhage (SICH) within 36 hours
was 5.8% (6/103: 90% CI, 2.0%-to 9.6%).° Consequently,
alteplase at 0.6 mgfkg was approved and a license was
granted in October 2005 by the Ministry of Health, Labor and
Welfare (MHLW), Jupan. At the time of approval. the
MHLW required the sponsors (Mitsubishi Tanabe Pharma
Corporation and Kyowa Hakko Kirin Co. Ltd) to perform a
large-scale postmarketing registry study to assess the safety
profile of 0.6 mg/kg intravenous alteplase and a clinical study
for documentation of the dosage efficacy (Jupan Alteplase
Clinical Trial 1T {J-ACT 11J).'* The sponsors asked the centers
practicing thrombolysis with alteplase for participation in the
postmarketing registry. The results of both studies will
contribute to a standard for the reassessment of the benefit-
to-risk profile of intravenous alteplase treatment.

The aim of Japan post-Marketing Alteplase Registration
Study (J-MARS) was to investigate whether thrombolysis
with 0.6 mg/kg intravenous alteplase could be safe and
effective in routine clinical practice for the Japanese. Here,
we compared the results of J-MARS with those of the Safe
Implementation of Thrombolysis in Stroke-Monitoring Study
(SITS-MOST) performed as a postmarketing study in the
European Union.'*

Patients and Methods

J-MARS was an open-label, multicenter. nonrandomized, observational
study including clinical centers practicing thrombolysis for acute stroke
in Japan. Participation in this study was possible for any medical centers
that committed to register all patients treated with alteplase for 2 years
after its approval and to collaborate in the elucidation of causes of any
treatment complications. Joining this registry was not compulsory.
The primary outcome measures in the protocol were sICH within 36
hours and at 3 months and favorable outcome (mRS score, 0~J)at 3
months after stroke onset. The MHLW approved the protocol of this
study and the sponsors instructed the investigators to perform the
study according to Good Postmarketing Study Practice, which is the
authorized standard for a postmarketing registration study. The
ethics .approval was obtained from institutional ethics committee
when required. Thrombolysis with 0.6 mg/kg intravenous alteplase
was applied for the patients in accordance with the existing labeling
and guidelines for intravenous alteplase treatment in Japan.!s-16
Informed consent was obtained from the patient (or a relative if the

Thrombolysis With Alteplase for Stroke 1985

patient could not understand the treatment). Recruitment of patients
in J-MARS started in October 2005 and ended in October 2007.

Baseline and demographic characteristics, stroke severity, time
intervals, risk factors, and medication history were collected. NIHSS
score at 24 hours and mRS score at 3 months were requested as the
outcome measures. The proportion of each mRS score at 3 months
was also calculated. Any adverse events for patients in this study
were reported via their case report forms (CRF) to the sponsors. who
reported serious drug-related adverse reactions to MHLW.

All patients who were enrolled in this study underwent CT or MR1
before and within 36 hours after treatment as a general rule. Further
follow-up brain scans after that were optional; however, patients who
presented neurological deterioration underwent additional scan.
These scans were not reviewed centrally, sICH was defined as any
intracranial hemorrhage with a neurological deterioration of NTHSS
score =4 points from baseline, or from the lowest NIHSS score after
baseline to 24 hours, or the intracranial hemorrhage leading to death.
In addition, number of patients with sICH was stratified according to
number of enrolled patients per center. Functional independence
(mRS score, 0—1) was assessed at 3 months after stroke onset by
face-to-face or telephone interview with the patient or the patient’s
caregiver, or by letter reply form. Intracranial hemorrhage rates were
calculated from any CT or MRI within 36 hours after alteplase
treatment. and also from any additional scans.

Statistical Analysis

The proportion and 95% CI of patients with sICH, favorable
outcome, and mortality rate were calculated. We used the statistical
approach to calculate the upper and lower limits of the CI. Bar charts
of proportions of patients were made to compare with the corre-
sponding proportions of the NINDS study,' the J-ACT,? the SITS-
MOST.! the Standard Treatment with Alteplase to Reverse Stroke
study (STARS),'? and the Canadian Alteplase for Stroke Effective-
ness Study (CASES).% All analyses were performed with SAS
version 9.1.3.

Results

According to the logistics research, 8313 patients with acute

ischemic stroke at 1100 centers were treated with intravenous
alieplase from October 2005 to October 2007 all over Japan,
and a total of 7692 patients from 959 centers were registered
in J-MARS. However, 200 patients from 83 centers (2.6%:
200/7692) whose CRF were not collected because of nonful-
fillment by the investigators were excluded. Finally, 7492
patients (90%; 7492/8313) with CRF from 942 centers (86%;
942/1100) were enrolled in the safety analysis (Figure 1). The
proportion of patients with sICH, prestroke independence
(mRS score, 0-1), and functional outcomes at 3 months were
obtained from the CRF. The overall mortality rate was
estimated from the fatal records in the CRF. The median
participated time in the registry for these 942 centers was 17.9
months. Table 1 shows baseline characteristics in 7492
patients, including risk factors, presence of concomitant
disease, degree of neurological severity, and blood pressure
in J-MARS in comparison with SITS-MOST. Table | also
shows stroke subtypes of the subjects and median time from
stroke onset to alteplase treatment in both studies.

Table 2 demonstrates the rates of adverse events, drug-
related adverse reactions, intracranial hemorrhages confirmed
by brain scans, and overall mortality in 7492 patients. The
proportion of patients with sICH was 3.5% (259/7492; 95%
CI, 3.1%-3.9%) within 36 hours and 4.4% (329/7492; 3.9%-
4.9%) at 3 months. The overall mortality rate within 3 months
was 13.1% (985/7492; 12.4%—13.9%) and the proportion of
patients with fatal SICH was 0.9% (70/7492; 0.7%-1.2%).
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Number of treated patients with alteplase for 2 years after
its approval for ischemic stroke n=8313 (1100 centers)

l

Number of registered patients

n=7692 (959 centers)

Excluded n=200
CRF were not collected

Number of enrolled patients with the CRF
(Safety analysis) n=7482 (842 centers)

Excluded n=758
Pre-stroke independence {mRS 0-1)
were not documented in the CRF

Cases confirmed pre-stroke independence {mRS 0-1)
=6734

Excluded n=1790
Functional outcomes (mRS) at 3 months
were not available

mR$S confirmed at 3 months and death within 3 months
(Efficacy analysis) n=4844~

Figure 1. Flow chart showing the disposition of patients. *Of
4944 patients, modified Rankin Scale (mRS) scores at 3 months
for 4060 patients were documented in their case report forms,
and those of 884 patients were confirmed by attending physi-
cians and records at hospital discharge.

Regarding neurological outcome in J-MARS, the median
NIHSS score was 15 (interquartile range, 9-20) at baseline
and 10 (interquartile range, 4-18) at 24 hours from starting
therapy. Of the total 7492 patients, 758 patients had no

Table 1. Baseline Characteristics of Patients Analyzed in
J-MARS and SITS-MOST
J-MARS SITS-MOST
(n=7492) (n==6483)

Age, ¥ 72 (65~-79) 68 {59-75)
Gender, female 2836 (37.9%) 2581 (35.8%)
Prestroke independence, 6734 (89.9%)  5899/6337 (93.1%)
mRS score 01
Concomitant disease

Hypertension 3852 (51.4%)  3710/6318 (58.7%)

Diabetes mellitus 1272 (17.0%) 1020/6374 {16.0%)

Atrial fibrillation 3331 (44.5%) 1507/8306 (23.9%)

Heart failure 679 (3.1%) 467/6339 (7.5%)
Previous stroke 1373 (18.3%) 643/6395 (10.1%)
NIHSS score 15 (8-20) 12 {8-17)
Systolic blood pressure, mm Hg 150 (136-164) 150 (137-166)
Diastolic blood pressure, mm Hg 81 (71-80) 81 (74-80)
Stroke subtype

Cardioembolic 4509 (60.2%) 2270 (35%)

Atherothrombotic 1838 (24.5%) 2279 (35.2%)"

Lacunar 316 (4.2%) 535 (8.3%)

Other/not differentiated 811 (10.8%) 1171 (18.1%)

Unknown 18 (0.2%) 228 (3.5%)
Stroke onset to treatment time, min 133 (110-160) 140 (115~165)

Data are median (interquartile range) or n (%).

*Large vessel disease with or other than substantial carotid stenosis.

J-MARS indicates Japan post-Marketing Alteplase Registration Study; mRS,
modified Rankin scale; SITS-MOST, Safe Implementation of Thrombolysis in
Stroke-Manitoring Study.

Table 2. N (%) of Patients With All Adverse Events,
Drug-Related Adverse Reactions, Intracranial Hemorrhage, and
Overall Mortality

Total N of Patients

Adverse events

Drug-related adverse reactions
Intracranial hemorrhages

7492
2412 {32.2%)
1627 (21.7%)
1217 {16.2%)

sICH
Within 36 hr 259 (3.5%)
At 3 mo 329 (4.4%)
Fatal SICH 70 (0.9%)
Overall mortality 985 (13.1%)

siCH, symptomatic intracranial hemorrhages.

documentation for prestroke independence (mRS score, 0-1)
in the CRF (Figure 1). In these 758 patients, prestroke
disability states of 741 patients were reported as mRS score 2
to 5, and those of remaining 17 patients were not mentioned.
They were included in the safety analysis but not in the
efficacy analysis, because favorable outcome was defined as
mRS score O to I in this study. Number of patients who
confirmed prestroke independence (mRS score, 0-1) was
6734. Follow-up data at 3 months were available for 4944 of
6734 patients whose prestroke independence was confirmed
(Figure 1); 1790 of 6734 patients were excluded from the
efficacy analysis because their mRS scores at 3 months were
not available. Functional outcomes at 3 months (9014 days)
were obtained in 4060 of 4944 patients (including virtually all
deceased cases within 3 months). For the other 884 patients
who were surviving at 3 months, their functional outcomes
were unavailable in the CRF, but their mRS score were
confirmed by attending physicians and records at hospital
discharge. The proportion of favorable outcome at 3 months
in I-MARS was 33.1% (1637/4944; 31.8%-34.4%). The
functional outcome estimated by mRS score at 3 months was
compared with data from relevant published studies in Figure 2.

The median NIHSS score at baseline was 15 for -MARS
(n=3576) and 12 for SITS-MOST (Figure 2). The proportion
of patients with NIHSS score =25 at baseline was 9.4%
(463/4944) in J-MARS. The proportion of patients with

* alteplase treatment initiated later than 3 hours after symptom

onset was 1.8% (91/4944).

In SITS-MOST, the subjects were restricted to those
between ages 18 and 80 years with an NIHSS score <25.1¢
The subgroup analysis with selected conditions such as those
of SITS-MOST showed that the proportion of favorable
outcome at 3 months was 39.0% (37.4%—40.6%) in -MARS
(n=3576) in comparison with 38.9% (37.7%-40.1%) in
SITS-MOST (Figure 3).

We stratified number of patients with sICH according to
number of enrolled patients per center (Figure 4). The
percentage of sICH for centers with a small enrolled number
(=4) was 6.0% (4.7%~7.7%), and those for centers with a
relatively larger enrolled number (20-29 and =30) were
3.2% (2.3%~4.4%) and 3.2% (2.4%—4.2%), respectively.

Discussion

The results from J-MARS suggested that 0.6 mg/kg intrave-
nous alteplase could be an effective treatment with satisfac-
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FMARS

( (n=4944)
SITS-MOST

(n=6136)

STARS 1
(n=389)

CASES
{n=1135)

FACT
(n=103)

NINDS t-PA
(n=168)

L NINDS placebo

Post-
marketing
Studies

Controlled
trials

(n=185)

Percentage of patients

tory safety profile when used in 4 3-hour time window in
routine clinical practice for the Japanese. For the first 2 years
after the approval of intravenous alteplase treatment in Japan,
most patients who received this treatment were registered in
J-MARS. The main aim of J-MARS was to confirm whether
the levels of safety recognized in published clinical studies
could be reproduced in routine clinical practice, especially
with regard to sICH.

In J-MARS. the proportion of patients with sICH was 4.4%
(3.9%—4.9%) at 3 months. The definitions of sICH have been
slightly different among published studies.!%!41713 These
differences could restrict any direct comparison of the results
from those studies. In SITS-MOST, the proportion of patients
with sICH was 7.3% (6.7%-7.9%) according to the National
Institute of Neurological Disorders and Stroke and Cochrane
review definition'®20 (defined as any hemorrhage plus any
neurological deterioration [NIHSS score =1] or that leads to
death within 7 days) and 4.6% (4.1%-5.1%) according to the
European Cooperative Acute Stroke Study (ECASS) defini-
tion2! (defined as any hemorrhage plus a neurological dete-
rioration of NIHSS score =4 points from baseline, or from
the lowest NIHSS score after baseline to 7 days or leading to
death).’¢ Our results showed that the proportions of patients
who had sICH in J-MARS and SITS-MOST were comparable

mRS score
4]
J-MARS
(n=3576) »
SITS-MOST 19
(n=6136)

Percentage of patients

Figure 3. modified Rankin Scale (mRS) score at 3 months in
subgroup restricted to patients between ages 18 and 80 years
with NIHSS score <25 in J-MARS in comparison with SITS-
MOST. The actual numbers of patients in each category for
J-MARS (n=3576). mRS score 0, 704; mRS score 1, 630; mRS
score 2, 466; mRS score 3, 344; mRS score 4, 598; mRS score
5, 363; mRS score 6, 411. Median ages: J-MARS, 69 years;
SITS-MOST, 68 years. Median of baseline NIHSS score:
J-MARS, 13; SITS-MOST, 12.

Thrombolysis With Alteplase for Stroke 1987

Basgline
Age*  NIHSS
(median)
71 15
68 12
Figure 2. modified Rankin Scale (mRS)
69 13 score at 3 months in J-MARS, other
postmarketing studies, and controlled
trials. "Data of J-MARS, SITS-MOST,
73 14 and CASES are medians. The other data
—_— are means. TThe mRS score at 30 days
74 15 in STARS.
69 14
86 15

when the ECASS definition was applied to those in SITS-
MOST (4.4% vs 4.6%).

In J-MARS, we stratified number of patients with sICH
according to number of enrolled patients from each partici-
pating center to investigate the correlation between the
experience and the safety with stroke thrombolysis. The
number of enrolled patients per center in I-MARS was small
corapared to that of SITS-MOST, but the percentage of sICH
in centers with a relatively large number (=20 cases) of
enrollment was lower than that in centers with relatively
small number (=19 cases) of enrollment (Figure 4). This
finding suggested that the experience of stroke thrombolysis
was one important factor for safe clinical practice.

The proportion of favorable outcome at 3 months in
J-MARS remained at 33.1%. which is nearly the same rate as
that seen in CASES, in which favorable outcome was 32%.18
The modest data collection rate of functional outcome eval-
uations at 3 months (4944/7492) seems to be an inevitable
limitation of this observational study and could be a possible
source of detection and exclusion biases. Although mRS
scores for surviving patients at 3 months were not always
reported in the CRF, virtually all fatal cases within 3 months
were identified in the fatal records in the CRF. Accordingly,
the proportion of mRS score 6 at-3 months (17% in Figure 2)

8.0
6.0

4.0

Percentage

2.0

0.0 ¢

5-8 10-18 20-29
Number of patients per center
Number of applicable

patients 1010 1639 2148 1116 1579
Number of appiicable

centers 452 244 162 a8 36

Number of ts

Sumber of patien 81 78 103 3 51

Figure 4. Percentage of symptomatic intracranial hemorrhage
according to enrolled number of patients per center.
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was seemingly higher than the overall mortality rate (13.1%
in Table 2). Certainly, mortality at 3 months in J-MARS was
higher than that in J-ACT (10% in Figure 2).° The median
NIHSS score at baseline was 15 in J-MARS, which is the
same value as in J-ACT (Figure 2). In J-ACT, patients with a
comatose state at baseline were excluded, and the highest
NIHSS score at baseline was actually 30. However, a con-
siderable number of patients with the severe baseline condi-
tion of NIHSS score >30 or with a comatose state were
included in I-MARS, and their outcomes were almost always
unfavorable.

In SITS-MOST, the proportion of favorable outcome at 3
months was 39%.!* Concerning the relatively higher favorable
outcome in SITS-MOST, it could be a contributing factor that
study recruitment was restricted to patients between ages 18 and
80 years with NIHSS score <25. In SITS-MOST, the median
age was 68 years (vs 72 years in J-MARS), and the median
NIHSS score was 12 (vs 15 in J-MARS).*# Thus, clinical
severity could be less severe in SITS-MOST. Consequently, we
tried the subgroup analysis of JI-MARS in patients between ages
18 and 80 years with an NIHSS score <25, which demonstrated
that the favorable outcome at 3 months was 39%, which is much
the same as that in SITS-MOST (39%; Figure 3).

Recently, the Stroke Acute Management with Urgent Risk-
factor Assessment and Improvement (SAMURAI) study was
conducted in 10 Japanese stroke centers with much experi-
ence in alteplase treatment from October 2005 to July 2008.22
Six hundred patients treated with 0.6 mg/kg intravenous
alteplase were enrolled in SAMURAI study and they were
partially overlapped with those in J-MARS. In SAMURAI
study, the proportion of favorable outcome at 3 months was
33.2% (29.5%-37.0%) of the total 600 patients and 37.2%
(33.2%—41.4%) when 65 patients with a prestroke mRS score
2 to 5 were excluded from the analysis. Analysis of 399
patients with a prestroke mRS score O to 1 who met the
criteria of SITS-MOST showed that the proportion of favor-
able outcome at 3 months was 40.6% (35.9%-45.5%).
Although SAMURAI study group was composed of stroke
centers with much experience in alteplase treatment, the
proportion of favorable outcome in SAMURAI study was not
so superior to that of the present study. The results of
J-MARS, the national postmarketing study in Japan, could be
positively ranked with those of SITS-MOST.

Conclusion
In conclusion, the result of J-MARS demonstrated that 0.6
mg/kg intravenous alteplase achieved low rates of sICH and
sufficient favorable outcome in clinical practice in Japan. In
addition, the results from J-ACT II showed that early recan-
alization of an occluded middle cerebral artery was generated
by 0.6 mg/kg intravenous alteplase and directly associated
with favorable clinical outcome.!? The results of these Japa-
nese studies suggest that thrombolysis with 0.6 mg/kg intra-
venous alteplase could be comparable to those with 0.9 mg/kg
alteplase used in North America and the European Union.
Hereafter, the safety and efficacy of thrombolysis with 0.6
mg/kg intravenous alteplase could contribute not only to
routine clinical practice but also to occasional combined

approach with thrombolysis and endovascular devises for
patients with acute ischemic stroke.
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