Fig. 3 Decreased volumes in schizophrenics (n = 47) as compared to controls (n = 76). Top: The SPM {t} is displayed in a standard format as
a maximum-intensity projection (MIP) viewed from the right, the back and the top of the brain. The anatomical space corresponds to
the aths of Talirach and Tournoux. Representation in stereotaxic space of regions with significant reduction of volume in schizophrenia
was demonstrated. Schizophrenics demonstrated a significant reduction of volumes in the multiple brain areas, such as the limbic and
paralimbic systems, neocortical areas and the subcortical regions. Middle: The SPM {t} is rendered onto T,-weighted MR images. Bottom: The
SPM {t} is displayed onto axial T |-weighted MR images. A significantly decreased volume of the amygdala-uncus, bilateral insular cortices,
ACC, temporal cortex and the left thalamus in schizophrenics was noted.

In the limbic and paralimbic systems, patients with schizo-
phrenia showed reduction of volumes in the parahippocam-
pal gyri, amygdala-uncus, insular cortices and the anterior
cingulate cortices (ACC). They also demonstrated reduced
volumes in the frontal and temporal association areas, dorsal
premotor areas and the left thalamus. In comparison with
controls, patients with schizophrenia showed significantly
increased volume in the CSF space such as lateral ventricle,
sylvian and the interhemispheric fissures but not in the grey
matter (Table 2 and Fig. 4).

Morphological changes associated with

the Vall 58Met polymorphism

(genotype effects)

In comparison with Met-COMT carriers, individuals homo-
zygous for the Val-COMT allele demonstrated a significant
reduction of volumes in the left ACC and the right middle
temporal gyrus (MTG) (Table 2 and Fig. 5). The hypothesis-
driven analysis demonstrated a genotype effect on volumes in
the bilateral DLPFC (right BA9, left BA8) at a lenient thresh-
old (uncorrected P = 0.05) (data are not shown), however,
no voxels could survive after the correction for multiple

comparisons (FDR < 0.05) within the ROL There were no
areas that individuals homozygous for the Val-COMT allele
demonstrated a significant increment of volume compared to
Met-COMT carriers.

Genotype—diagnosis interaction effects

We found significant genotype-diagnosis interaction effects
on brain morphology. The stronger effects of Val158Met
polymorphism on brain morphology in schizophrenia than
those in controls were noted in the left ACC and the left
amygdala-uncus (Table 2 and Fig. 6). The hypothesis-
driven analysis demonstrated a genotype-diagnosis interac-
tion effect on the volume of the right DLPFC (BA9/46) at a
lenient threshold (uncorrected P = 0.05) (data not shown),
however, no voxels could survive after the correction of mul-
tiple comparisons (FDR < 0.05) within the ROL

Effects of the Val58Met polymorphism
on brain morphology
Since genotype—disease interaction effects were found, we

estimated the effects of genotypes on brain morphology in
the control groups and the schizophrenic groups separately.



Fig. 4 Increased volumes in schizophrenics as compared to controls. Top: The SPM {t} is displayed in a standard format as a MIP, Patients
with schizophrenia showed a significantly increased volume of the CSF space. Bottom: The SPM {t} is displayed onto axial T,-weighted
MR images. A significantly increased volume of the CSF space such as the lateral ventricle, sylvian fissures and the Interhemisphrenic
fissure was noted.
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Fig. 5 The result of comparison between individuals homozygous for the Val-COMT allele (n = 57) and Met-COMT carriers (n = 66)

(genotype effects). Top: Representation in stereotaxic space of regions with significant reduction of volume in individuals homozygous for
the Val-COMT allele demonstrated. Bottom: The SPM (¢} is displayed onto axial T -weighted MR images. Individuals homozygous for the
Val-COMT allele demonstrated a significant reduction of volumes in the left ACC and right MTG as compared to Met-COMT carriers.

In the control group, we found no significant morphological
differences between individuals homozygous for the Val-
COMT allele and Met-COMT carriers. Even the hypothesis
driven analysis with a lenient statistical threshold (P < 0.05)
could not detect any significant morphological changes in the

DLPFC between the two groups. Contrary to the control
group, schizophrenics homozygous for the Val-COMT allele
showed a significant reduction of volumes in the left
amygdala-uncus, bilateral ACC, right MTG and the left thal-
amus when compared to the patients carrying the Met-COMT



Fig. 6 Results of genotype-diagnosis interaction effects on brain morphology. Top: The SPM {t} is displayed in a standard format as a MIP.
The stronger effects of Val| 58Met polymorphism on brain morphology in schizophrenia than those in controls were noted in the left ACC,
left parahippocampal gyrus and the amygdala-uncus. Bottom: The SPM {t} is displayed onto axial T -weighted MR images.

allele (Table 2, Fig. 7). The hypothesis-driven analysis demon-
strated a significantly decreased volume of the bilateral
DLPFC in schizophrenics homozygous for the Val-COMT
allele when compared to the Met-COMT schizophrenics at
a lenient threshold (uncorrected P = 0.05) (data not shown).
However, no voxels could survive after the correction for
multiple comparisons (FDR < 0.05) within the ROl There
are no significantly increased volumes in the schizophrenics
homozygous for the Val-COMT allele. All the results were
essentially unchanged even if all the left-handed subjects were
excluded in all analyses (data not shown).

Discussion

In this study, we found reduction of volumes in the limbic and
paralimbic systems, neocortical areas (prefrontal and tem-
poral cortices) and thalamus in patients with schizophrenia
when compared to control subjects. The schizophrenia
patients demonstrated a significant enlargement of CSF spaces
including the lateral and sylvian fissure, which could be inter-
preted as a result of impaired neurodevelopment and/or glo-
bal brain atrophy. These findings are concordant with
previous studies of MR morphometry of schizophrenia.
According to a recent review and meta-analyses of the
morphometry of schizophrenia, the consistent abnormalities
in schizophrenia are as follows; (i) ventricular enlargement
(lateral and third ventricles); (ii) medial temporal lobe
involvement; (iii) superior temporal gyrus involvement (iv)
parietal lobe involvement; and (v) subcortical brain region

involvement including the thalamus (Okubo et al, 2001;
Shenton et al, 2001; Davidson and Heinrichs, 2003). The
other regions observed in this study, such as the insula,
DLPFC and the ACC have also often been demonstrated as
abnormal areas in schizophrenia (Shenton et al, 2001;
Takahashi et al, 2004; Yamasue et al, 2004). Using the
TBM technique, we replicated the morphological abnormal-
ities observed in previous MR studies on schizophrenia, sug-
gesting that TBM was able to detect morphological changes
associated with this disease. As well as neuroimaging studies,
post-mortem studies have also reported morphological
abnormalities in schizophrenia, but not necessarily as
common neuropathological features. Regions including the
hippocampus, ACC, thalamus and the DLPFC are regularly
associated with abnormalities of cell size, cell number and
neuronal organization (Bogerts, 1993; Arnold and
Trojanowski, 1996; Selemon, 2001; Selemon and Lynn,
2002, 2003). Selemon et al. reported that schizophrenics
demonstrated abnormalities in overall and laminar neuronal
density in the DLPFC (Brodmann area 9) and suggested that
the DLPFC should be a particularly vulnerable target in the
disease process (Selemon 2001; Selemon and Lynn, 2002,
2003).

Importantly, our results suggest that some of the morpho-
logical changes in schizophrenia mentioned above are asso-
ciated with the Vall158Met polymorphism of the COMT gene.
In the schizophrenic group, the polymorphism was associated
with the volumes in the limbic and paralimbic systems, tem-
poral cortices and the left thalamus, whereas no morpholo-
gical changes related to the polymorphism were found in
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Fig. 7 The effects of the Vall 58Met polymorphism of the COMT gene on brain morphology in schizophrenics. The SPM {t} is displayed
onto axial T-weighted MR images. The schizophrenics homozygous for the Val-COMT allele (n = 19) showed a significant reduction of
volumes in the left parahippocampal gyrus, amygdala-uncus, ACC, left thalamus and the right MTG when compared to patients who carried
the Met-COMT allele (n = 28),

normal individuals. As a consequence, significant genotype-
diagnosis interaction effects were found in the left ACC and
the amygdala-uncus. These results indicate that the Vall158-
Met polymorphism of the COMT gene is strongly associated
with morphological changes in schizophrenia, particularly
those in the limbic and paralimbic systems. Longitudinal
MRI studies of schizophrenia strongly suggest that progressive
changes should occur after onset of the illness (Okubo et al,
2001; Ho et al., 2003). Recent studies have demonstrated that
antipsychotic drugs, particularly haloperidol, have consider-
able effects on brain morphology (Arango et al, 2003;
Lieberman, 2005; Dorph et al., 2005). Because of the long
duration of illness and medication taken by our subjects, the
effects of antipsychotics may be a possible confounding factor
for our findings. However, the duration of medication and the
dose of antipsychotics taken by the Val/Val-COMT schizo-
phrenics did not differ from those of the Met-COMT schizo-
phrenics. Although the effects of antipsychotics on brain
morphology may contribute to the observed morphological
changes in patients with schizophrenia in this study, it is
unlikely that the effects of antipsychotics contributed to mor-
phological differences between the two schizophrenic groups.

When we were preparing this manuscript, another study
demonstrated no genotype and genotype-diagnosis interac-
tion effects of the Vall158Met polymorphism on morphology
of the frontal lobe in controls and schizophrenia (Ho et al.,

2005). Although there are differences between the two studies,
such as mean ages of subjects, duration of illness, methods for
image analysis and a racial factor (Caucasians versus Japan-
ese), that study also demonstrated no genotype and genotype-
diagnosis interaction effects on morphology of the DLPFC,
However, we found these effects on DLPFC morphology at a
very lenient statistical threshold. Further studies with a larger
sample will clarify whether Vall58Met polymorphism does
affect DLPFC morphology. As well as prefrontal morphology,
we found no significant genotype or genotype-diagnosis inter-
action effects on working memory, however, schizophrenics
homozygous for the Val-COMT allele tended to have poorer
performances on working memory measures, compared to
Met-COMT carriers with schizophrenia. Although there
were no significant effects of Vall58Met polymorphism on
working memory and other neuropsychological measures, a
significant effect of the polymorphism was noted in brain
morphology. The brain morphology has been considered
to be useful as an intermediate phenotype in genetic research
in neuropsychiatric disorders (Baare et al., 2001; Durston
et al., 2005). Therefore, morphological changes might be
more sensitive to the effects of genotype than behavioural
measures such as the performance of working memory meas-
ures. In a previous study (Ho et al, 2005) a similar
phenomenon—no significant effect of Vall58Met poly-
morphism on working memory performance but significant
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effects on brain activities during a working memory
task—was found. Further studies with a larger sample size
are needed to clarify whether morphological changes are a
more sensitive marker of genotype effects than behavioural
MECasurcs.

Unexpectedly, we found effects of the polymorphism on the
ACC volume rather than the DLPFC which is crucial for
working memory. Since the ACC is associated with a variety
of cognitive tasks involving mental efforts, and also plays
important roles in working memory (Paus et al, 2001;
Kondo et al, 2004), it is feasible that the Val158Met poly-
morphism may be associated with the ACC morphology. In
fact, a previous study demonstrated that the Val-COMT allele
was associated with abnormal ACC function as well as abnor-
mal prefrontal cortical function, relative to the Met-COMT
allele, as measured by cognitive tests and fMRI activation in
normal subjects (Egan et al., 2001).

One would argue that the effects of one polymorphism of
the gene could not explain the morphological changes in
schizophrenia. As well as the effects of the Vall58Met poly-
morphism, we agree that other polymorphisms of schizophre-
nia susceptibility genes and genotype-genotype interaction
may relate to individual brain morphology. Such interactions
might contribute to the different effects of the Vall58Met
polymorphism on brain morphology observed in this
study. Further studies of each effect and interaction of several
schizophrenia susceptibility genes on brain morphology,
brain functions and performances of neuropsychological
tests should be conducted to clarify how polymorphisms of
these genes affect intermediate phenotypes of schizophrenia.

In conclusion, we found an association between the
Val158Met polymorphism and morphological abnormalities
in schizophrenia. Although the underlying mechanisms of our
observation remain to be clarified, our data indicate that brain
morphology as an intermediate phenotype should be useful
for investigating how genotypes affect endophenotypes of
schizophrenia.
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Estimation of oxygen metabolism in a rat model
of permanent ischemia using positron emission
tomography with injectable’*0-0,
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The threshold of cerebral blood flow (CBF) into infarction in rats has been indicated to be similar to
that in patients. However, CBF does not reflect metabolic function, and so estimations of oxygen
metabolism have been required. Here, we estimated changes in oxygen metabolism after occluding
the right middle cerebral artery (MCA) in rats using an injectable '*0-O, we developed. A decrease in
CBF (left: 0.67+0.22 mL/min/g, right: 0.44+0.17 mL/min/g, P<0.05) and compensatory increase in the
oxygen extraction fraction (OEF) (left: 0.42:0.13, right: 0.50+0.19, P<0.05) were observed at 1-h
after occlusion. In contrast, a marked decrease in CBF and the cerebral metabolic rate for oxygen
and a collapse of the compensatory OEF mechanism were found at 24 h after occlusion. Injectable
150-0, could be used to reliably estimate oxygen metabolism in an infarction rat model with positron

emission tomography.
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Introduction

Stroke is closely related to alterations in cerebral
blood flow (CBF), the cerebral metabolic rate for
oxygen (CMRO,), the oxygen extraction fraction
(OEF), cerebral blood volume, and so on while some
neurodegenerative disorders such as Alzheimer's
disease and Parkinson’s disease are also reported to
induce a change in CBF (Derejko et al, 2001; Mori,
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2002) because of tissue degradation. Therefore,
estimation of these circulatory and metabolic para-
meters is important for both pathophysiological
studies and the development or evaluation of new
methods for treating stroke.

Studies on changes in parameters of cerebral
circulation after the onset of stroke have been
performed in several animal models (Belayev et al,
1997; Ginsberg, 2003; Heiss et al, 1997, 1994;
Pappata et al, 1993; Takamatsu et al, 2000; Tenjin
et al, 1992; Young et al, 1996; Zhao et al, 1997) and
patients (Baron, 2001; Heiss et al, 2001). In the
studies using larger animals, CBF, OEF and CMRO,
were estimated after the onset of ischemia by
positron emission tomography (PET) with *O-H,0
and *0-0, gas and used as predictors for the
progression of brain infarction. These reports in-
dicated that areas showing a decrease in CBF and
compensatory increase in OEF in the early phase of
stroke were vital several hours after the onset. Also,
in studies with rats as an animal model of ischemia,
CBF was certainly indicated to be a good predictor
for infarction in comparison with the results for
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patients (Belayev et al, 1997; Ginsberg, 2003; Zhao et
al, 1997). However, CBF does not reflect cell energy
metabolism and so measurements of oxygen meta-
bolism are required to accurately estimate tissue
viability. Additionally, since that there are func-
tional differences between rodents and humans
(Walovitch et al, 1994), careful evaluation is needed
when using rats to investigate the pathophysiology
and progression of human stroke. On these bases, we
adopted MCA occluded rats, widely used ischemia
model (Kuge et al, 1995; Longa et al, 1989;
Minematsu ef al, 1992), and evaluated the changes
in CBF, OEF and CMRO,; after the onset of stroke
with PET.

On the other hand we recently developed a
method of measuring regional OEF in the rat brain
noninvasively using PET (Magata ef al, 2003). Here,
we designed experiments to estimate CBF, OEF and
CMRO; by PET in the early and late phases of a
permanent ischemia in rats.

Materials and methods
Animals

Male Sprague-Dawley rals (250 to 310g) supplied by
Japan SLC Co. (Hamamatsu, Japan) were housed for 1
week under a 12-h light/12-h dark cycle and given free
access to food and water. The animal experiments in this
study were conducted in accordance with institutional
guidelines and approved by the Kyoto University Animal
Care Committee,

Preparation of **O-Labeled Compounds

The production of **0-H.O and injection of *0-oxygen
(injectable '"0-0,) were conducted as reported previously
(Magata et al, 2003). Briefly, **0-H,0 was synthesized by
the reduction of **0-0, with H, gas (catalyzed by Pd black
al 140°C) and trapped in a saline solution. As for
injectable '*0-0,, part of an infusion line kit (Terumo
Corporation, Tokyo, Japan) used as a blood reservoir and
an artificial lung 18 cm in length (Senko Medical Instru-
ment Mfg Co. Ltd, Tokyo, Japan) designed for small
animals such as rats were connected to a peristaltic pump
(EYELA roller pump RP-1000, Tokyo Rikakikai Co. Ltd,
Tokyo, Japan) to make a closed system. Then, 18 to 20mL
of blood was collected from several rats and filtered with
saline-wetted gauze. The blood was circulated (100 mL/
min) in the system and '*0-0, gas (4100 to 5100 MBq/min/
500ml) was introduced into the artificial lung to prepare
injectable "*0-0, (51 to 90 MBq/ml).

Animal Preparation

Rats were divided into two groups. One was for the early
phase PET experiment (n=7, 1h after the onset of
occlusion) and the other was for the late phase experiment
(n=6, 24h after the onset of occlusion). The rats were
starved for 6 h before the operation and anesthetized with
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chloral hydrate (i.p. 400 mg/kg). For the early phase group,
anesthesia was sustained throughout the experiment. The
left femoral artery in each rat was catheterized using a PE
20 catheter (i.d. 0.5mm, o.d. 0.8mm) for blood sampling
during PET study. Then, the right middle cerebral artery
(MCA) was occluded intraluminally using a nylon 4-0
monofilament (Kuge et al, 1995; Longa el al, 1989;
Minematsu et al, 1992). For the late phase group, each
ral was aroused from anesthesia after the right MCA
occlusion and then anesthetized for the catheterization of
the left femoral artery and PET experiments, After the
completion of the operation, rats were administered i.v.
with 1001U of heparin. The animal was placed supine in a
stereotaxic apparatus, and its head was restrained by
mouth and ear bars. After the acquisition of a blank scan
for 180 mins, the apparatus was placed in a PET camera
(SHR-7700L, Hamamatsu Photonics, Hamamatsu, Japan)
(Watanabe et al, 1997). The position was standardized
with the aid of a laser beam, and the desired cranial
position in the camera was oriented. Rectal temperature
was maintained at around 37 °C with the aid of heating
pads and blood gases were measured using a blood gas
analyzer (Rapidlab 348, Chiron Diagnostics Ltd, Essex,
England) several times during the experiment. After the
PET experiments, 2,35-triphenyltetrazolium chloride
(TTC) staining was performed in some cases for evaluating
the progression of stroke.

Positron Emission Tomography Experiments

A transmission scan was performed for 30mins for
attenuation correction following the blank scan. Then, a
dynamic PET scan was performed using **O-H,O (i.v., 148
to 185MBq) to measure CBF values 1h or 24h after the
initiation of MCA occlusion. A second PET scan was
performed with the administration of injectable *0-0,
(i.v., 74 to 148 MBq) over a 60-secs period to measure OEF
values after the radioactivity of "O-H,O had decayed in
the body. In both cases, the total scan acquisition period
was 120secs and the scan consisted of 12 x 10-second
frames. Arterial blood sampling was performed continu-
ously throughout the PET scans and blood centrifugation
was also performed for measuring the plasma concentra-
tion of **0 radioactivity. The radioactivity of each sample
was measured with an Nal well scintillation counter
(Packard AutoGamma 500, Packard Instruments, Meriden,
CT, USA) calibrated using a **Na standard radioactive
source.

Data Analysis

Positron emission tomography images were obtained as
described previously (Magata et al, 2003). The rat brain
was visualized in four consecutive coronal slices. Then,
two regions of interest (ROIs) in each slice, right and left
hemispheres, were visually chosen according to the
magnetic resonance images obtained previously in the
another study using 1.5T MRIL Activity in ROIs was
calibrated using a cross calibration factor calculated in



another phantom study with a 10-cm-diameter hollow
phantom.

The CBF value in each ROI was calculated by
numerically solving the equation (1) as reparted pre-
viously (Temma et al, 2004).

A(t) = wa(!] « g U/peipt )

where the asterisk denotes the convolution integral and
other marks are the tissue concentration of '"O radio-
activity (R(t)), a typical example of that in the lale phase
experiment is presented in Figure 1, CBF (f), the arterial
concentration of **O-water radioactivity (Aw(f)), partition
coefficient of water between the brain and blood (P=0.8)
and physical decay constant of **O (4).

Then, the OEF value was calculated using the same
equation (Eq. 2) as that applied to the bolus inhalation of
1"0-0, gas method (Mintun et al, 1984; Shidahara et al,
2002), which could be used with this pharmaceutical as
shown previously (Magata et al, 2003)
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Figure 1 Typical curves of 0 radioactivity obtained by the PET
scanning using (A) **0-H.0 and (B) injectable '*0-0, 24 h after
the right MCA occlusion.
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where the arterial concentration of **0-O, radioactivity
(Aqlf), cerebral blood volume (Vy=0.04 mL/g), the hema-
tocrit ratio between central and peripheral regions
(R=0.85) and the effective venous ratio in the brain
(V% =0.835) are used.

The CMRO; value was calculated using equation (3). In
this equation, Hb is gram hemoglobin/mL blood and %Sat
is percent saturation of O, (Shidahara et al, 2002).

_ (1.39xHbx %Sat)

CMRO,; = o xOEFxCBF (3)
Results
Injectable **0-0, Labeling

The shape of an artificial lung was modified to
increase **O labeling efficiency. Namely, the artifi-
cial lung used was three times longer (18 cm) than
the previous version while the density of plastic
fibers and diameter of the lung were unchanged
(Magata et al, 2003). In this system, 90 MBq/ml was
obtained at maximum.

Physiological Parameters

Blood gases were analyzed several times during the
experiment (Table 1). Although several parameters
were significantly changed, these changes were
slight and levels were not in the abnormal range.

Studies at 1 h After Onset

The relationships between CBF, OEF and CMRO, at
1 h after the occlusion are shown in scatter diagrams
(Figures 2 and 3). As revealed in Figure 2, in the
right hemisphere, a decrease in CBF and compensa-
tory increase in OEF were indicated in comparison
with the opposite side, inducing a good reciprocal
relationship as a whole. Also, the decrease in CBF in
the right hemisphere was not so marked. Figure 3
shows the relationship between CBF and CMRO..

Table 1 Arterial blood gas values before and after PET
experiments in MCA occlusion

1h 24h
Before After Before After
pH 7.32 (0.03) 7.33 (0.03) 7.36 (0.04) 7.35 (0.04)
PO, (mm Hg) 97.4(5.7) 1028 (10) 94.8(7.4) 1015 (4.3)"
PCO, (mm Hg) 44.3 (4.2) 39.8(34) 39.7(4.8) 36.9 (3.7)*
Het (%) 54.4 (4.8) 515(3.8)* 55(3.3) 535 (3.1)
0,Sat (%) 06,9 (0.4) ©7.2(0.8) 96.8(07) 974 (0.3)*
Hb (g/dl) 18.5 (1.68) 175 (1.3)* 18.7 (1.2) 18.2 (1.0)
Statistical differences in each physiological p ter bety before and
after PET experiments were determined using the Wilcoxon signed-rank test;

*P<0.05.
Values listed are means (s.d.).
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Figure 2 Scatter diagram of CBF (mL/min/g) and OEF values
1 h after the onset of MCA occlusion.
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Figure 3 Scatter diagram of CBF (mL/min/g) and CMRO, (mL/
min/100 g) values 1 h after the onset of MCA occlusion.

These two values also exhibit a good correlation, in
which the decrease in CMRO, in the right hemi-
sphere was not so marked.

Studies at 24 h After Onset

The relationships among parameters at 24 h after the
occlusion are shown in scatter diagrams (Figures 4
and 5). As shown in Figure 4, in the right hemi-
sphere, the decrease in CBF was more pronounced
than at 1h (Figure 2) and there was no compensatory
increase in OEF, resulting in a loss of the good
correlation between CBF and OEF. Figure 5 shows
the relationship between CBF and CMRO,. The right
hemisphere exhibited a marked decrease in CMRO,,.

Quantitative Values of Cerebral Blood Flow, Oxygen
Extraction Fraction and Cerebral Metabolic Rate for

Oxygen

Figure 6 and Table 2 show the averaged hemispheric
values of CBF, OEF and CMRO, at 1h (n=7) and
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Figure 4 Scatter diagram of CBF (mL/min/g) and OEF values
24 h after the onset of MCA occlusion.

10
e
S
% s} o
E of
E 4 m 0. L]
§ i o9
£ “@ A ® left
S ,| l’,ﬁ&ﬂa A right
ad
0 i 7 i ;
0 0.3 0.6 0.8 1.2
CBF (mUmin/g)

Figure 5 Scatter diagram of CBF (mL/min/g) and CMRO,
(mU/min/100 g) values 24 h after the onset of MCA occlusion.

24 h (n=6) after the onset of MCA occlusion. In the
right hemisphere at 1h, the decrease in CBF was not
so marked (0.44 +0.17 mL/min/g; P<0.05 compared
with the left side) and a compensatory increase in
OEF (0.5040.19; P<0.05 compared with the left
side) was observed, inducing a slight decrease in
CMRO; (4.5+1.1mL/min/100g; P<0.05 compared
with the left side). In contrast, at 24 h, there was a
marked decrease in CBF (0.26+0.07 mL/min/g,
P<0.05 compared with both the left side and at
1h) and no compensatory increase in OEF (0.49+
0.19; OEF in the left hemisphere was 0.51 +0.12, not
significant with each other), resulting in a large
decrease in CMRO, (2.9+0.8 mL/min/100g; P<0.05
compared with both the left side and at 1h).

Discussion

In our previous report (Magata et al, 2003), up to
72MBg/ml of injectable '*0-0, was obtained with



OEF

CBF (mUmin/g)

CMRO, (mUmin/100g)

Figure 6 The averaged hemispheric values of (A) CBF (mL/min/g), (B) OEF and (C) CMRO, (mL/min/100 g) obtained by PET 1
(n=7) and 24 h (n = 6) after the onset of MCA occlusion. Significant differences in each parameter (CBF, OEF, CMRO;) between the
left and right hemispheres at the same time point and between 1 h and 24 h on the same hemisphere were determined using the
Wilcoxon signed-rank test and the Mann-Whitney U-test, respectively; *P < 0.05, n.s. not significant.

Table 2 The averaged hemispheric values of CBF (ml/min/g), OEF and CMRO, (mL/min/100 g) obtained by PET 1(n=7)and 24

hours (n = 6) after the onset of MCA occlusion.

1h 24h
Left Right Laft Right
CBF (mL/min/g) 0.67 (0.22) 0.44 (0D.17)* 0.50 (0.08) 0.26 (0.07)*"
OEF 0.42 (0.13) 0.50 (0.19)* 0.51 (0.12) 0.49 (0.19)
CMRO; (mL/min/100g) 6.2 (1.3) 4.5 (1.1)* 6.2 (1.4) 2.9 (0.8)*'

Significant differences In each parameter (CBF, OEF, CMRO,) between the left and right hemispheres at the same time point and between 1 and 24 h on the

same hemisphere were d
means (s.d.).

an artificial lung (6 cm length) and about 10ml of
blood. In the present study, the artificial lung was
made three times longer to increase the labeling
efficiency. First, we used three small artificial lungs
connected in series to improve the labeling e[g-
ciency. In that system, more blood was needed for
summation of the dead volume of each lung, and,
the labeling efficiency, radioactivity per unit blood
volume, did not increase. Since the total activity in
the labeling system is constant if the radioactivity in
the supplied gas is constant, highly specific activity
of injectable °0-O, can be obtained when a small
amount of blood is used. Therefore, the ‘long’
artificial lung can increase the specific activity of
injectable **0-0, owing to the small dead volume.
Actually, with this new artificial lung and 18.6 ml of
blood, 90 MBq/ml of injectable **0-O, was obtained.

During the experiments, arterial blood gases were
analyzed several times (Table 1). At both 1 and 24 h,
significant changes were observed in two or three
parameters. At 1h, Het and Hb decreased after the
ex%eriment. indicating slight hemolytic anemia. At
24 h, pO,, pCO, and O,Sat changed during the PET

4 using the Wilcoxon signed-rank test (*P < 0.05) and the Mann-Whitney U-test (P < 0.05), respectively. Values listed are

scans. These values, especially pCO;, are known to
be closely related to the depth of anesthesia and so
might reflect a change in the condition of the animal
in PET studies. In any case, the changes of these
parameters were not so marked and they might not
affect the results of experiments.

At 1h after the onset of MCA occlusion, CBF
decreased slightly but significantly in the right
hemisphere in comparison with the left side; some
ROIs showed normal values and others showed low
values (Figure 2). The OEF increased in ROIs with
decreased CBF, but not in ROIs with normal CBF
(Figure 2). The results indicate that the metabolic
compensatory mechanism worked well at 1h after
MCAO. Cerebral metabolic rate for oxygen was also
kept in the area of low CBF (Figure 3), and a good
correlation between CBF and CMRO,; with a gentle
slope was obtained (Figure 3), suggesting that the
compensatory mechanism was working well at this
time point.

At 24 h after the onset of MCA occlusion, while all
ROIs in the right hemisphere showed severely
decreased CBF with small variation, OEF showed a
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large variation (Figure 4). In the relationship
between CBF and CMRO,, all ROIs in the right
hemisphere showed severely decreased CMRO,
(Figure 5). These results indicated that the compen-
satory mechanism at 1h after MCAO onset had
collapsed at 24h and the progression of ischemic
injury was severer than at 1h.

In Figure 6 and Table 2, quantitative values and
standard deviations of CBF, OEF and CMRO, are
summarized. In the right hemisphere, CBF de-
creased slightly at 1h and severely at 24h. Both
values were significantly low compared with the
opposite sides (P<0.05) at both time points and the
difference between the 24h was also significant
(P<0.05). In the left hemisphere, CBF showed a
little decrease but was not significant during 24 h
(P=0.0865). Since CMRO, expressed exactly the
same values at both time points, the decrease in CBF
might not mean a metabolic dysfunction but a
vascular disturbance at 24 h. Although blood vessels
in the left hemisphere should not be affected
directly in our MCAO operation, the progression of
the ischemic damage in the right hemisphere
included both the spreading of the ischemic core
and the disturbance of surrounding blood vessels so
that it is considered that the decrease in CBF on the
opposite side could have occurred. Furthermore,
CMRQO,; in the left hemisphere was close to the value
obtained previously in normal rats using '**Xe as a
CBF tracer and a surgical method for determining
OEF (6.3+0.3mL/min/100g) (Kozniewska and
Szczepanska-Sadowska, 1990). It underlined the
preceding discussion that the brain tissue in the
left hemisphere was not damaged at all during 24h
and the reason for the little decrease in CBF was
vascular disturbance,

In the right hemisphere, CMRO, decreased se-
verely during 24h in the same manner as CBF
(Figure 6, Table 2). Since these values did not
represent CMRO, in the ischemic core but just
vaﬁ,ues in the entire right hemisphere because of the
large size of ROIs, it is difficult to discuss the
progression of impairment. However, taken together
with the decreases in CBF in both hemispheres
during 24 h, the decrease in CMRO, might not mean
an ischemic core-specific progression of tissue
disturbance but a spreading of the ischemic damage
throughout the hemisphere. In fact, TTC staining
revealed no sign of disturbance at 1h but severe
disruption at 24 h in the right hemisphere,

Meanwhile, an obvious change of OEF was also
evident during 24 h (Figure 6, Table 2). The increase
in OEF in the right hemisphere compared with the
left side at 1h after the onset of MCAO (P<0.05)
showed that the metabolic compensatory mechan-
ism was working well. However, at 24 h, the OEF
was the same in both hemispheres (P=0.7532),
which indicates that the compensatory mechanism
did not function at 24 h after the onset. Therefore,
considering that the condition in the left hemi-
sphere at 1h was actually normal or stage I in the
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course of the ischemic disorder (Nemoto et al, 2004;
Powers, 1991), the right hemisphere at 1h might
include partly stage II and stage III (Figures 2 and 3;
CBF was normal or decreased, OEF increased and
CMRO, was normal or slightly decreased), the left
hemisphere at 24h might be expressed at stage II
(Figures 4 and 5; CBF decreased, OEF increased,
CMRO, was normal) and the right hemisphere at
24 h might include early and severe phases of stage
III (Figures 4 and 5; CBF decreased, OEF increased
or decreased and CMRO, strikingly decreased).

Conclusion

In this paper, we estimated the changes in CBF, OEF
and CMRO, after the onset of MCA occlusion in rats
by PET using injectable **0-O,. In the early phase
after occlusion, a decrease in CBF and compensatory
increase in OEF were shown, and in contrast, CBF
and CMRO, were severely decreased in the late
phase. This is the first report to indicate reliable
oxygen metabolism in a MCAO rat model using PET.
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Widespread Decrease of
Nicotinic Acetylcholine
Receptors in Parkinson’s

Disease
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Objective: Nicotinic acetylcholine receptors have close in-
teractions with the dopaminergic system and play critical
roles in cognitive function. The purpose of this study was
to compare these rec b living PD patients
and I:ulthy subjects. M Nicotinic acetylcholine re-
ceptors were imaged in 10 nondemented Parkinson's dis-
ease patients and 15 age-matched healthy subjects using a
single-photon  emission computed tomography ligand
['**1]5-iodo-3-[2(5)-2-azetidinylmethoxy] pyridine. Using
an arterial input function, we measured the total distri-
bution volume (V; specific plus nondisplaceable), as well
as the delivery (K,). Results: Parkinson’s disease showed a
widespread significant decrease (approximately 10%) of
Vin both cortical and subcortical regions without a sig-
nificant change in K. Interpretation: These results indi-
cate the importance of extending the study to demented
patients.

Ann Neurol 2006;59:174-177

In addition to the well-documented loss of dopaminer-
gic neurons, a number of animal and clinical studies
have shown thar nicorinic acerylcholine receptors
(nAChRs) play critical roles in Parkinson’s discase
(PD). nAChR activation stimulates dopamine release
in the striatum,' and an agonist at nAChRs showed
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synergistic therapeutic effects with t-dopa in a monkey
model of PD.? Epidemiological studies showed that
cigarctte smoking prortects against PD.” Both animal
and human studies have shown that nAChR is one of
the central components in cognitive function,* and a
substantial number of PD patients become demented.
Finally, most postmortem studies showed widespread
decrease of nAChRs both in striatum and cerebral cor-
tices of PD pa(icnts.s'n However, as in most other
postmortem studies, many of these lacked critical clin-
ical informarion such as the presence of dementia and
a history of cigarette smoking. Therefore, it is crirical
to image nAChRs in living PD patients whose clinical
information is available to study changes and to ex-
plore possible therapeutic intervention at these recep-
tors. However, to our knowledge, such a study has not
been published.

Recently, 3-[2(5)-2-azetidinylmethoxy]pyridine (A-
85380) has been developed,” which has high affinity to
the predominant type of nAChRs in the brain com-
posed of oy and B, subunis.'® A few analogs of
A-85380, including ['*I]5-iodo-3-[2(5)-2-azetidinyl-
methoxy]pyridine (5-1-A-85380), have been radiola-
beled and used successfully in humans.'*"** An ex vivo
study in nonhuman primate has shown that radiola-
beled metabolites of ['**] 5-1-A-85380 do not cross
the blood-brain barrier."> 5-1-A-85380 labels several
B,-containing nAChRs, including o .- (the most
predominant nicotinic receptor in human brain),
a,PB,-, and a6B2-conmining subtypes.'

The purpose of this study was o perform a pilot
study of nAChR imaging using ['**1]5-1-A-85380 in
early o moderare stage PD parients.

Subjects and Methods

Subjects

The study was approved by Narional Institute of Neurolog-
ical Disorders and Stroke and National Instirute of Mental
Health institutional review boards. Patients were recruited
from Narional Insttute of Neurological Disorders and
Swroke clinics. Control subjects were healthy volunteers re-
cruited from community via advertisement who did not have
a history or signs of neurological disorders. After complete
description of the study to the subjects, written informed
consent was obtained. Sample demographics and dinical
characteristics are shown in Table 1. For all paricipants, the
absence of axial focal lesions was confirmed by a neuroradi-
ologist using noncontrast magnetic resonance imaging. All
patients and healthy subjects had not smoked cigarettes for at
least 5 years. None of the patients had used cholinergic or
anticholinergic medications within 60 days of the single-
photon emission computed tomography (SPECT) scan. On
the day of the SPECT scans, all parients continued dopami-
nergic medications including carbidopa/t-dopa. There was
no significant difference in age berween PD patients and
healthy subjects.

Published by Wiley-Liss, Inc., through Wiley Subscriprion Services
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Table 1. Sample Demographics and Clinical Characteristics

ication and concomitant medication might change plasma

Characteristics Healthy PD

N 15 10

Mean age (£SD), yr 59=%5 563

Sex, FIM 10/5 4/6

Cigarette smoking No No

Cholinergic medication No No

Dopaminergic medication No Yes

Mean [***1]5-1-A-85380 dose 48679 50675
(+5SD), MBq

Mean Hochn and Yahr staging 25204
(=SD)

Mean total Unified Parkinson's 46 = 5*
Disease Rating Scale score
(=SD)

Mean Mini-Mental Status Ex- =27
aminarion score

Mean Martis Dementia Rating 135 = 4°
Scale score (=5D)

"N =9"N=8

PD = Parkinson's discase; SD = standard deviari

Clinical Ratings

Movtor function was evaluated by Unified Parkinson's Dis-
case Rating Scale and Hochn and Yahr staging. Cognitive
function was measured with Mini-Mental Status Examina-
tion and Martis Dementia Rating Scale.

Single-Photon Emission Computed Tomography
['*])5-1-A-85380 was prepared as described previously.'?
SPECT data were acquired using a wiple-headed camera
with low gy, high-resolution, parallel hole collimarors
(Trionix XLT-20; Triad, Twlnsbur%, OH). Initially, a trans-
mission scan was obrained using a '**Gd line source. Subse-
quencly, ['**1]5-1-A-85380 was administered intravenously as
a bolus (injection dose: healthy, 486 + 79MBg; PD, 506 *
75MBq; no significant difference, with these and subsequent
data expressed as mean * standard deviarion). SPECT dara
were acquired at 0 to 40, 115 to 135, and 210 to 230 min-
utes. Arterial samples were obtained every 15 scconds for the
first 2 minutes and at 3, 4, 5, 10, 30, 80, 120, and 180
minutes.

Plasma Analysis
Plasma [**1]5-1-A-85380 concentration and the free fraction
(f;) were determined as described previously.'?

Image Analysis
SPECT projection data were reconstructed on a 64 X 64
mactrix with pixel size of 4.48 X 4.48 X 4.48mm in the x-,
, and z-axis, respectively, with correction for attenuation
and scattered radiation.'® Parametric images of the delivery
of the radioligand (K;) and rotal distribution volume (V)
were created using a multilinear algorithm'®'7 implemented
in PMOD 2.55 (http://www.pmod.com/technologies/index.
heml). Plasma free ['#*1]5-1-A-85380 levels were used to cal-
culate V instead of using plasma toral (free plus protein
bound) ['**1]5-I1-A-85380 because patients were taking med-

protein binding of ['“'I]5-1-A-85380. Parametric images
were spatially normalized to a standard anaromic orientation
(Montreal Neurological Institute space) based on K, images
and using Statistical Parametric Mapping version ‘02 (SPM2;
herp://www.filion.ucl.ac.uk/spm). Spatially normalized K,
and V images were smoothed with 10mm full-width ar half-
maximum. To confirm the magnitude of changes in V, we
obtained volume of interest data from brain regions in Mon-
treal Neurological Institute space listed on Table 2.

Statistical Analysis
SPM2'® was used for statistical analysis. Two-sample ¢ test
was applied to compare K, and V berween paticnts and
healthy subjects, and simple regression analysis was applied
to study the relationship between Vand clinical ratings. Gray
marter threshold was ser at 20% for V and 80% for K im-
ages, respectively. Because each pixel had a measured value of
K, or V, global normalization was not applied. No sphericity
correction was applied by assuming replication over groups.
False-discovery rate of p less than 0.05 and cluster-level cor-
rected p less than 0.05 were considered significant.

A two-sample ¢ test was applied to compare plasma free
fraction of ['**1]5-1-A-85380 berween groups.

Results

Patients were in the early to moderate stages of PD and
were not demented (see Table 1). Patients tended to
show lower f; values than healthy subjects (p = 0.09;
see Table 2).

An SPM 1 test showed a significant decrease of Vin
many brain regions with the greatest 7" value of 4.96
(Fig). The decrease measured by the volume of interest
was 15% in thalamus, whereas occipital and frontal
cortices showed only 3 and 5% decreases, respectively,
where many voxels did not reach significance. De-
creases in parietal and temporal cortices were 8 to 9%
(see Table 2). SPM did not detecr a significant increase
of Vin any brain region in patients. There was neither
a significant increase nor a decrease of K in any re-

Tuble 2. Plasma-Free Fraction and Total Distribution
Volume of ['*°1]5-1-A-85380

Measurements Healchy PD
Plasma-free fraction, % 48.1 4.4 453 x 3.1
Total distribution volume,
ml/em®
Thalamus 719 £ 135 61.2 * 10.7
Caudare 419 6.2 369 %43
Putamen 444 67 40256
Pons 433 = 8.1 39.0 = 8.1
Frontal cortex 249 %31 23731
Parietal cortex 269 £ 35 244+ 3.0
Temporal cortex 30.7 £ 3.9 28.1 = 4.0
Occipital cortex 27.1 36 263+ 4.2
um 33.8 * 6.2 292%x59*

*One paticnt was excluded whose cerebellum was parrially our of
field of view.
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Fig. Brain areas with a significant decrease of ['*'1]5-1-A-85380 distribution volume (V) in Parkinson’s disease patients detected
with a two-sample « test in Statistical Parametric Mapping version '02. Areas with a significant decrease are displayed in the glass
brain (left) and on transverse and coronal slices through thalamus of a magnetic resonance (MR) image of a control subject (mid-
dle). Corresponding MR images without superimposition are shown on the right. Highlighted areas showed p less than 0.05 false-
discovery rate, which was corrected for multiple comparisons. The area alio showed cluster-level corrected p less than 0.001. Color
bar shows T values with the maximum value of 4.96. Note that the glass brain view displays decreases in the entive brain superim-
posed to anteroposterior (top left) or top-bottom (bottom left) views, whereas the MR images with the superimposition display de-

creases on single slices.

gion. There was no significant regression between any
clinical rating scores and V.

Discussion

In this study, we detected a significant and widespread
decrease of nAChRs in early to moderately affected,
nondemented PD patients by applying accurate quan-
tification with the measurement of arterial infut func-
tion and the plasma free fraction (f;) of ['*’I]5-1-A-
85380 in each subject. Such measurements made the
outcome of imaging studies free from intersubject and
berween-group differences in the merabolism and the
protein binding of the imaging agent. Because patients
tended to show lower £ values, if rotal plasma parent
had been used instead of free ['*1]5-1-A-85380, the
decrease in V would have been overestimated. Further-
more, for accurate measurement, scatter correction'’
and a pixel-based modeling that minimizes noise-
induced biases'®"'” were applied.

There are three possible reasons that the decreases in
V detected in this study were smaller than those re-
ported at postmortem (>30% in most studies). First,
because there is no large region devoid of nAChRs, it
was nort possible to measure nondisplaceable radioactiv-
ity, which then could have been used to calculate spe-
cific binding of ['**1)5-1-A-85380. Because V is a sum-
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mation of specific and nondisplaceable distribution
volumes, a decrease of specific binding was underesti-
mared. Second, in this pilot study, only nondemenred
PD patients were enrolled, whereas postmortem studies
found larger decreases in nAChRs in demented pa-
tients.” Therefore, postmortem studies including de-
mented patients showed greater decreases in nAChR
than in this study. The lack of significant regression
between clinical ratings and V may also be explained
by a fairly uniform population of nondemented pa-
tents. Third, whereas B, . is measured in postmortem
studies, B, /K plus nondisplaceable activity is mea-
sured by in vive imaging studies including this one. If
there were a decrease in K, measured in vivo in addi-
tion 10 a decrease in B, a decrease in B, /K, would
not be as great as that in B, .. In fact, a postmortem
study reported a nonsignificant bur substantial 10 ro
40% decrease in K in both cortical and subcorrical
regions.®

There are a couple of factors that may confound in-
terpretation of the results of this study. All patients were
taking 1-dopa-contining medications. 1-Dopa treat-
ment significandy decreased in vitro ['*°1)5-1-A-85380
binding in the striatum, but not in cerebral cortex in
normal squirrel monkeys.'? However, in the same study,
1-dopa treatment did nor decrease ['*°1]5-1-A-85380
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binding in the same regions in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine—treated animals whose dopa-
minergic terminals were almost completely destroyed.
Therefore, the widespread decreases in nAChRs found
in this study are more likely to be the result of PD pa-
thology rthan 1-dopa treatment. Brain atrophy can cause
widespread decrease in nAChRs detected in SPECT.
However, a voxel-based morphometric study on nonde-
mented patients did not detect a widespread decrease in
gray matter volume.?® By taking together the factors de-
scribed earlier, nondemented patients with PD did show
a widespread decrease of B, /Ky in B,-containing
nAChRs both in cortices and subcortical regions. Be-
cause postmortem studies have shown greater decreases
in nAChRs in demented patients, it would be interesting
to extend the study to include such patients.

This study was supported by the NIH (Intramural Program,
2D1MH002796-04, R.B.1.).

We thank Dr C. Chen and the National Institutes of Health Nu-
clear Medicine Department for providing the SPECT camera for
this study; Drs C. Burger, P. Rudnicki, K. Mikolajczyk, M.
Grodzki, and M. Szabatin for providing PMOD 2.55; and A. Craw-
ley, J. Szczepanik, and M. Gillespie for subject recruitment.
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Monolayered mesenchymal stem cells repair scarred
myocardium after myocardial infarction

Yoshinori Miyahara' %, Noritoshi Nagaya'?, Masaharu Kataoka', Bobby Yanagawa', Koichi Tanaka’,
Hiroyuki Hao?, Kozo Ishmo Hideyuki Ishida®, Tatsuya Shimizu®, Kenji Kangawa®, Shunji Sano?,

Teruo Okano®, Soichiro K.tuunum"'r & Hidezo Mori®

Mesenchymal stem cells are multipotent cells that can
differentiate into cardiomyocytes and vascular endothelial cells.
Here we show, using cell sheet technology, that monolayered
mesenchymal stem cells have multipotent and self-propagating
properties after transplantation into infarcted rat hearts. We
cultured adipose tissue—derived mesenchymal stem cells
characterized by flow cytometry using temperature-responsive
culture dishes. Four weeks after coronary ligation, we
transplanted the monolayered mesenchymal stem cells onto the
scarred myocardium. After transplantation, the engrafted sheet
gradually grew to form a thick stratum that included newly
formed vessels, undifferentiated cells and few cardiomyocytes.
The mesenchymal stem cell sheet also acted through paracrine
pathways to trigger angiogenesis. Unlike a fibroblast cell sheet,
the monolayered mesenchymal stem cells reversed wall
thinning in the scar area and improved cardiac function in

rats with myocardial infarction. Thus, transplantation of
monolayered mesenchymal stem cells may be a new
therapeutic strategy for cardiac tissue regeneration.

Myocardial infarction, a main cause of heart failure, leads to loss of
cardiac tissue and impairment of left ventricular function. Therefore,
restoring the scarred myocardium is desirable for the treatment of
heart failure. Although needle injections of bone marrow cells into the
myocardium have been performed for cardiac regeneration'™, it is
difficult to reconstruct sufficient cardiac mass in the thinned scar area
after myocardial infarction.

Recently, our colleagues have developed cell sheets using tempera-
ture-responsive culture dishes®. These cell sheets allow for cell-to-cell
connections and maintain the presence of adhesion proteins because
enzymatic digestion is not needed”~'°. Therefore, cell sheet transplan-
tation may be a promising strategy for partial cardiac tissue recon-
struction. Skeletal myoblasts, fetal cardiomyocytes and embryonic
stem cells have been considered as candidates for an implantable cell

!Department of Regenerative Madicine and Tissue Engi Cardi

source! "%, Tt is difficult, however, to produce a multilayered con-
struct requiring a vascular network. Thus, autologous somatic stem
cells with self-propagating properties that can induce angiogenesis are
a desirable cell source for a transplantable sheet.

Mesenchymal stem cells (MSCs) are multipotent adult stem cells
that reside within the bone marrow microenvironment!#!%, MSCs can
differentiate not only into osteoblasts, chondrocytes, neurons and
skeletal muscle cells, but also into vascular endothelial cells'® and
cardiomyocytes'”2". In contrast to their hematopoietic counterparts,
MSCs are adherent and can expand in culture. Recently, MSCs have
been isolated from adipose tissue?'~24, which is typically abundant in
individuals with cardiovascular disease. Here, we investigated the
therapeutic p y of monolayered MSCs derived from adipose
tissue using cell sheet technology.

RESULTS

Characteristics of adipose tissue—derived MSCs

We isolated MSCs from subcutancous adipose tissue of male Sprague-
Dawley rats on the basis of the adherent properties of these cells. We
obtained 1.7 x 10° £ 0.2 x 10° cells from 1 g adipose tissue in a 12-h
culture. By day 4 of culture of the minced adipose tissue, spindle-
shaped adherent cells were apparent and formed symmetric colonies.
After approximately three to four passages, most adherent cells
expressed CD29 and CD90 (Supplementary Fig. 1 online). In
contrast, the majority of adherent cells were negative for CD34 and
CD45. They were also negative for CD31, a marker for vascular
endothelial cells, and negative for o smooth muscle actin (aSMA), a
marker for smooth muscle cells. A small fraction of adherent cells
expressed CD71, CD106 and CD117. These results were similar to
those from bone marrow-derived MSCs'*?%%* (Supplementary Fig. 1
online). Using previously described methods'®*226, we confirmed that
these adipose-derived adherent cells, like bone marrow—derived MSCs,
were multipotent, as judged by their ability to differentiate into
adipocytes, osteoblasts and vascular endothelial cells. Thus, we
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confirmed that the majority of adherent cells isolated from adipose
tissue were MSCs.

Preparation and transplantation of monolayered MSCs
We cultured adipose tissue-derived MSCs (5 x 10° cells) on tem-
perature-responsive dishes for 3 d until confluent. MSCs were
attached on the poly-N-isopropylacrylamide (PIPAAm)-grafted area
(24 x 24 mm; Fig. 1a,b). As the culture temperature was decreased
from 37 °C to 20 °C, MSCs detached spontancously and floated
up into the culture medium as a monolayer of M5Cs within 40 min
(Pig. 1c,d). As a control, we prepared dermal fibroblasts (DFBs) by the
skin explant technique”’. DFBs (8 x 10° cells) were cultured on the
temperature-responsive dishes, and monolayered DFBs were fabri-
cated as described above. The final cell counts for monolayered MSCs
and DFBs before transplantation were 9.4 + 0.6 x 10% and 8.6 + 0.6 x
10° cells, respectively (n = 6 each). To identify the thickness of
monolayered MSCs, we used green fluorescent protein (GFF)-expres-
@sing cell grafis derived from the GFP-transgenic Sprague-Dawley rats.
Immediately after detachment, cells became compacted, possibly
owing to cytoskeletal tensile reorganization, and the thickness of
monolayered MSCs and DFBs was approximately 3.5-fold greater
than the thickness before detachment (MSCs, 6.2 £ 0.3 to 215 £
0.8 um; DFBs, 6.5 + 0.4 to 22.4 + 1.1 um; Fig. le-h). MSCs on the
temperature-responsive dishes were positive for vimentin and slightly
positive for collagen type 1, whereas DFBs were positive for both
markers (Fig. 2a). We transferred detached monolayered MSCs above
the myocardial scar (Fig. 2b) and then attached them to the surface of
the anterior scar (Fig. 2c).

® 2006 Nature Publishing Group http://www.nature.com/naturemedicine

Secretion of angiogenic factors from monolayered MSCs

We measured secretion of angiogenic factors from MSCs 24 h after
monolayers had formed, equivalent to day 4 after initial cell seeding.
The monolayered MSCs secreted significantly larger amounts of
angiogenic and antiapoptotic factors such as vascular endothelial
growth factor (VEGF) and hepatocyte growth factor (HGF) than
did the monolayered DFBs (P < 0.01; Fig. 2d). The control medium
supplemented with 10% fetal calf serum contained less than 5 pg/ml
of VEGF or HGF. These results suggest that the paracrine effects of
monolayered MSCs on host myocardium are greater than those of
monolayered DFBs,

Figure 1 Preparation of monolayered M5Cs

(a) MSCs 2 d after seeding on a temperature-
responsive dish. (b) Cultured MSCs expanded

to confluence within the square area of the dish
by day 3. (¢) The monolayered MSCs detached
easily from the culture dish at 20 °C. (d) The
completely detached monolayerad MSCs were
identified as a 12 x 12 mm square shest.

(&—h) Cross-sectional analysis of GFP-expressing
monolayered MSCs and DFBs before detachment
(e and g. confocal images) and after detachment
{f and h, left and center, confocal images;

right, Masson trichrome). The thickness of

both monalayers was 3.5-fold greater than the
thickness before detachment, and constituent
cells were compacted, Scale bars in a—<,

100 um; ind, 5 mm; in e-h, 20 um

Engraftment and growth of monolayered
MSCs

To identify the transplanted cells in myocar-
dial sections, we used GFP-expressing cell
grafts derived from the GFP-transgenic Sprague-Dawley rats. We
grafted monolayered MSCs or DFBs onto the scar area of the anterior
wall (Fig. 3). Fluorescence microscopy showed that GFP-expressing
monolayered MSCs gradually grew in situ and developed into a thick
stratum, up to ~600 pm thick over the native ussue at
4 weeks (Fig. 3a—f). The engrafted MSC tissue tapered off toward
the healthy myocardium (Fig. 3d.e), although most of the mono-
layered MSCs were attached only to the scar area in the anterior wall
because of the large infarct. We rarely detected TUNEL-positive MSCs
in the sheet (< 19) 48 h after transplantation (Fig. 3g), implying that
cell viability in the sheet was maintained. In contrast, we frequently
detected TUNEL-positive cells (15% + 2%) in the DFB sheet, which
was observed as a thin layer above the scar. Subsequently, the DFB
sheet was undetectable 1 week later. Masson trichrome staining
showed increased thickness of the anterior wall and attenuation of
left ventricle enlargement after transplantation of monolayered
MSCs (Fig. 3h), although the infarct size did not differ significantly
among the untreated, DFB and MSC groups (Supplementary
Table 1 online).

Reconstruction of cardiac mass

After growth in situ, GFP-expressing MSC tissue contained a number
of mature vascular structures that had positive staining for von
Willebrand factor (vWF) and «SMA (Fig. 4a,b). A small fraction of
the MSC tissue had positive staining for cardiac troponin T and
desmin (Fig. 4c,d). On the other hand, a large proportion of the MSC
tissue was positive for vimentin, a marker for mesenchymal lineage
cells (Fig. 4e). The percentages of graft-derived cells that expressed
endothelial (vWF), smooth muscle (xSMA), cardiac (troponin T) and
mesenchymal (vimentin) markers were 12.2% + 0.6%, 5.0% + 0.3%,
5.3% + 0.3% and 57.8% + 2.2%, respectively. Notably, based on
expression of these markers, two-thirds of vascular endothelial cells,
four-fifths of smooth muscle cells and one-twentieth of cardiomyo-
cytes within the MSC tissue were GFP~ and hence were derived from
the host. The MSC tissue stained modestly for collagen type |
(Pig. 4f). Picrosirius red staining showed that collagen deposition
was found mainly in the extracellular matrix and the epicardial margin
of the MSC tissue (Fig. 4g). Excluding staining in blood vessels, the
MSC tissue was also negative for ¥SMA, a marker for myofibroblasts
(Fig. 4b). This phenotype was consistent with properties of MSCs
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before transplantation (Fig. 2a and Supplementary Fig. 1 online),
suggesting that the MSC tissue includes a number of undifferentiated
MSCs. Taken together, the grown MSC tissue was composed of newly
formed blood vessels, undifferentiated MSCs and few cardiomyocytes.

Fluorescence in situ hybridization analysis

We performed fluorescence in situ hybridization (FISH) to detect X
and Y chromosomes after sex-mismatched transplantation of mono-
layered MSCs. We transplanted GFP-expressing monolayered MSCs
derived from male rats to female Sprague-Dawley rats that had
suffered an infarct. Four weeks later, newly formed cardiomyocytes
that were positive for GFP had only one set of X and Y chromosomes,
whereas we detected two X chromosomes exclusively in GFP~ host-
derived cells (Fig. 4h). We counted the X and Y chromosomes in male
and female control rats and in the MSC sheet-transplanted rats
(Supplementary Table 2 online), and we did not detect extra copies
of the X or Y chromosome in grafi-derived GFP* cardiomyocytes.
When we compared the frequencies of the occurrence of zero, one,
two and more than two X chromosomes in the GFP* cardiomyocytes
with the frequencies in male control cardiomyocytes, the GFP*
cardiomyocytes did not show an increased proportion of X chromo-
somes (0.25 > P > 0.10, x? test).

Effects of monolayered MSCs on cardiac function

Heart failure developed 8 weeks after coronary ligation, as indicated by
an increase in left ventricle end-diastolic pressure (LVEDP) and
attenuation of maximum and minimum rate of change in left
ventricular pressure (dP/df). Autologous transplantation of mono-
layered MSCs, however, resulted in decreased LVEDP (Fig. 5a). Left
ventricle maximum and minimum dP/dt were significantly improved
in the MSC group (Fig. 5b,c). We did not observe these hemodynamic
improvements in the DFB group. The MSC group also had signifi-
cantly lower right ventricular weight and lung weight than the DFB
and untreated groups 4 weeks after transplantation (Supplementary
Table 1 online). These results suggest that transplantation of mono-
layered MSCs has beneficial hemodynamic effects in rats with chronic
heart failure.

TECHNICAL REPORTS

Figure 2 Characteristics of monolayered

MSCs. (a) Properties of constituent cells in the
monolayered grafts. Compared with DFBs (green),
MSCs (green) are positive for vimentin (red)

and slightly positive for collagen type 1 (red).

(b) Monolayered MSCs (in the dotted circle)
transferred to the Infarcted heart. (¢) Exdent of
monolayered MSCs 48 h after transplantation
(arrows). AW, anterlor wall; LV, left ventricle;

RV right ventricle; IVS, interventricular

septum. (d) Comparison of secretion of growth
factors between monolayered MSCs and DFBs.
**P < 0.01 versus DFBs. Scale bar in a, 20 pm;
inb, 5 mm; in ¢, 100 pm.

Echocardiographic analysis showed that
transplantation of monolayered MSCs signi-
ficantly increased diastolic thickness of the
infarcted anterior wall (Fig. 5d). Left ventricle
end-diastolic dimension at 8 weeks was sig-
nificantly smaller in the MSC group than in
the DFB and untreated groups (Fig. Se).
Transplantation of the monolayered MSCs
significantly increased left ventricle fractional
shortening (Fig. 5f). Left ventricle wall stress
in diastole was markedly lower in the MSC group than in the DFB and
untreated groups (Supplementary Table 3 online). Plasma atrial
natriuretic peptide (ANP) in the DFB and untreated groups was
markedly elevated 8 weeks after myocardial infarction (Fig. 5g).
Transplantation of the monolayered MSCs inhibited the increase in
plasma ANP.

HGF

Survival analysis

The Kaplan-Meier survival curve showed that 4-week survival after
coronary ligation did not differ significantly between the untreated
and MSC groups before transplantation (Fig. 5h). Notably, however,
no rats died after transplantation of monolayered MSCs. Therefore,
the survival rate after transplantation was markedly higher in the MSC
group than in the untreated group (4-week survival after transplanta-
tion was 100% for the MSC group versus 71% for the untreated
group, log-rank test, P < 0.05).

DISCUSSION

There are several advantages to monolayered MSC transplantation.
First, the self-propagating property of MSCs in situ leads to the
formation of a thick stratum on the surface of the scarred myocar-
dium. Second, the multipotency of MSCs and their ability to supply
angiogenic cytokines allows neovascularization in the MSC tissue.
Third, the reconstruction of thick myocardial tissue reduces left
ventricle wall stress and results in improvement of cardiac function
after myocardial infarction. Finally, a substantial part of the trans-
planted tissue is composed of undifferentiated MSCs, and it is
tempting to speculate that such cells may act against future progressive
left ventricle remodeling.

Cellular cardiomyoplasty using needle injections is emerging as a
treatment option for individuals with chronic heart failure, but it may
be limited by failure to regencrate cardiac mass. The cell sheet allows
for cell-to-cell connections owing to the lack a need for enzymatic
digestion®'°, Thus, the cell sheet has attracted considerable interest as
a tool for tissue engineering®®. Here, we used adipose tissuederived
MSCs as a cellular source for the cell sheet, which resulted in successful
autologous transplantation in heterogenic rats without immunological

NATURE MEDICINE VOLUME 12 T NUMBER 4 | APRIL 2006

461

-576-



