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for the health and function of the CNS (Hawkins and
Davis 2005; Zlokovic 2008). Pericytes are vascular
smooth muscle lineage cells that wrap around brain
microvascular endothelial cells and share the basal
membrane with endothelial cells. They are embedded
in the basal lamina, which is composed of collagen
type 1V, laminin, and other extracellular matrix
proteins (Farkas and Luiten 2001). There is hetero-
geneity in the relationship between pericytes and
endothelial cells in different tissues. The pericyte
coverage around microvessels is high in the brain
(Shepro and Morel 1993; Allt and Lawrenson 2001).
It is not clear why the brain requires vascular
coverage with a high density of pericytes. Recently,
pericytes have been found to augment BBB functions
in cultured brain endothelial cells (Dohgu et al. 2005;
Takata et al. 2007; Nakagawa et al. 2007). Although
pericytes play a fundamental role in stabilizing brain
capillary structure in vivo (Hellstrom et al. 2001),
little is known about the role of pericytes in BBB
functions in vivo.

Lipopolysaccharide (LPS), a major cell wall
component of gram-negative bacteria, is known to
be the main mediator of the high morbidity and
mortality rates in septic shock (Titheradge 1999).
Administration of high doses of LPS induces robust
inflammatory responses that can result in septic
shock. Sepsis is an acute systemic illness and a
serious disorder with high rates of mortality. Much is
known about the harmful effects of sepsis on
peripheral organs such as lung, heart, liver, and
kidney. However, the effects of sepsis on the brain
are less clear. Septic encephalopathy has been
reported 10 occur in the majority of septic patients
(Young et al. 1990). Substantial loss of neurons was
observed in the hippocampus of a rodent model of
sepsis, resulting in significant residual behavioral
deficits even after recovery from the sepsis (Semmler
et al. 2007). BBB dysfunction has been shown in a
rodent model of sepsis and in septic encephalopathy
in human patients (Clawson et al. 1966; Jeppson et al.
1981; Deng et al. 1995; Young et al. 1992). We
designed the present morphological study to exam-
ine the role of brain pericytes in the mediation of
BBB disruption in an LPS-induced model of sep-
tic encephalopathy in mice. We provide the first
evidence demonstrating that pericyte detachment
from the basal lamina and microglial activation
appear in parallel with cerebrovascular endothelial
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hyperpermeability in the hippocampus due to inflam-
matory responses to LPS.

Materials and Methods
Animals

Male ICR mice aged 8 weeks (Kyudo, Tosu, Japan)
were housed al a temperature of 22 + 2°C with a
12 h light/dark schedule (light on at 07:00 h) and
given water and rat chow ad libitum. All the proce-
dures involving experimental animals adhered to the
law (No. 105) and notification (No. 6) of the Japanese
Government, and were approved by the Laboratory
Animal Care and Use Committee of Fukuoka
University.

Animals were injected intraperitoneally with
20 mg/kg of bacterial lipopolysaccharide (Esche-
richia coli serotype 055:B5; SIGMA, St Louis,
MO) in sterile physiological saline. Control groups
received sterile physiological saline. The mortality
rates induced by LPS (20 mg/kg) were 0, 10, and
25% at 3, 6, and 24 h after injection, respectively.
The surviving mice at each time point were supplied
for the experiments.

Immunohistochemical Procedures

AL 1, 3,6, and 24 h after saline or LPS injection, mice
were anesthetized with sodium pentobarbital and then
transcardially perfused with 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The brains were
subsequently removed, postfixed overnight at 4°C in
4% paraformaldehyde, and cryoprotected at 4°C in
30% sucrose until they sank. The brains were frozen
in isopentane (—25°C) and stored at —80°C. Coronal
sections (10 pm thickness) of the hippocampus were
prepared on a cryostat (Leica CMI850, Leica
Microsystems Nussloch GmbH, Nussloch, Germany)
from approximately bregma —1.82 to —2.06 mm of
the Paxinos and Franklin mouse brain atlas (2001),
The sections were washed in tris-buffered saline
(TBS; pH 7.4) containing 0.2% Triton X-100 (0.2%
Triton-TBS), background was blocked with blocking
buffer (0.2% Triton—-TBS containing 1% bovine
serum albumin) at room temperature (RT), and then
the sections were incubated overnight with anti-Ibal
antibody (Wako Pure Chemical Industries, Osaka,
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Japan). Anti-Ibal antibody was visualized with the
DAKO EnVision® System-HRP (Dako North Amer-
ica Inc., Carpinteria, CA), counterstained with
hematoxylin. The number of microglia was counted
manually in three selected non-overlapping areas
(400 x 400 um?) of CA1, CA2 -3, and dentate gyrus
in the hippocampus. Three to five animals were used
at each time point, and the numbers obtained from
two to three sections were averaged in each animal.
For double staining of a-smooth muscle actin
(«SMA) (a marker for pericytes) and laminin
(a marker for the basal lamina), the sections were
washed in 0.2% Triton—-TBS. For antigen retrieval,
sections were heated for 15 min at 121°C in an
autoclave in 0.01 M sodium citrate (pH 6.0) and were
then kept at RT for 20 min. The sections were washed
in 0.2% Triton-TBS, background was blocked with
blocking buffer at RT, then the sections were incu-
bated overnight with mouse anti-aSMA antibody
(ASM-1, PROGEN Biotechnik GmbH, Heidelberg,
Germany) and rabbit anti-laminin antibody (SIGMA,
St. Louis, MO). After incubation with primary
antibodies, the sections were further incubated for
1 hat RT with Cy3-conjugated anti-rabbit IgG (1:500
dilution, Jackson ImmunoResearch, West Grove, PA)
and fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG (1:200 dilution, Jackson Immuno-
Research). To evaluate cerebrovascular permeability
at 24 h after LPS injection using double staining of
CD31 antibody (a marker for endothelial cells) and
fibrinogen, the sections were washed with 0.2%
Triton-TBS, and background was blocked with
blocking buffer at RT. The sections were incubated
overnight with rat anti-CD31 antibody (BD Biosci-
ences, San Jose, CA) and rabbit anti-fibrinogen
antibody (Dako, North America Inc.). After incuba-
tion with primary antibodies, the sections were further
incubated for 1 h at RT with Cy3-conjugated anti-rat
IgG (1:200 dilution, Jackson ImmunoResearch) and
FITC-conjugated anti-rabbit IgG (1:100 dilution,
Jackson ImmunoResearch). The sections were
mounted in the anti-fading medium VECTASHIELD
mounting medium with DAPI (VECTOR Laborato-
ries, Burlingame, CA), and then inspected using a
fluorescence microscope (KEYENCE BZ-8000,
KEYENCE Corporation, Osaka, Japan). Control sec-
tions were prepared by omission of primary antibodies
or by mismatching secondary antibodies. Either
method provided only weak non-specific staining.

Quantitative Measurements of Cerebrovascular
Endothelial Permeability

Two hundred microliters of sodium fluorescein (Na—F)
(Sigma) (6 mg/ml) was injected through the tail vein at
1, 3, 6, and 24 h after intraperitoneal injection of LPS
or saline. Mice were anesthetized and then perfused
with PBS 30 min after Na-F injection. The brains
were quickly removed. The hippocampus was dis-
sected and weighed. To assess fluorescence of Na-F,
the samples were homogenized in 0.5 M borate buffer
(pH 10) and centrifuged at 1,000x g for 15 min at 4°C.
The supernatant (150 pl) was mixed with 150 pl of
ethanol to precipitate proteins and then centrifuged
(15,000xg) for 20 min at 4°C. The fluorescence
concentration in the supernatant was determined by a
CytoFluor Series 4000 fluorescence multiwell plate
reader (PerSeptive Biosystems, Framingham, MA)
using a fluorescent filter pair [Ex(/) 485 + 10 nm;
Em(4) 530 4 12.5 nm]. The tissue content of Na~F
was quantified from linear standard curves for Na—F.

Statistical Analysis

Values are expressed as the mean + S.E.M. Statis-
tical analysis was performed using two-way analysis
of variance (ANOVA) followed by Bonferroni’s post
hoc test for multiple comparisons. The differences
between the means were considered to be significant
at P < 0.05.

Results
BBB Impairment after LPS Treatment

Cerebrovascular permeability was assessed by mea-
surement of Na—F content in the hippocampus of LPS-
treated mice. The accumulation of Na-F increased
with time after LPS injection (Fig. 1A). Two-way
ANOVA showed significant effects for the factors
treatment (Saline and LPS) [F(1, 31) = 30091,
P < 0.001], time [F(4, 31) = 12.42, P < 0.001], and
interaction (treatment x time) [F(4, 31) = 8971,
P < 0.001]. Bonferroni’s post hoc test indicated that
the accumulation of Na-F at 6 and 24 h after LPS
injection was significantly increased when compared
with samples that received saline injection at the same
time points. Endogenous fibrinogen extravasation was

@ Springer



32

Celi Mol Neurobiol (2009) 29:309-316

Fig. 1 BBB impairment in
the hippocampus ot LPS-
induced sepsis in mice. A
Time-course of Na-F
accumulation in the
hippocampus after saline or
LPS injection. Values are
the means + S.E.M.

(n = 3-5). #¥P < 0.01.

“P < 0.001. significantly
different from saline-treated
mice. B Double
immunofluorescence
staining of fibrinogen 0 y

>
N
n
J

Na-F (ng/mg)

O Saline

FekoK

(green) and CD31 (red) in 0 5
the hippocampus 24 h after
sialine or LPS injection.
Nuclei in the cells were
stained with DAPI (blue).
The enlarged photographs
in the bottom panel (a. b,
and ¢) represent the
corresponding area
indicated in the merged
images (Saline (1) and LPS
(b and ¢)). Arrows in the
bottom panel indicate
extravasation of fibrinogen.
Scale bars = 50 jum

Saline

LPS

evaluated in the hippocampus 24 h after LPS injection
(Fig. 1B). As shown in the bottom panels of Fig. 1B,
fibrinogen staining was clearly detected around micro-
vessels stained with anti-CD31 antibody in LPS-
treated mice (Fig. 1B (b, ¢)) but not in saline-treated
mice (Fig. IB (a)).

Microglial Activation after LPS Treatment

We investigaled morphological changes in microglia
stained with anti-Ibal antibody in the hippocampus
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after saline or LPS injection (Fig. 2A). Microglia in
non-treated mice and saline-treated mice were
observed with ramified thin processes and weak Ibal
staining, consistent with resting microglia (Fig. 2A (a,
f}). The morphology of microglia in LPS-treated mice
showed enlarged cytoplasm and cell bodies, irregular
shape, and intensified Ibal staining. This is character-
istic of activated microglia (Fig. 2A (b—e)). The
number of activated microglia increased with time
after LPS injection. These morphological changes in
microglia were not observed 1-24 h after saline
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Fig. 2 Microglial activation in the hippocampus of LPS-
induced sepsis in mice. A A series of photographs showing
microglia in the hippocampus were taken at 0 (before) (a), |
(b). 3 (¢). 6 (d), and 24 h (e) after LPS injection and 24 h after
saline injection (f). Brain sections were immunostained with
anti-Ibat antibody (an antibody specific to microglia). Scale
bars = 50 ym. B Time-course of the number of microglia in
the hippocampus in saline- or LPS-treated mice. The number of
[bal-positive microglia was averaged from three selected areas
in the hippocampus. Values are the means + SEM. (n = 3-
5). P <001, ¥**P < 0.001. significantly different from
saline-treated mice

injection. A representative photograph of the hippo-
campus obtained 24 h after saline injection is shown in
Fig. 2, panel A (f). As shown in Fig. 2B, the number of
Ibal-positive microglia increased with time after LPS
injection; this time-dependent increase was highly
correlated with the time-course of the increased Na-F
permeability (Fig. 1A). Two-way ANOVA showed
significant effects for the factors treatment (Saline and
LPS) [F(1,24) = 50.49, P < 0.001], time [F(4,24) =
14.38, P < 0.001], and interaction (treatment x time)
[F(4,24) = 11.77, P < 0.001] (Fig. 2B).

Structural Alterations in the Pericyte and Basal
Lamina Unit after LPS Treatment

We observed morphological changes in pericytes and
the basal lamina in the hippocampus of mice injected
with LPS or saline (Fig. 3). In saline-treated mice, the
whole pericyte was surrounded by basal lamina.
These circular pericytes are expected to be wrapped
around endothelial cells, although our immunohisto-
chemical procedures are incapable of detecting both
pericytes and endothelial cells in the same section.
This is characteristic of normal brain microvascular
structure (Fig. 3A, Saline). Morphological changes in
pericytes were not observed | and 3 h after LPS
injection. Six hours after injection, a broken part of
basal lamina and detachment of pericytes from the
basal lamina were detecled, as shown in panels A and
B (a, b) of Fig. 3. These changes were much apparent
24 h after LPS injection (Fig. 3A and B (¢, d)). In
LPS-treated mice, disorganization of the pericyte and
basal lamina unit appeared in paratlel with BBB
impairment (Fig. 1) and microglial
(Fig. 2).

activation

Discussion

In the present study of LPS-induced sepsis in mice,
cerebrovascular permeability to Na-F in the hippo-
campus increased with time from 1 to 24 h after LPS
injection (Fig. 1A). This BBB dysfunction was
supported by histochemical observations indicating
the apparent extravasation of endogenous fibrinogen
from microvessels (Fig. 1B). Microglia in the hippo-
campus were activated by LPS treatment, with the
time-course of activation being consistent with
increased cerebrovascular permeability (Fig. 2). An
impairment of the basal lamina and detachment of
pericytes from the basal lamina were detected in the
hippocampus of LPS-treated mice (Fig. 3). The
extent of these morphological changes in pericytes
and the basal lamina correlated with increased
microglial activation and increased cerebrovascular
permeability. These findings suggest that pericyte
detachment and microglial activation may be
involved in the mediation of BBB disruption due to
inflammatory responses to LPS.

Pericytes cover a major part of the abluminal
endothelial surface and make contact with capillary
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Fig. 3 Structural

disorganization in the A
pericyte and basal lamina
unit after LPS treatment.

A Double
immunofluorescence
staining of %-SMA (green)
and laminin (red) in the
hippocampus 24 h after
saline injection and 3. 6,
and 24 h after LPS
injection. Nuclei in the cells
were stained with DAPI
(blue). Boxed areas on the
merged image (Merged) are
enlarged in the fourth
column (Enlarged) in panel
A. Arrows show structural
disorganization of the
pericyte and basal lamina
unit. Scale bars = 20 pm.
B Three-dimensional
reconstruction of the
merged images are shown
in panel B, 6 (a and b) and
24 h (¢ and d) after LPS
injection. Image processing
and three-dimensional
images were assembled
using KEYENCE BZ-
Analyzer software, Each B
image is shown with a
BZ-Analyzer-assisted

orthogonal display.

Two orthogonal planes

(X-Z/Y-2Z) are shown

within the three-

dimensional images

Saline B

LPS 3h

LPS 6h §

LPS 24h

endothelial cells via gap junctions, adhesion plaques,
and peg-and-socket junctions (Rucker et al. 2000).
Pericytes are important for control of the growth
and migration of endothelial cells and contribute
to vascular stability (Ramsauer et al. 2002). Several
ligand—receptor systems including transforming
growth factor (TGF)-f/TGF-f receptor and platelet-
derived growth factor (PDGF)-B/PDGF receptor f§
(PDGFR-}) have been implicated in the regulation of
vascular stability through pericyte and endothelial
cell interactions (von Tell et al. 2006). We reported
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that continuous TGF-f production in brain pericytes
is attributed to pericyte-induced induction and up-
regulation of the BBB (Dohgu et al. 2005). On the
other hand, in PDGF-B- and PDGFR-f-deficient
mice, the primary cause of the phenotype was lack
of pericytes (Lindahl et al. 1997; Crosby et al. 1998).
These knockout mice showed various pathological
conditions accompanied by pericyte loss: endothelial
hyperplasia, increased capillary diameter, abnormal
vascular morphogenesis, changes in the cellular
distribution of certain junctional proteins, and
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morphological signs of increased endothelial perme-
ability (Hellstrom et al. 2001). Pericytes express toll-
like receptor-4 (TLR-4), which is up-regulated by
LPS (Edelman et al. 2006). Pericytes, when exposed
to LPS, produce proinflammatory cytokines through
TLR-4 and this is involved in the capillary leakage
observed in acute lung injury in sepsis (Edelman et al.
2007a; Edelman et al. 2007b). It is therefore likely
that LPS may cause pericyte detachment from the
basal famina by directly activating pericytes through
TLR-4. These findings support the present study
demonstrating that structural disorganization of the
pericyte and basal lamina unit is attributable 1o BBB
impairment in LPS-induced sepsis in mice. Receptors
on pericytes including TGF-f receptor, PDGFR-f,
and TLLR-4 may participate in this process.

In the human diabetic retina, pericyte loss is a
hallmark of early changes (Cogan et al. 1961).
Experimental hyperglycemia enhances detachment
ol retinal pericytes, leading to reduced pericyte
coverage of retinal capillaries and reduced inhibition
of endothelial proliferation (Hammes et al. 2002).
Brain pericyte detachment and migration from
vessels into the perivascular parenchyma are demon-
strated after brain ischemia or traumatic brain injury
(Dore-Duffy et al. 2000; Gonul et al. 2002; Melgar
et al. 2005). Pericytes regulate brain capillary blood
flow by contraction and relaxation (Peppiatt et al.
2006). Cerebral blood flow is decreased in patients
with septic encephalopathy (Maekawa et al. 1991).
Based on these findings concerning pericyte behavior
in pathological conditions, pericytes are highly likely
to play a key role in maintaining the physiological
functions of neurovascular units including the blood—
retinal barrier and BBB.

It has been shown that microglial activation is
increased in sepsis patients (Lemstra et al. 2007).
Activated microglia migrate to lesion foci and release
matrix metalloproteinases and cytokines. In particu-
lar, metalloproteinase release and activation cause
BBB impairment by degrading the basal lamina
(Gursoy-Ozdemir et al. 2004; Gurney et al. 2006).
BBB disruption provokes the immediate and focal
activation of microglia (Nimmerjahn et al. 2005). In
multiple sclerosis, BBB disruption permits the leak-
age of fibrinogen into brain, and then fibrinogen
activates microglia via the Mac-1 integrin receptor
(Adams et al. 2007). Together with this evidence, the
present findings suggest that microglial activation

induced by BBB impairment may facilitate disorga-
nization in the pericyte and basal lamina unit due to
proteolytic digestion of the basal lamina, leading to
aggravation of the BBB impairment.

In conclusion, we suggest that pericyte detachment
from the basal lamina and microglial activation could
mediate  BBB impairment due to inflammatory
responses in the damaged brain. Our findings high-
light brain pericytes as a key factor in modulating
functions of neurovascular units including the BBB.
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Brain pericytes are known to embrace the abluminal endothelial surfaces of cerebral microvessels. The
rich expression of contractile proteins in these cells suggests pericytal regulation of cerebral blood flow.
Here, we investigated the molecular mechanisms by which an endothelium-derived relaxing factor,
adrenomedullin, was able to induce the relaxation of rat primary cultured brain pericytes. Adrenomedutlin
increased the relative proportion of pericytes that were relaxed, as shown by an increased cell surface
area. A smaller fragment of adrenomedullin (adrenomedulliny;.s; ) blocked the adrenomedullin-induced
relaxation. Adrenomedullin increased intracellular cAMP concentrations and decreased the phosphoryla-
tion of myosin light chain (MLC). H89 (a PKA inhibitor) inhibited the adrenomedullin-induced increase in
the number of relaxed pericytes, and returned the level of phosphorylation of MLC to the control level. The

CAMP results of the present study suggest that adrenomedullin-induced relaxation of brain pericytes is related

Protein kinase A

to the reduced phosphorylation of MLC through cAMP/PKA.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Pericytes are located adjacent to the capillaries and share a common
basement membrane with endothelial cells. They are important for
the growth and migration of endothelial cells and the integrity of
microvascular capillaries [21,26]. Pericytes reside on the microvas-
culature where smooth muscle is lacking. In the brain, the capillary
wall is comprised of brain microvessel endothelial cells and brain
pericytes. Given their intimate association with vessels and their
morphology, it had been suggested that they may serve in a con-
tractile capacity similar to the smooth muscle cells of larger vessels
[22]. Because pericytes have abundant contractile filaments, such
as a-smooth muscle actin [1], the contraction of brain pericytes
has been postulated to regulate the cerebral microcirculation. In
fact, vasoactive compounds, such as acetylcholine, noradrenaline,
phenylephrine {18}, endothelin-1, and serotonin [9}, induced con-
traction of cultured brain pericytes. Recently, it was reported that
the brain capillary diameter was bidirectionally controlied by per-
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ences, Faculty of Pharmaceutical Sciences, Fukuoka University, 8-19-1 Nanakuma,
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icytes [20]. Thus, brain pericytes are assumed to regulate cerebral
blood flow in response to various vasoactive agents. Brain peri-
cytes possess the contractile proteins a-smooth muscle actin, a
muscle-specific form of actin [1}, and muscle-specific isoforms of
myosin [5], similar to the smooth muscle cells. Contraction and
relaxation of the smooth muscle are regulated by phosphoryla-
tion/dephosphorylation of Ser19 on the 20-kDa regulatory light
chain of myosin (MLC). Therefore, the dephosphorylation of MLC
might induce relaxation of brain pericytes as well as smooth muscle
cells.

Adrenomedullin has been established as an important secre-
tory product of the vascular endothelium, since the discovery that
adrenomedullin gene expression is 20-40-fold higher in endothe-
lial cells than in the adrenal medulla [24]. Adrenomedullin, a
peptide involved in cerebrovascular disease [16], induces increases
in cerebral blood flow [3]. Brain endothelial cells are a poten-
tial source of adrenomedullin in the brain [12]. Adrenomedullin
acts through a receptor component known as calcitonin receptor-
like receptor (CRLR), the activity of which is modified by specific
proteins known as receptor activity-modifying proteins (RAMPs).
When CRIR is coupled to RAMP-2 or RAMP-3, the receptor
binds predominantly to adrenomedullin [15]. Brain pericytes
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express adrenomedullin receptor components, which are poten-
tial targets of endothelial-derived adrenomeduilin [12]. A role
of adrenomedullin in contractile properties of pericytes rerains
unclear.

Here, we demonstrate that adrenomedullin induces relaxation
of rat brain pericytes and that this phenomenon is related to the
reduced phosphorylation of MLC through cAMP/protein kinase A
(PKA)-dependent mechanisms.

Adrenomedullin, adrenomedullings_s; and 8-(4-chloroph-
enylthio)-cyclic AMP were obtained from Sigma (St. Louis, MO,
USA). H89 and Ro 20-1724 were obtained from D. Western Ther-
apeutics Institute (Nagoya, Japan) and Calbiochem (San Diego,
CA), respectively. All remaining reagents of analytical grade were
purchased from Wako (Osaka, Japan), unless otherwise indicated.

Brain pericytes were isolated from 3-week-old Wistar rats,
according to the method of Hayashi et al. [6]. Briefly, cere-
bral cortices were minced and incubated with collagenase CLS2
(1 mg/mL; Worthington, Lakewood, NJ). After neurons and glial
cells were removed by centrifugation in 20% bovine serum
albumin (BSA)-DMEM, the pellets were further digested with
collagenase/dispase (1 mg/mL; Roche, Mannheim, Germany). The
microvessel clusters in the pellet were separated on a 33% Per-
coll gradient. The obtained brain microvessel fragments were
placed in uncoated culture flasks in DMEM supplemented with 20%
FBS (FBS-DMEM), 100 units/mL penicillin, and 100 ug/mL strep-
tomycin. After 7 days in culture, rat pericytes overgrew brain
endothelial cells and typically reached 80-90% confluency. Cells
at the second passage were used for experiments. All procedures
involving experimental animals adhered to the law (No. 105) and
notification (No.6) of the Japanese Government, and were approved
by the Laboratory Animal Care and Use Committee of Fukuoka Uni-
versity.

Rat brain pericytes (10,000 cells/cm?) were seeded onto center-
well organ culture dishes (1.77 cm in diameter, BD FALCON™, BD
Biosciences, NJ). After 1 day in culture, a dish was placed on the
stage of a light microscope equipped with a digital camera (BZ-
8000; KEYENCE, Osaka) at 37°C with a humidified atmosphere
of 5% C0O,/95% air. To initiate morphological observations, per-
icytes were incubated with 300 pl of 20% FBS-DMEM. After a
30-min period of pre-incubation, the medium was removed and
cells were exposed to 2% BSA in Krebs-Ringer buffer (118 mM
NaCl, 4.7 mM KCl, 2.6 mM CaCly, 1.2 mM MgCl,, 1.0 mM NaH;POy,
25 mM NaHCOs, and 11 mM bp-glucose, pH 7.4) containing various
testing reagents. The several placesin a dish were sequentially pho-
tographed before and 10, 20 and 30 min after exposure of cells to
various reagents. Morphological changes in pericytes were evalu-
ated by calculating the surface area of each cell using real-time 3D
analysis software accompanying the BZ-8000 system (KEYENCE).
Several places in a dish were selected at random,; then, approxi-
mately 40 pericytes in total obtained from the selected places were
monitored for calculation of cell surface area. Based on the changes
in cell surface area, we categorized the pericytes into three sub-
types as follows: (1) relaxed pericytes (RPs), defined as pericytes
showing a >10% increase in basal cell surface area in response to the
reagent; (2) contracted pericytes (CPs), defined as pericytes show-
ing a >10% decrease in basal cell area in response to the reagent;
and (3) unchanged pericytes (UPs), defined as pericytes showing
a <10% change in basal area in response to the reagent. Measure-
ment of cell surface areas was performed by three observers blind
to treatments. The intraobserver and interobserver variations for
measurement of cell surface areas were <5% in each experiment.
Results are expressed as the percentages of measured pericytes
from each dish that were classed as RPs, CPs and UPs,

Changes in the cellular cAMP concentrations of rat brain
pericytes (5.0 x 10% cells/cm?) after exposure to 1 and 10 M

adrenomedullin for 30min at 37°C were measured using an
enzyme immunoassay (CAMP Biotrak Enzyme Immunoassay Sys-
tem, GE Healthcare UK Ltd., Bucks., UK).

After treatment with vehicle (control), adrenomedullin (10 uM)
or adrenomedullin (10 wM) plus H89 (1 wM) for 30 min at 37°C,
brain pericytes were lysed in a buffer containing 60 mM n-octyl-
[3-p-glucopyranoside, 0.5% NP-40, 50 mM HEPES, 500 mM NaCl,
10% glycerol, 20 mM Na3VOg4, 50 mM NaF, 10 mM Na407P;-10H;0,
50 ng/mL phenyl-methylsulfonyl fluoride, phosphatase inhibitor
cocktail 1 (Sigma), phosphatase inhibitor cocktail 2 (Sigma) and
protease inhibitor cocktail (Sigma). The total protein concentra-
tion in cell lysates was determined using a BCA Protein assay Kit
(PIERCE, Rockford, IL). Equivalent amounts of each protein sample
were electrophoretically separated on 4-20% SDS-polyacrylamide
gels (Daiichi Pure Chemicals Co., Ltd.; Tokyo, Japan) and trans-
ferred to polyvinylidene difluoride membranes. Rabbit potyclonal
anti-phospho-Ser-19 of MLC, rabbit polyclonal anti-MLC or mouse
monoclonal GAPDH antibodies were used according to the manu-
facturer’s recommendations. The results were visualized using an
ECL Advance Western Blotting Detection Kit (GE Healthcare UK Ltd,
Bucks). Densitometric analysis was performed using a FluorChem
SP imaging system with AlphaEaseFC software (Alpha Innotech,
CA). The expression level of GAPDH was employed to normalize
that of MLC or p-MLC.

The percentages of the three response types among all celis
(RPs, CPs and UPs) were analyzed by the Kruskal-Wallis rank
test to assess the significant differences among groups. Compar-
isons between two treatment groups were performed using the
Mann-Whitney U-test. Other data are expressed as means with
S.E.M. The statistical significance of differences between groups
was assessed by one-way analysis of variance (ANOVA) for factorial
comparisons and by Tukey-Kramer’s test for multiple comparisons.
Differences were considered significant when P values were less
than 0.05.

To test whether adrenomedullin induces relaxation of the rat
brain pericytes, the effects of adrenomedullin on the percent-
age of three response types of brain pericytes (RPs, CPs and
UPs) were examined. In preliminary experiments, brain pericytes
showed no significant differences in the relative proportions of
RPs, CPs and UPs among batches obtained from separate cultures
(data not shown). Adrenomeduliin (10 wM) increased the rela-
tive proportion of RPs with time during the period 10-30min
after treatment (Fig. 1B). A 30-min exposure to adrenomedullin
(10 M) increased the relative proportion of RPs from 12.5% to
50%, although 1 wM adrenomedullin produced no effect (Fig. 1A).
There were no changes in the relative proportion of CPs after var-
ious treatments, Then, brain pericytes were treated with 10 pM
adrenomedullin for 30 min (Fig. 1C). When brain pericytes were
treated with adrenomedulling;_s2, an adrenomedullin receptor
antagonist, adrenomedullin (10 uM) failed to produce a signifi-
cant change in the relative proportions of the three response types
of brain pericytes (Fig. 1D). Adrenomedulliny;_sy (10 and 40 uM)
inhibited the adrenomedullin-induced increase in the relative pro-
portion of RPs.

Adrenomedullin {1 and 10 wM) increased cAMP levels over
those in control pericytes (75.2+10.5 and 136.5 £ 6.5 fmol/well,
respectively (n=3-4)) (Fig. 2A). When cells were exposed to 8-
(4-chlorophenylithio}-cyclic AMP (250 and 500 pM; a cAMP stable
analogue) and Ro 20-1724 (17.5 wM; a cAMP-specific phosphodi-
esterase IV inhibitor), the cAMP analogue increased the relative
proportion of RPs (Fig. 2B). Subsequently, we examined the effect of
H89 (a PKA-specific inhibitor) on adrenomedullin-induced relax-
ation of brain pericytes (Fig. 2C). H89 (0.1 and 1 M) inhibited
the adrenomedullin-induced increase in the relative proportion
of RPs.
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Fig. 1. (A) Percentages of three response types of brain pericytes exposed to adrenomedullin. (B) Time-course of the percentages of three response types of brain pericytes
during 10-30 min after addition of adrenomedullin (10 uM). RP, UP, and CP indicate relaxed, unchanged, and contracted pericytes, respectively. The numeral shown in
each column indicates the relative proportion of each response type of brain pericytes. (C) Representative morphological changes of brain pericytes just before (0 min) (a)
and 30 min after addition of adrenomedullin (10 pM) (b). (D) Percentages of three response types of brain pericytes exposed to adrenomedullin with adrenomedullings.s;.
*p<0.05, significant difference from control. #p < 0.05, significant difference from adrenomedullin treatment.

To test whether phosphorylation of MLC is involved in
adrenomedullin-induced relaxation of brain pericytes, we exam-
ined the effect of adrenomedullin on the phosphorylation of MLC
by Western blot analysis (Fig. 3). Adrenomedullin (10 wM) signifi-
cantly decreased p-MLC/MLC ratios in brain pericytes to 76.5 + 7.0%
of the control ratio. This decrease reversed to control levels in the
presence of H89 (1 wM). When pericytes were treated with H89
(1 wM), the ratio of p-MLC/total MLC was almost the same as that
in vehicle-treated cells (control) (104.0 £ 0.7% of control, n=3).

Accumulating evidence from studies using various methods
suggest that brain pericytes possess contractile properties and reg-
ulate cerebral microvascular blood flow in response to various
vasoactive agents [18,20]. However, the intraceliular machin-
ery involved in the regulation of contractile properties remains
obscure, whereas brain pericytes express contractile proteins sim-
ilar to smooth muscle cells {1]. To assess the contractility of brain
pericytes grown on culture dishes, we intended to establish a
new assay based on real-time morphological observation of the
alterations of cell surface area using a phase-contrast microscope
equipped with a CO, incubator. We confirmed that some brain per-
icytes extended their surface areas in response to adrenomedullin
(Fig. 1C). We also found that brain pericytes expressed MLC, and
that adrenomedullin reduced the levels of phosphorylated MLC.
These findings suggest a correlation between the changes in cell
surface area and the contractile properties.

Adrenomedullin receptors are coupled to adenylate cyclase and
their stimulation leads to a marked raise in cAMP levels, the second

messenger that mediates the cellular actions of adrenomedullin
{8,10]. We demonstrated that stimulation of brain pericytes with
adrenomedullin induced an increase in cAMP levels and that cAMP
had adrenomedullin-like effects on pericytes (Fig. 2A, B). Inhibition
of PKKA by H89 also reduced adrenomedullin-induced relaxation of
pericytes (Fig. 2C). These data provide evidence for the involve-
ment of cAMP-dependent PKA in mediating adrenomedullin-
induced relaxation of pericytes as the intracellular signaling
pathway.

The levels of phosphorylation of MLC at Ser-19 primarily
determine contraction and relaxation in smooth muscle, MLC phos-
phorylation promotes smooth muscle contraction, whereas p-MLC
dephosphorylation results in muscle relaxation [27]. In the present
study, adrenomedullin enhanced dephosphorylation of p-MLC, this
phenomenon being reduced by the inhibition of PKA by H89 (Fig. 3).
In addition to demonstrating that brain pericytes are relaxed by
adrenomedullin, we found that these cells also possess MLC, similar
to smooth muscle cells. Therefore, reduced phosphorylation lev-
els of MLC provably contribute to the relaxation of brain pericytes
by adrenomedutlin. The phosphorylation of MLC is regulated by
two enzymes: MLC kinase (MLCK), a Ca?*/calmodulin-dependent
protein kinase, and MLC phosphatase (MLCP). In smooth muscle
cells, these two enzymes are regulated by PKA. An increase in PKA
activity could result from increases in cellular cAMP [4], which are
associated with MLCK phosphorylation [14]. PKA phosphorylates
MLCK at Ser-512 resulting in a decrease in the affinity of MLCK
for Ca?*/calmodulin [2]. PKA phosphorylates Ser-695 of myosin
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phosphatase-targeting subunit 1 (MYTP1), resulting in an increase
in MLCP activity through inhibition of phosphorylation of Thr-696
by MYTP1 kinase {17,28]. Thus, it is conceivable that both inhibition
of MLCK and activation of MLCP through PKA activation induced by
adrenomeduilin may lead to reduced phosphorylation of MLC in
brain pericytes.

In the present study, we classified 50-60% of brain pericytes as
UPs after adrenomedullin treatment. A lack of response of some
pericytes was observed in previous findings of pericytes in brain
capillaries [20]. In smooth muscle cells and fibroblasts, the level
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Fig. 3. Effect of adrenomedullin on phosphorylation levels of MLC in brain peri-
cytes, Brain pericytes were exposed to adrenomedullin with or without H89. The top
panel indicates a representative Western blot of MLC, p-MLC and each correspond-
ing GAPDH. The bottom columns show p-MLC/MLC ratio expressed as a percentage
of the control ratio. The ratios of p-MLC/MLC in control cells were 0.49, 0.62, and
1.02 in three separate experiments. Values are means + S.E.M. *p<0.05, significant
difference from control. *p <0.05, significant difference from adrenomedullin.

of a-smooth muscle actin is known to be related to their level of
contractile force generation [7,23]. In addition to the expression
of myosin, that of a-smooth muscle actin in pericytes could indi-
cate that pericytes function in the control of blood flow [1,13,22].
Earlier studies have demonstrated that cultured vascular smooth
muscle cells undergo differential expression of a-smooth mus-
cle actin in relation to their growth state [19]. Therefore, the
presence of responder and non-responder pericytes exposed to
adrenomedullin may be due to the heterogenous growth state, Fur-
ther studies are required to clarify this point.

In conclusion, we demonstrated that adrenomedullin induced
the relaxation of rat brain pericytes. Our results suggested that
adrenomedullin induces relaxation of pericytes and that this phe-
nomenon is related to the reduced phosphorylation of MLC through
the cAMP/PKA pathway. The vasodilator effect of adrenomedullin
in the cerebral circulation is supported by several observations
in different species [11] and adrenomedullin induces increases
in cerebral blood flow [3,25]. Thus, the facilitatory effects of
adrenomedullin on cerebral microvascular circulation may be
attributable to the relaxation of brain pericytes.
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Two techniques employed for the early diagnosis of dementia are the imaging of amyloid-R protein using
positron emission tomography (PET) and voxel-based morphometry analysis of MRl (VBM-MRI). The

purpose of this study was to evaluate the clinical utility of amyloid PET and VBM~MRI for the early diagnosis

25;;2:’: (2) rfl‘:ﬁz ;g?ﬁne 2009 and tracking of the severity of Alzheimer's disease (AD). The neuritic plaque burden and gray matter losses
were evaluated using '’ C]BF-227-PET and VBM-MRI in 12 healthy controls, 13 subjects with mild cognitive

Keywords: impairment (MCl), including 6 who converted to AD and 7 who did not convert, and 15 AD patients, The AD
Alzheimer's disease patients and the MCI converters exhibited a neocortical retention of BF-227 and parahippocampal gray
Amyloid matter loss shown by VBM-MRI. The MCI converters were more clearly distinguished from the MCl non-
Early diagnosis converters in BF-227-PET than VBM-MRI. The combined sample of the MCl converters and AD patients

Magnetic resonance imaging

showed a significant correlation of MMSE scores with the global gray matter loss, but not with the BF-227
Positron emission tomography

retention. These findings suggest that amyloid PET using [''C|BF-227 is better suited for the prediction of

BF-227 conversion from MCI to AD, while VBM-MRI appears to be better suited for tracking the severity of dementia.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction the search for a method for early diagnosis of AD |6-11]. Pittsburgh
Compound-B (PIB) is at present the most commonly used probe for

Alzheimer's disease (AD) is a neurodegenerative disorder char- Ap and has been applied to the diagnosis of AD and several other

acterized by a progressive impairment of cognitive function and neurological disorders |12-16]. For example, amnesic mild cognitive
behavior. AD is the most common form of dementia, particularly in the impairment (MCI) is currently considered a prodromal state of AD,
elderly [1,2]. The pathological hallmarks of AD are extracellular though not all individuals with MCI will develop AD; MCi converters
amyloid-f protein deposits called senile plaques (SPs) and intracel- and non-converters are difficult to distinguish from a clinical and
lular neurofibrillary tangles (NFTs), which occur together with neuropsychological perspective, Analysis of PIB-PET images in MCl
selective neuronal and synaptic loss {3,4}, These changes are also subjects revealed a bimodal distribution of PIB uptake in the
associated with progressive neuronal loss and resultant cerebral neocortex. About two thirds of MCI cases showed neocortical
atrophy {5}. The presence of both SPs and NFTs are prerequisites for a retention of PIB similar in distribution (and sometimes in degree) to
definitive diagnosis of AD, but more attention has been focused on the AD, while the other third of MCl cases showed no cortical retention,
role of amyloid-p protein (AR) in the pathogenesis of AD. Although similar to normal individuals {15,17,18]. A previous PIB-PET study
the mechanisms of development of AD have not been completely demonstrated higher PIB retention in MCl converters than in non-

elucidated, AR is assumed to play a causal role in the pathology of AD. converters, suggesting the utility of amyloid imaging in the prediction
In vivo imaging techniques that can non-invasively and reliably of progression to dementia |18].
assess AP deposition are currently receiving considerable attention in We have developed novel benzoxazole derivatives for in vivo imaging

of amyloid | 19-21}]. One of these agents, 2-(2-[2-demethylaminothiazol-

- C g thor. Department of Ph Jogy, Tohoku Uriversity Sctool of 5-yl]ethenyl)-6-(2-|Fluoro]ethoxy)benzoxazole (BF-227), displayed a
orresponding autiior. Department o armacoiogy, lonoxu university c0i 0 - . . . . . .
Medicine, Tohoku University, 2-1 Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. high bmdmg.afﬁmty (.0 AB fibrils, ex.celle‘nt brain uPtake,al_)d specifically
Tel: +81 22 717 8058: fax: +81 22 717 8060. labels amyloid deposits in transgenic mice [20,22]. A clu.'ucal PET study
E-mail address: oka@mail.tains.tohoku.ac jp (N. Okamura). using ["'C]BF-227 demonstrated higher retention of this tracer in the
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neocortex of AD patients than normal individuals |22]. There are
several drawbacks to the use of this tracer, including its relatively low
affinity to AD brain tissue (Ky= 25 nM) compared to PIB [23] and its
slower clearance from the white matter region due to its higher
lipophilicity (LogP=1.75),[22] resulting in lower signal to back-
ground ratio than PIB-PET. However, the voxel-based analysis of BF-
227-PET images indicated a pattern of tracer distribution distinct
from that of PIB-PET.'? Intriguingly, the preferential [''C]BF-227
retention in the posterior neocortical region of the AD brain
corresponded with an area containing a high density of neuritic plaques
{4,22). A preliminary report of the direct comparison of PIB-PET and BF-
227-PETin the same AD patients additionally demonstrated a difference
in the regional distribution of these two agents, which presumably
reflects their different preference for various conformations of A3 in the
senile plaque generation process | 24]. From these findings, we speculate
that BF-227 detects neuritic plaques containing dense amyloid fibrils
preferentially, compared to PIB-PET, and provides unique information
about the AP pathology in AD patients. The early detection of AR
deposition is important to begin medication to prevent a cognitive
decline in the stage of MC, since it appears that the deposition of AR
starts earlier than the clinical diagnosis of dementia |25-27]. Approxi-
mately 20-30% of healthy, age-matched subjects exhibited neocortical
retention of PIB, predominantly in the prefrontal and posterior cingulate
cortices {15,16]. The demonstration of PIB retention in a proportion of
normal individuals supports postmortem observations that AP aggrega-
tion predominantly occurs before the onset of dementia. However, there
is currently no evidence that all PIB-positive normal individuals are
destined to develop dementia. Highly sensitive detection of AR leads to a
potential risk for misjudging the process of normal physiological aging
as a pathological indicator of AD. The accurate prediction of AD
progression is thus necessary to prevent the administration of non-
essential treatments to individuals who are not at risk of converting to
AD. In particular, a shift of brain AR from the solubie to fibrillar form is
closely associated with onset of AD |28]. Thus, selective detection of
dense amyloid fibrils would be advantageous to differentiate normal
aging process from AD with high specificity, as the deposition of neuritic
plaques is strongly associated with the earliest symptoms of AD [25].
Based on this background evidence, we anticipated that BF-227-PET
would more accurately predict the conversion from MCI to AD than
other imaging techniques.

Cognitive decline is reported to strongly correlate with cortical
atrophy in AD, suggesting that cortical degeneration is the primary
basis of cognitive decline in AD {5]. Thus, an increased rate of cerebral
atrophy, as evaluated using MRI, is a diagnostic feature of AD that
correlates with the clinical stage/severity and is thought to represent
the macroscopic consequences of neuronal destruction [29-31}].
Medial temporal lobe atrophy, as seen in MRI scans of AD patients,
is a sensitive marker of AD even in its earliest stages. Volumetric
analysis of the entorhinal cortex distinguished subjects who were
destined to develop dementia from normal controls with high
accuracy {32}, However, this approach is time-consuming and highly
dependent on analyst expertise because it requires accurate manual
outlining of the region of interest for the measurement. Voxel-based
morphometry (VBM) has emerged as an ideal tool to visualize the
changes in gray matter density in disease states. This technique has
been reported to detect gray matter loss in MCl and AD patients. In
addition, lower gray matter density has been reported in MCI
converters compared with MCI non-converters {33-37]. These
findings suggest that measurement of gray matter loss in the medial
temporal lobe or the other regions might predict progression from
MCI to AD with high accuracy. A direct comparison of MRI with PIB-
PET was previously performed in the control, MCl and AD populations
{38]. The distributions of hippocampal volume did not overlap
between AD and normal control groups with the exception of one
control subject, and MCI subjects are evenly distributed between
the AD and normal controls. In contrast, PIB-PET uptake showed a

bimodal distribution. While all AD subjects are tightly clustered in the
high PIB retention range, both the normal control and MCI subjects
segregate themselves into high and low PIB retention groups. The
voxel-by-voxel comparisons of AD versus control patients revealed
differences in the topographical distribution of amyloid deposition
and in grey matter loss, suggesting that these two imaging strategies
provide complementary information about AD pathology.

In this study, we performed amyloid-imaging PET using {"*C}BF-227
and VBM analysis of MR! images in subjects with MCl and AD. We
investigated whether changes in BF-227 uptake and gray matter density
were associated with later conversion to AD in MCI populations.
Moreover, we examined the association of these measurements with
cognitive function in AD and MCI converters to investigate whether
these imaging strategies can track the severity of AD pathology.

2. Materials and methods
2.1. Staining of senile plaques using BF-227

Postmortem brain tissue from a 69-year-old male with autopsy-
confirmed AD was obtained from Fukushimura Hospital (Toyohashi,
Japan). Experiments were performed under the regulations of the
hospital ethics committee, Serial sections (6 um) taken from paraffin-
embedded blocks of the temporal cortex were prepared in xylene and
ethanol. Before BF-227 staining, quenching of autofluorescence was
performed. The quenched tissue section was immersed in 100 uM of
BF-227 containing 50% ethanol for 10 min. The section stained with
BF-227 was then dipped briefly into water and rinsed in PBS for
60 min before coverslipping with FluorSave Reagent (Calbiochem, La
Jolla, CA), and examined using an Eclipse E800 microscope (Nikon,
Tokyo, Japan) equipped with a V-2A filter set {excitation 380-420 nm,
dichroic mirror 430 nm, long pass filter 450 nm). An adjacent section
was immunostained using a monoclonal antibody (mAb) against AR
(6F/3D; Dako A/S, Glostrup, Denmark). After pretreatment with 0%
formic acid for 5 min, sections were immersed in blocking solution for
30 min and then incubated for 60 min at 37 °C with 6F/3D at a dilution
of 1:50. After incubation, sections were processed with the avidin-
biotin method using a Pathostain ABC-POD(M) Kit (Wako, Osaka,
Japan) and diaminobenzidine tetrahydrochloride.

2.2. Subjects

Patients recruited in the present study included 12 normal age-
matched controls, 13 subjects with amnestic MCl, and 15 patients with
AD. Diagnoses of probable AD were based on criteria from the National
Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer's Disease Related Disorders Association (NINCDS-
ADRDA) [39]. The diagnosis of amnestic MCl was made according to
the published criteria described previously {40). All MCl subjects
underwent medical and neuropsychological reevaluation at approxi-
mately 3 month intervals. Conversion to AD was diagnosed when (1)
signs of deterioration of the general cognitive function were present
and continued for at least 6 months, and (2) the patient's score on the
Clinical Dementia Rating changed by more than 0.5 points. The MCl
subjects were divided into two groups, MCl converters (n=6) and
MCI non-converters (n=7). The MCl converters were defined as
patients who eventually developed AD wvithin a mean follow-up of
270479 months (range 14-30 months). The MCl non-converters
were defined as having a transient memory loss or remaining
cognitively stable through at least a 2 year follow-up (27.7x
2.2 months; range 25-~30 months). The control group was recruited
from volunteers who were not taking centrally-acting medications,
had no cognitive impairment and had no cerebrovascular lesions
identified via MR, All subjects were screened using a questionnaire
and medical history, and subjects with medical conditions potentially
affecting the central nervous system were excluded. In addition, none
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Table 1
Demographic characteristics of the subjects.

Control MCI non-converter M converter AD
N 12 7 6 15
Age (year) 673+27 776431 80.2+41 710+£51
Gender (F/M) 6/6 2/5 472 8/7
MMSE 299403 263411 257420 198+35

of the subjects had asymptomatic cerebral infarction detected via T2-
weighted MRI. Demographic data for the subjects are shown in Table 1.
Although the MCI converters and non-converters were statistically
older than the control subjects and the AD patients, no statistical
difference in age was observed between the MC! converters and the
non-converters, The AD patients showed a significantly lower MMSE
score than the MCI converters, non-converters, and control subjects
(p<0.05), however, no statistical difference in MMSE score was
observed between the MCI converters and the non-converters. The
Commiittee on Clinical Investigation at Tohoku University School of
Medicine and the Advisory Committee on Radioactive Substances at
Tohoku University approved the study protocol.

3. MRI methods

All subjects underwent MRI with a 1.5 T MR scanner (GE Signa
Hispeed, Milwaukee, W1). A three-dimensional volumetric acquisition
of a T1-weighted gradient echo sequence produced a gapless series of
thin axial sections using a vascular TOF SPGR sequence (echo time/
repetition time, 2.4/50 ms; flip angle, 45°; acquisition matrix, 256 x 256;
1 excitation; field of view, 22 cm; slice thickness, 2.0 mm). Cerebral
atrophy was evaluated by VBM [41]. For spatial normalization, a 12~
parameter affine transformation was used to avoid segmentation
errors caused by the partial-volume effects inherently created by
warping. The normalized MRI was then segmented into gray matter,
white matter, cerebrospinal fluid, and other components using SPM2
or SPM5 software. The segmentation procedure involved calculating
the Bayesian probability of each voxel belonging to each tissue class
based on a priori MRI information with a non-uniformity correction.
The segmented gray matter images were then subjected to affine and
non-linear spatial normalization using a template of a priori gray
matter. The spatially normalized gray matter images were smoothed
with an isotropic Gaussian kernel (12 mm at full width at half
maximum) using the partial-volume effects to create a spectrum of
gray matter intensities. The resulting gray matter intensities were
equivalent to the weighted average of gray matter voxels located in
the volume fixed by the smoothing kernel. Regional intensities can
thus be considered equivalent to gray matter concentration.
Differences of gray matter intensities between groups were assessed
using a t-test with a height threshold of p<0.05, corrected (or
multiple comparisons by the family-wise error method. The extent
threshold was set to 100 voxels. Parahippocampal gray matter
density was additionally evaluated by calculating the average
intensities in the bilateral parahippocampal region of interest (ROI)
using Dr.View/LINUX software (AJS, Japan). To evaluate global
atrophy, a Z-score map was created via the comparison of individual
gray matter images with the mean and S.D. of gray matter images of
healthy controls after voxel normalization to global mean intensities.
The degree of global atrophy (% global atrophy) was calculated as a
ratio of the area in which the Z-score of the voxel was more than 2.0 to
whole brain area, using Voxel-Based Specific Regional Analysis
Systemn for AD (VSRAD) software (Eisai, Tokyo, Japan) {42].

3.1. PET procedure

Radiosynthesis of |"'C]BF-227 and the procedure used for BF-
227-PET were performed as described previously. [22] BF-227 and

its N-desmethylated derivative (a precursor of ['C|BF-227) were
custom-synthesized by Tanabe R&D Service Co. {"'C|BF-227 was
synthesized from its precursor by N-methylation in dimethyl
sulfoxide using ["'C]methyl triflate. The [*'C]BF-227-PET study was
performed using a PET SET-2400W scanner (Shimadzu Inc., Japan).
After an intravenous injection of 211-366 mBq ["'C|BF-227, dynamic
PET images were obtained for 60 min with the subject's eyes closed.
Standardized uptake value (SUV) images of ["'C]BF-227 were
obtained by normalizing the tissue radioactivity concentration to
the injected dose and body weight. ROIs were placed on individual
axial MR images in the cerebellar hemisphere and the frontal, lateral
temporal, parietal and posterior cingulate cortices. The ROl informa-
tion was then copied onto the dynamic PET SUV images, and regional
SUVs were sampled using Dr.View/LINUX software. The ratio of the
regional to cerebellar SUV {SUVR) at 40~-60 min post-injection was
calculated, and averaged SUVR values in the frontal, temporal,
parietal and posterior cingulate cortices were considered represen-
tative of BF-227 retention in the neocortex (neocortical SUVR).

3.2 Statistical analysis

Statistical comparison of PET and MRI measurements in the four
groups was performed via an analysis of variance followed by a
Bonferroni multiple comparisons test with a significance level of
p<0.05. Statistical comparisons of age and MMSE scores in the four
groups were performed using a Kruskal-Wallis test followed by a Dunn's
muitiple comparison test with a significance level of p<0.05. Correla-
tions between the MMSE score and BF-227 retention in the neocortex or
the cerebral atrophy index were examined using a non-parametric
Spearman’s rank correlation analysis, Correlations between the brain
atrophy index and BF-227 retention were determined using Pearson's
correlations. A linear model was applied to the data to obtain a
correlation coefficient and p value. These analyses were performed
using GraphPad Prism5 software (GraphPad, San Diego, CA).

4. Results

In order to confirm the selective binding ability of BF-227 to AR
deposits, neuropathological examination was initially performed
using BF-227 staining of AD temporal brain sections. Senile plaques
were selectively stained with BF-227 and the staining pattern
coincided well with AR immunostaining in an adjacent section
(Fig. 1). Strikingly, cored plaques were intensely stained with BF-
227, indicating preferential BF-227 binding to dense AR fibrils. Next,

Fig. 1. {A) Neuropathological staining of human brain sections by BF-227. Amyloid plaques
are clearly stained with BF-227 in AD temporal brain sections (B) BF-227 staining
correlates well with AP immunostaining in adjacent sections. Scale bar =100 pm.
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Fig. 2. Tissue time activity data for ['C|BF-227-PET. SUV time activity curves of [''C|BF-227 in the frontal cortex, lateral temporal cortex, parietal cortex and cerebellum are shown.

Each point represents the mean of 12 control subjects (left} and 15 AD patients (right).

we performed clinical PET using ["'CJBF-227 in AD patients, MCl
subjects and control subjects. The tissue time activity curves from
{"C}BE-227-PET in 15 AD patients and 12 normal controls are shown
in Fig. 2. In AD patients, the frontal, temporal and parietal cortices
retained | 'C]BF-227 to a greater extent at later time points, compared
with controls, AD patients showed significantly higher SUVs in the
temporal cortex and average neocortex than controls, but not in the
cerebellum (Table 2). Therefore, neocortical SUV elevation in AD
patients presumably reflects the specific binding of BF-227 to amyloid
plaques. Representative images of |'C]BF-227-PET and T1-weighted
MRI in a normal control (70-year-old female, MMSE score 29), a MCl
non-converter (76-year-old male, MMSE score 27), a MCI converter
(85-year-old male, MMSE score 23), and an AD patient (62-year-old
female, MMSE score 20) are shown in Fig. 3. Increased BF-227
retention was evident in both the MCI converter and the AD patient,
but notin the control subject or the MCI non-converter. In AD patients,
BF-227 SUVRSs in the frontal, temporal, parietal and posterior cingulate
cortices were significantly higher compared to the control subjects
and the MCI non-converters (Table 2). A significant elevation of BF-
227 SUVR was additionally observed in the frontal, temporal and
parietal cortices of MCI converters compared with the control
subjects, Consequently, the average neocortical SUVR was significantly
higher in the AD patients and MCl converters than in normal subjects
and MCl non-converters (Table 2), When a neocortical BF-227 SUVR of
1.11 (1.55D above control mean) was used as a cut-off, sensitivity of
100% and a specificity of 91.7% in the discrimination between AD
patients and normal subjects were achieved.

Table 2
Summary of imaging measures.

The voxel-based comparison of gray matter images using SPM5
demonstrated a significant decline of gray matter concentrations in
the left (—28, 14, — 26, x, y, z; Z=5.26) and the right (32,18, — 26, x,
¥, 2, Z=5.24) medial temporal cortices of AD patients, compared with
control subjects (Fig. 4A). SPM2 analysis using the same samples also
showed a reduction of gray matter concentrations in nearly the same
region and significance (data not shown). We drew the ROI in the
parahippocampal area (Fig. 4B) and performed a comparison between
the four groups. Significantly lower gray matter intensity was
observed in the AD patients, MCI converters and MCl non-converters
than in controls (Table 2, Fig. 5). However, age-related changes may be
a confounding factor resulting in lower gray matter intensity in MCi
groups, as MCl subjects were older than the normal control group.
When a parahippocampal ROI value from SPM5 of 0.537 (2SD below
control mean) was used as a cut-off, a sensitivity of 80.0% and a
specificity of 100% were achieved in the discrimination between AD
patients and normal subjects. No significant inter-group difference
was observed in the percent global atrophy in VBM analysis due to
substantial differences between individuals.

We focused on the comparison between the MCl converters and
the non-converters, because these two populations showed no
significant difference in age or MMSE scores. A significant inter-group
difference was observed in the frontal and the average neocortical
SUVR assayed by BF-227-PET, but not in the percent global atrophy or
parahippocampal ROI value obtained by VBM-MRI (Table 2, Fig. 5).
However, MCl converters showed a tendency toward lower para-
hippocampal ROI value derived from SPM5 than MCl non-converters.

Normal MU non-converter MCI converter AD

BF-227 SUV in cerebellum 1104019 1.08+0.17 116+0.22 116016
BF-227 SUV in frontal cortex 1114019 1104 0.16 136+0.33 1314022
BF-227 SUV in temporal cortex 1144019 119+0.18 139+028 1454-0.24°
BF-227 SUV in parietal cortex 1204021 120018 1384029 146+0.23
BF-227 SUV in posterior cingulate cortex 1224022 1234022 139+ 0.27 147+0.21
Average neocortical BF-227 SUV 117 +0.20 118+ 018 138+0.29 14240222
BF-227 SUVR in frontal cortex 1.014+-0.06 1.024-0.07 116+0.10*° 1134 0,08
BF-227 SUVR in temporal cortex 104-+£0.04 110+ 0.07 1.20+0.07° 12440080
BF-227 SUVR in parietal cortex 1.09+0.04 1124 0.05 118+ 0.07° 125+ 008"
BF-227 SUVR in posterior cingulate cortex 111+ 0.06 114+0.07 1.204:0.09 1.26 +0.05*°
Average neocortical BF-227 SUVR 106004 109+0.06 119+0.072" 122 +£0.06*°
Percent global atrophy in VBM-MRI 4244349 7354594 5.96+3.06 8.53+444
Parahippocampai ROI value in VBM-MRI (SPM2) 0.642 +0.034 0569+ 0.039° 0553+ 0.044" 0.541 £ 0.055°
Parahippocampal ROI value in VBM-MRI (SPM5) 0.60540.034 0.51040.051° 0473+ 0.060° 0.475 + 0.068*

* p<0.05 vs. aged normal.
® p<0.05 vs. MCI non-converter.
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converter

Fig. 3. Representative images of ['C|BF-227-PET SUVR between 20 and 40 min post-injection (left) and T1-weighted MRI (right) in a control subject, a MCI non-converter, a MCI
converter and an AD subject. The degree of ['!C|BF-227 retention is shown by color intensity from yellow to red in the cortex.

When we used a neocortical BF-227 SUVR of 1.11 as a cut-off, we
achieved a sensitivity of 100% and a specificity of 714% in the
discrimination between MCI converters and the MCl non-converters.
These values were superior to the results of the parahippocampal ROl
value derived from SPM5 (cut-off value: 0.537), which showed a
sensitivity of 83.3% and a specificity of 42.9%. These data suggest that
BF-227-PET is a better predictor of conversion from MCl to AD than
VBM-MRI,

Next, we examined the correlations between MMSE scores and the
three volume measurements (Fig. 6). When all subjects (N =40) were
included in this analysis, a significant negative correlation was
observed in all three measurements (BF-227 SUVR r= —0.740,
p<0.001; percent global atrophy r= —0491, p=0.001; parahippocam-
pal ROI from SPM2 r= 0674, p<0.001; and parahippocampal ROl from
SPM5 r=10.687, p<0.001). However, when we confined the analysis
to the combined group of AD patients and MCI converters, we
observed a significant correlation only between the percent global
atrophy and the MMSE score (Spearman r= —0.459, p=0.036). In

contrast, no significant correlation was observed between the
parahippocampal ROl from SPM2 and the MMSE (Spearman
r=40.192), between the parahippocampal ROl from SPM5 and the
MMSE (Spearman r=0.181) or between the BF-227 SUVR in the
neocortex and the MMSE (Spearman r= —0.200). Finally, no sig-
nificant correlation was observed between the BF-227 SUVR and the

percent global atrophy or parahippocampal atrophy in the analysis of
all subjects.

5. Discussion

In the present study, MCl converters were more clearly distin-
guished from MCI non-converters by BF-227-PET than by VBM-MRI.
The MCl non-converters showed a normal distribution of BF-227
except for one case, but also showed lower gray matter density in the
parahippocampal gyrus than did normal controls. As a result, BF-227~
PET achieved higher sensitivity and specificity in the discrimination
between MCI converters and MCI non-converters than did VBM-MRI.
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Fig. 4. (A) Areas of reduction in gray matter density of AD patients compared with aged normal controls. p<0.05, corrected for multiple comparisons. Left in the image is left in the
brain. Color bars represent T values. (B} Regions of interest within the parahippocampal gyrus.

Our results strongly suggest that amyloid imaging using BF-227-PET
will be a useful tool to predict conversion from MCi to AD, as
previously shown for PIB-PET. [17,18] However, cerebral gray matter
loss as determined by VBM-MRI was better correlated with the
clinical severity of AD than BF-227-PET. Used together, BF-227-PET
and VBM-MRI could be an effective method for the early diagnosis
and severity tracking of AD. Our findings may be compatible with the
theory that amyloid deposition reaches equilibrium or plateaus at an
early stage of AD, making in vivo amyloid imaging useful in the

examination of pre-symptomatic subjects [15,16]. AR deposition is a
pathological hallmark of AD, but may also occur in normal elderly
individuals who do not exhibit apparent cognitive decline. In fact, a
PIB-PET study showed that 22% of healthy elderly individuals showed
increased cortical PIB binding, indicating the presence of AR plaques
in these non-symptomatic subjects [15]. A strong relationship
between the impairment of episodic memory and PIB binding has
also been shown both in subjects with MCl and in the normal
population, suggesting that individuals with increased cortical PIB
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binding are proceeding to AD {43]. In our study, almost all normal
subjects exhibited a normal distribution of BF-227 in the brain. This
finding may suggest a lower sensitivity of diffuse amyloid plaque
detection by BF-227 [22]. However, the proportion of amyloid PET-
positive individuals in the normal population varies greatly depending
on the characteristics of the sample population. Indeed, the mean age
of the control subjects in our study was somewhat younger than in
previous PIB-PET studies. Therefore, a direct comparison of BF-227-
PET with PIB-PET in the same normal population is necessary to
compare the ability of these agents to detect early AD pathology. A
longitudinal follow-up of amyloid PET-positive cases in the healthy,
normal population will also elucidate whether tracer uptake reflects
pre-symptomatic detection of AD or a false-positive finding. A follow-
up study of the patients with AD using PIB-PET showed that the
amyloid deposition remains high but stable, despite decreases in
regional glucose metabolism and cognitive function.[44} Our cross-
sectional analysis also revealed a plateau of cortical BF-227 uptake in
early AD patients, suggesting that amyloid formation reaches a
plateau early in the course of AD. A potential limitation of this study
is that it used a semiquantitative SUV measure to estimate BF-227
binding to amyloid plaques. The levels of neocortical BF-227 SUV

might be underestimated due to hypoperfusion in AD patients.
Quantitative analysis should be performed in future analyses to
eliminate the influence of blood flow change.

A previous PIB-PET study found a positive correlation between the
rate of whole brain atrophy and amyloid plaque load. [45] However, a
recent PET study discovered a discrepancy between regional PIB
retention and gray matter loss |38]. Additionally, histopathological
analysis revealed no association between AP burden and brain
atrophy |46]. The present study also found no significant correlation
between neocortical BF-227 uptake and global gray matter loss in AD
patients, in agreement with these findings. in our correlation analysis
of the four measurements with the MMSE scores, we confined our
analysis to AD patients and MCI converters because these patients
share the same pathological process underlying AD. Therefore, this is
more appropriate for the correlation analysis between cognitive
function and the degree of A{3 burden or cerebral atrophy induced by
the pathological process of AD than an analysis using all samples,
including the normal population. In this analysis, the global gray
matter loss measured by VBM-MRI was better correlated with MMSE
scores than was the AR burden measured by BF-227-PET. A similar
correlation analysis performed using PIB-PET demonstrated that the
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magnitudes of the correlations were greater for hippocampal atrophy
than for neocortical PIB retention | 38}. The current result, showing no
significant correlation of the parahippocampal gray matter density
with the MMSE score, seems to be inconsistent with previous PIB-PET
data, We believe this discrepancy to be due mainly to differences in
the sample population. The analysis in the previous PIB~PET study was
performed using all the subjects, including the normal controls; our
analysis was confined to AD patients and MCI converters who had
already developed severe memory decline and probably substantial
neuron loss in the hippocampus. These results suggest that global,
rather than parahippocampal, gray matter loss is a potent indicator of
dementia severity after the onset of memory loss in AD. We hope to
explore the relationship between these imaging measurements and
the impairment of episodic memory function in a future study.

It has been reported that the degree or rate of change of cerebral
atrophy as measured by MRI analysis is closely related to the clinical
progression of dementia {29,30]. Karas et al, performed a VBM-MRI
analysis to examine the global and regional gray matter loss in normal,
MCl and AD subjects, finding a significantly lower global gray matter
volume in the AD subjects and an intermediate volume in the MCI
subjects [31]. They followed the MCI subjects and observed greater
gray matter loss in the MCI converters than in non-converters |37
Another study also revealed different patterns of gray matter density
distribution between MCl converters and non-converters {35]. From
these findings, it appears that gray matter loss in VBM is a good
indicator of conversion from MCI to AD. We failed to demonstrate
significant inter-group differences between the MCl converters and
non-converters, although the MCI converters showed a tendency
toward lower parahippocampal gray matter density than did the non-
converters. This, however, may be due to the small sample size and
insufficient follow-up period (over two years) of the MCI subjects in
this study. For example, one MCI non-converter in our study showed
an abnormality in both the BF-227 SUVR and parahippocampal gray
matter density; extending the follow-up period of the MCI subjects
would likely result in more consistent correlation between MCI
conversion to AD and the described measurements. Additional
longitudinal studies are also needed to confirm the findings we have
obtained and to examine the time course of AD, including changes in
the pre-symptomatic subjects, and to determine the relationship
between amyloid deposition and brain atrophy as underlying factors
in the pathogenesis of AD.
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