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SUMMARY

1. The present study aimed at elucidating the effect of nitric oxide (NO) on blood-
brain barrier (BBB) function with mouse brain capillary endothelial (MBEC4) cells.

2. Histamine {20-100 M) evoked NO production (1.6-7 uM) in MBEC4 cells in a
dose-dependent manner.

3. The permeability coefficient of sodium fluorescein for MBEC4 cells and the cellular
accumulation of rhodamine 123 in MBEC4 cells were increased dose-dependently by the
addition of NO solutions (14 and 28 pM) every 10 min during a 30-min period.

4. The present study demonstrated that NO increased the permeability and inhibited
the P-glycoprotein efflux pump of brain capillary endothehial cells, suggesting that NO plays
an inhibitory role in the dynamic regulation of the BBB function.

KEY WORDS: nitric oxide; blood-brain barrier (BBB); permeability; P-glycoprotein;
mouse brain endothelial cells.

INTRODUCTION

The blood-brain barrier (BBB) contributes to brain homeostasis and fulfills a pro-
tective function by regulating the access of solutes and toxic substances to the cen-
tral nervous system. The BBB is formed by brain capillary endothelial cells, which
are closely sealed by tight junctions (Pardridge, 1999). The tight junctions in the
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BBB prevent significant passive movement of small hydrophilic molecules from the
blood to the brain, but specialized transport systems mediate the entry of essential
substances such as glucose, amino acids, choline, monocarboxylic acids, amines, thy-
roid hormones, purine bases, and nucleosides (Tsuji and Tamai, 1999; Kusuhara and
Sugiyama, 2001). The efflux transporter, P-glycoprotein (P-gp) is a key element of
the molecular machinery that confers special permeability properties on the BBB.
P-gp, which was initially recognized for its ability to excrete anticancer drugs from
multidrug-resistant cancer cells, is strongly expressed in brain capillaries. Its expres-
sion in the BBB limits the accumulation of many hydrophobic molecules and poten-
tially toxic substances in the brain.

Nitric oxide (NO) is a transient product of inflammatory processes, generated
from L-arginine by the enzyme NO synthase (NOS). NO appears to be involved in
numerous vital cellular functions including neurotransmission, blood-pressure con-
trol, and the regulation of vascular tone. The basal production of NO appears to be
required for biological regulation, and yet an excess of this same molecule can be
cytotoxic to organism. But the molecular mechanisms mediating NO-induced tissue
injury and breakdown of the BBB are not completely understood.

In the present study, to clarify the role of NO in the dynamic regulation of
the BBB, we examined effect of NO on the function of tight junctions and P-gp
in mouse brain capillary endothelial (MBEC4) cells. MBEC4 cells show the highly
specialized characteristics of brain microvascular endothelial cells including P-gp
expression (Tatsuta et al., 1992, 1994).

MATERIALS AND METHODS

A saturated NO solution (typically containing approximately 1.4 mM NO) was
prepared according to Ikesue ef al. (2000). Deionized water (2 mL) was bubbled with
argon for 20 min to remove oxygen. Then, the solution was bubbled with pure NO
gas for 20 min and kept in a glass flask with a rubber septum under a NO atmosphere
prior to use.

MBEC4 cells, which were isolated from BALB/c mouse brain cortices and
immortalized by SV40-transformation (Tatsuta et al, 1992), were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO BRL, Life Technologies,
Grand Island, NY) supplemented with 10% fetal bovine serum, 100 units/mL of
penicillin, and 100 ug/mL of streptomycin. They were grown in 2.5-cm? dish, 12-
well Transwells (Costar, MA) and 24-well plates in a humidified atmosphere of 5%
C0O,/95% air at 37°C.

_Direct and continuous electrochemical measurement of NO was performed
with a three-electrode potentiostatic EMS-100 system (BIO-LOGIC, Grenoble,
France), as previously described (Ikesue et al., 2000; Trevin et al., 1998). In brief,
confluent MBEC4 cells in a 2.5-cm? dish were washed three times with Krebs-
Ringer solution (143.0 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl;, 1.0 mM NaH,PO,,
and 11.0 mM D-glucose, pH 7.4). The dish was placed on the stage of an inverted mi-
croscope (ECLIPSE TE300, Nikon, Tokyo, Japan) mounted with an NO monitoring
system. The NO-biosensor {ASTEC, Fukuoka, Japan) was positioned about 10 um
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above the cell surface. Ten minutes after treatment with 1-mM L-arginine (Sigma,
St. Louis, MO), histamine (Wako, Osaka, Japan) in a volume of 10 L. was added to
the cells in 1 mL of Krebs—Ringer solution with a transient mixing step to give the
final concentration indicated. The level of production of NO in MBEC4 cells was
monitored for a 15-min period after the addition of histamine.

MBECH4 cells (42,000 cells/cm?) were cultured on the collagen-coated polycar-
bonate membrane of the Transwell insert (3.0-um pore size, 12-well type). After
3 days, they were washed three times with serum-free medium. Cells were exposed
to 5 or 10 uL of NO solution (final concentration, 14 and 28 uM, respectively) in-
jected into the inside of the insert (luminal side) every 10 min during a 30-min pe-
riod. To initiate the transport experiments, the medium was removed, and cells were
washed three times with Krebs—Ringer buffer (118 mM NaCl, 4.7 mM K(], 1.3 mM
CaClp, 1.2 mM MgCl,, 1.0 mM NaH,; POy, 25 mM NaHCO;, and 11 mM D-glucose,
pH 7.4). Krebs—Ringer buffer (1.5 mL) was added to the outside of the insert (ablu-
minal side). Krebs—Ringer buffer (0.5 mL) containing 100 pg/mL of sodium fluores-
cein (Na-F; Sigma) was loaded on the luminal side of the insert. Samples (0.5 mL)
were removed from the abluminal chamber at 10, 20, 30, and 60 min and were imme-
diately replaced with fresh Krebs—Ringer buffer. Aliquots (5 L) from the ablumi-
nal chamber samples were mixed with 200 pL of Krebs—Ringer buffer, and then
the concentration of Na-F was determined using a multiwell fluorometer (Ex(1)
485 nm; E;(A) 530 nm; CytoFluor Series 4000, PerSeptive Biosystems, Framing-
ham, MA). The permeability coefficient and clearance were calculated according
to the method described by Dehouck et al. (1992). Clearance was expressed as mi-
croliters of tracer diffusing from the luminal to abluminal chamber and was cal-
culated from the initial concentration of tracer in the luminal chamber and final
concentration in the abluminal chamber: Clearance (uL) = [C]a x Va/[ClL where
[C]L is the initial luminal tracer concentration, {C]4 is the abluminal tracer concen-
tration, and Vj, is the volume of the abluminal chamber. During a 60-min period
of the experiment, the clearance volume increased linearly with time. The aver-
age volume cleared was plotted versus time, and the slope was estimated by linear
regression analysis. The slope of clearance curves for the MBEC4 monolayer was
denoted by PS,;,, where PS is the permeability-surface area product (in microliters
per minute). The slope of the clearance curve with a control membrane was denoted
by PSnembrane. The real PS value for the MBEC4 monolayer (PSy;.,s) Was calculated
from 1/PSapp = 1/PSmembrane + 1/PStrans. The PSyrans values were divided by the sur-
face area of the Transwell inserts to generate the permeability coefficient (Pyans, in
centimeters per minute).

The functional activity of P-gp was determined by measuring the cellular ac-
cumulation of rhodamine 123 (Sigma) according to the method of Fontaine et al.
(1996). MBEC#4 cells (21,000 cells/cm?) were cultured on collagen-coated 24-well
plates. Three days after seeding, they were washed three times with serum-free
medium and then exposed to 14-28 uM of NO solution every 10 min during a 30-
min period. The medium was removed, and the cells were washed three times with
assay buffer (143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl;, 1.0 mM
NaH,;POy4, 10 mM HEPES, and 11 mM D-glucose, pH 7.4). The cells were incubated
with 0.5 mL of assay buffer containing 5 uM of rhodamine 123 for 60 min. Then,
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the solution was removed, and the cells were washed three times with ice-cold
phosphate-buffered saline and solubilized in 1 M NaOH (0.2 mL). The solution was
neutralized with 1 M HCI1 (0.2 mL), and the rhodamine 123 content was determined
using a multiwell fluorometer (E(}) 485 nm; E,(A) 530 nm). The cellular protein
was measured by the method of Bradford (Bradford, 1976).

The effect of the NO solution on cell viability was assessed using a WST-8 as-
say (Cell Counting Kit, DOJINDO, Kumamoto, Japan). A highly water-soluble for-
mazan dye, reduced by mitochondrial dehydrogenase, was measured by determin-
ing the absorbance of each sample with a 450-nm test wavelength and a 700-nm
reference wavelength.

The values are expressed as means + SEM. Statistical analysis was performed
using Student’s t-test. One-way analysis of variance (ANOVA) followed by the
Dunnett test was applied to multiple comparisons. The differences between means
were considered to be significant when P values were less than 0.05.

RESULTS

Figure 1A shows a representative current-time curve obtained with the NO
biosensor in MBECH4 cells. When L-arginine (1 mM) was added to cells 10 min
before the addition of histamine, the signal became stable within 1-2 min. The
NO-biosensor signal increased rapidly to reach a peak within 1 min after the in-
jection of histamine. Following this period, the signal decreased slowly to the base-
line about 5-7 min post-injection. Histamine at concentrations of 20-100 M dose-
dependently increased NO production (1.55 % 0.65-6.94 £ 1.43 uM) in MBEC4
cells (Fig. 1B).

To evaluate effect of NO on the BBB function, the concentration and the ex-
posure time of NO were determined on the basis of NO production evoked by his-
tamine. When the NO solution at the final concentrations of 14 and 28 uM was
added every 10 min during a 30-min period, the permeability coefficients of Na-F
for MBEC4 cells increased dose-dependently to 113.6 £+ 12.9 and 123.7 + 2.8%,
respectively (Fig. 2A). The exposure to NO solution had no effect on cell viabil-
ity assessed with the WST-8 assay (14 uM: 93.7 + 3.3%, 28 uM: 101.3 + 3.2% of
control).

As shown in Fig. 2B, the accumulation of rhodamine 123 in MBEC4 cells in-
creased dose-dependently to 108.3 + 4.8 and 164.5 + 14.6% of the control value
after a 30-min exposure to the NO solution at concentrations of 14 and 28 uM,
respectively.

DISCUSSION

As shown in Fig. 1, direct and continuous electrochemical monitoring revealed
that histamine stimulated MBEC4 cells to release NO over a short period (about
5 min). This phenomenon appears to be due to an activation of the constitutive
endothelial form of NO synthase (eNOS) through a Ca**/calmodulin-dependent
pathway in response to H; receptor-mediated increases in intracellular Ca?* (Daum
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Fig. 1.  Histamine-induced NO production in
MBEC cells. (A) A representative differential
pulse amperogram obtained using a NO biosen-
sor shows the level of NO production evoked by
histamine (100 :M). (B) Concentration-response
relationship of histamine-induced NO produc-
tion using direct electrochemical monitoring in
MBEC cells. Values are means + SEM (n = 3).
*p <0.05, significant difference from 20 uM
histamine.

et al., 1983; Kishi et al., 1996). Various endogenous substances including histamine
stimulate NO production in the microvascular endothelium and/or glial and neu-
ronal cells in the brain (Mayhan, 1996), probably contributing to dynamic regulation
of the BBB function.

The permeability of MBECH4 cells to Na-F was apparently increased by a brief
exposure to NO solutions at 2- to 4-fold the concentrations induced by histamine
(Fig. 2A). The NO solutions employed here are more prominent than convenient
NO donors such as sodium nitroprusside with respect to biological properties in-
cluding distribution and degradation. The cell viability was not influenced by NO at
the concentrations employed here (14-28 M), suggesting that the increased para-
cellular permeability of MBEC4 cells was not due to the cytotoxicity of NO. There-
fore, NO is highly likely to lower the functions of the tight junctions at the BBB,
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Fig. 2. Changes in the permeability coefficient of
Na-F (A) and the cellular accmulation of rhodamine
123 (B) in MBEC4 cell monolayers after addition of
NO solutions every 10 min during a 30-min period.
Data are expressed as a percentage of the correspond-
ing control value (A: 1.47 £ 021 x 10~* cm/min, B:
095 + 0.07 nmol/mg protein). Values are shown as
means + SEM (n = 3-18). *P < 0.01, significant dif-
ference from control.

supporting early reports (Hurst and Fritz, 1996; Mayhan, 2000; Shukula et al., 1996).
The mechanisms by which NO donors increased vascular endothelial permeabil-
ity involved an increase in the level of cyclic guanosine monophosphate (¢cGMP)
(Gimeno et al., 1998) or the formation of peroxynitrite (Menconi et al., 1998). These
substances conceivably influence the intrinsic tight junction proteins and the associ-
ated actin cytoskeleton through a direct or second signaling pathway. Further stud-
ies are required to clarify this mechanism.

In the present study, the most important finding was that the accumulation of
rhodamine 123, a substrate of P-gp (Fontaine et al., 1996), in MBEC4 cells was
increased by treatment with NO solutions (Fig. 2B). P-gp is an energy-dependent
efflux pump mediating the transportation of substances from the basement mem-
brane to the luminal surface. NO induced a depletion of endothelial ATP by
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inhibiting glyceraldehyde-3-phosphate dehydrogenase (glycolytic enzyme) activity
(Hurst et al., 2001). This inhibition of energy metabolism is probably associated with
the NO-triggered inhibition of P-gp function.

In the present study, NO induced hyperpermeability in MBEC4 cells and inhi-
bition of the P-gp efflux pump. These findings suggest that NO in the brain plays an
inhibitory role in the dynamic regulation of the BBB function.
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Abstract. The aim of the present study was to elucidate the effects of indapamide on ischemic
damage to the blood-brain barrier (BBB) in vitro. The ischemia/reperfusion conditions employed
here significantly decreased the viability of mouse brain capillary endothelial (MBEC4) cells, an
effect ameliorated by indapamide. Ischemia increased the permeability of MBEC4 cells to two
cellular transport markers, sodium fluorescein and Evan’s blue-albumin. Indapamide reduced the
ischemia-induced hyperpermeability of cells. These results suggest that indapamide may have a
protective role against ischemia-induced injury and dysfunction of the BBB.

Keywords: indapamide, ischemia, blood-brain barrier

The blood-brain barrier (BBB) greatly restricts the stroke in hypertensive and non-hypertensive patients to a
transport of substances between the blood and the greater degree, compared to single drug therapy with
central nervous system. The BBB is primarily formed by perindopril alone (7). This clinical evidence suggests a
brain capillary endothelial cells, which are sealed closely possible involvement of indapamide in protecting
with tight junctions (1). Disruption of the BBB can lead against recurrent cerebrovascular disease. The present
to edema and central nervous system pathology in study was, therefore, aimed at evaluating the effect of
conditions such as stroke. In vitro, hypoxia has been indapamide on ischemia/reperfusion-induced damage
shown to increase the permeability of brain micro- to cerebral microvascular endothelial cells in vitro.
vascular endothelial cells (2, 3). Targeting the BBB may The mouse brain capillary endothelial cells used in
enhance our understanding of the mechanisms that the current study (MBEC4) show highly specialized
mediate ischemic brain damage and might aid the characteristics of brain microvascular endothelial cells
development of future treatments for stroke (4, 5). (8). MBEC4 cells were isolated from BALB/c mouse

Indapamide is an indoline derivative of chloro- brain cortices and immortalized by SV40-transformation
sulfonamide that has both diuretic and antihypertensive (8). Cells were cultured in Dulbecco’s modified Eagle’s
properties. Indapamide protects against myocardial medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
ischemia due to its antioxidant action (6). A randomized supplemented with 10% fetal bovine serum, 100 units
controlled clinical trial showed that in combination, /mL of penicillin, and 100 ug/mL of streptomycin. Cells
therapy with perindopril, an angiotensin-converting- were grown in collagen-coated 24-well plates (21,000

enzyme inhibitor, and indapamide reduced the risk of cells/cm?; 1.8 cm?/well; Corning, Acton, MA, USA) in

a humidified atmosphere of 5% CO,/ 95% air at 37°C.
*Corresponding author. ykataoka@fukuoka-u.ac.jp Ischemia was initiated in vitro by incubating cells with
Published online in J-STAGE: March 2, 2007 D-glucose-free Krebs-Ringer buffer (143 mM NaCl,
doi: 10.1254/jphs.SC0060222 4.7mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM
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NaH;PO4, 25mM NaHCO;, and 11 mM sucrose,
pH7.4) in an anoxic incubator replaced with 5%
CO,/95% N; for 10h at 37°C (ischemia conditions).
Subsequently, cells were incubated with serum-free
DMEM in 5% CO,/ 95% air at 37°C for 1 h (reperfu-
sion conditions). As a control, cells were incubated with
normal Krebs-Ringer buffer (143 mM NaCl, 4.7 mM
KCl, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM NaH,PO,,
25 mM NaHCO;, and 11 mM D-glucose, pH 7.4) for
10h and subsequently incubated with serum-free
DMEM for 1 h in 5% CO,/ 95% air at 37°C (normal
conditions). To test whether indapamide protects against
ischemia/reperfusion-induced cell death, cells were
exposed to 10— 50 uM of indapamide (Kyoto Pharma-
ceutical Industries, Kyoto) or vehicle (0.25% dimethyl
Sulfoxide) during conditions of ischemia and reperfu-
sion or normal conditions. Cell viability was measured
by the WST-1 assay (Cell Counting Kit-8; Dojindo,
Kumamoto).

Endothelial barrier function was evaluated by measur-
ing permeability of cells to sodium fluorescein (Na-F)
and Evan’s blue-albumin (EBA) as previously described
(9). MBEC4 cells were grown on the collagen-coated
membrane (1.1 cm?, 0.4-um pore size) of a Transwells™
insert (42,000 cells/cm?, Corning) and subsequently
exposed to the above-mentioned ischemia conditions for
7h. As a control, MBEC4 cells were incubated with
normal Krebs-Ringer buffer for 7 h (normal conditions).
Cells were exposed to 10— 100 uM of indapamide or
vehicle during ischemia conditions or normal condi-
tions. To initiate transport experiments, the medium was
removed and cells were washed with normal Krebs-
Ringer buffer. Krebs-Ringer buffer containing 100 ug
/mL of Na-F (MW 376, Sigma, St. Louis, MO, USA)
and 670 ug/mL EBA bound to 0.1% BSA (MW=
67 kDa) were loaded on to the luminal side of the insert.
Samples were removed from the abluminal chamber at
30, 60, 90, and 120 min and immediately replaced with
Krebs-Ringer buffer. The concentrations of Na-F and
EBA were determined with a CytoFluor Series 4000
fluorescence multiwell plate reader [Ex(1) 485 £ 10 nm
and Em(i) 530%12.5nm; PerSeptive Biosystems,
Framingham, MA, USA] and an Opsys MR microplate
reader (630 nm; DYNEX Technologies, Chantilly, VA,
USA), respectively. The permeability coefficient and
clearance were calculated according to the method of
Dehouck et al. (10), as previously described (9).

Data are expressed as the mean + S.E.M. Statistical
analysis was performed using one-way analyses of
variance (ANOVA) followed by Tukey-Kramer’s post-
hoc test. The difference in means was considered to be
significant when the P value was less than 0.05.

As shown in Fig. 1, the ischemia (10 h)/reperfusion
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Fig. 1. Effects of indapamide on the viability of MBEC4 cells
subjected to normal (A) or ischemia/reperfusion (B) conditions.
Results are expressed as % of cell viability under normal conditions
with vehicle treatment (% of vehicle). The % recovery is shown on
the right-side of panel B and was calculated using the following
equation: [% of vehicle under ischemia/reperfusion conditions with
indapamide treatment - % of vehicle under ischemia/reperfusion
conditions with vehicle treatment]/[% of vehicle under normal
conditions with vehicle treatment— % of vehicle under ischemia
/reperfusion conditions with vehicle treatment] x 100. Data are
expressed as the mean+ S.E.M. (n=8-20). *¥P<0.01, significant
difference from vehicle under normal conditions. **P<0.01, signifi-
cant difference from the vehicle under ischemia/reperfusion condi-
tions.

(1 h) conditions significantly decreased the viability of
MBEC4 cells grown on collagen-coated wells, by 26.5%
of cells subjected to normal conditions. The effect of
indapamide on ischemia/reperfusion-induced damage in
MBECH4 cells was concentration-dependent: 20 — 50 uM
indapamide improved recovery by 50% — 86%. These
concentrations have no effect on cell viability under
normal conditions. As shown in Fig. 2, a 7-h period of
ischemia resulted in increased permeability of MBEC4
cells grown on collagen-coated membranes to Na-F
(paracellular transport marker) and EBA (transendothe-
lial transport marker). Following ischemia, the perme-
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ability coefficients of Na-F and EBA were significantly
increased to 223.7 + 9.8% and 518.9 + 42.5% of the ve-
hicle under normal conditions, respectively. The viabil-
ity of MBEC4 cells grown on membranes after a 7-h ex-
posure to ischemic conditions and following termination
of the permeability test (2h) were 72.8 £3.6% and
71.3+1.0% of cells subjected to normal conditions,
respectively; there was no difference in cell viability
before and after the permeability test. Following a 7-h
exposure to indapamide (50— 100 uM) under ischemic

conditions, hyperpermeability of MBEC4 cells to Na-F
and EBA was concentration-dependently reduced by
31.9%—-47.4% and 41.4%-60.6% of the vehicle,
respectively. This effect was not accompanied by a
change in cell viability (vehicle: 72.8 + 3.6%, 100 mM:
75.9 £ 2.3%). Under normal conditions, these concentra-
tions of indapamide had no effect on the permeability
coefficients of Na-F and EBA in MBEC4 cells. These
findings suggest that indapamide may efficiently inhibit
ischemia-induced hyperpermeability rather than inhibit
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ischemic cell death. MBEC4 cells that were grown on
membranes exhibited a higher vulnerability to ischemic
cytotoxicity and lower sensitivity to the cytoprotective
action of indapamide than those grown on the smooth
plastic surface of a well. Further experiments will be
required to clarify these issues.

The in vitro ischemia/reperfusion conditions used in
the present study significantly reduced the viability of
MBEC4 cells, and this effect was ameliorated by
indapamide. Ischemic conditions increased the perme-
ability of MBEC4 cells to Na-F and EBA, but this
hyperpermeability was reduced by indapamide.

Disruption of the BBB is a critical event during
cerebral ischemia as it is followed by the passive
diffusion of water, leading to vasogenic edema and
secondary brain injury. Cerebral edema is a major and
fatal complication of acute ischemic stroke. Free radical
overproduction after brain ischemia and reperfusion
contributes to brain edema and neuronal damage. Thus,
an inhibition of free radical formation is likely to prevent
the occurrence of brain edema and neuronal damage.
Indapamide has an antioxidant effect and has the
potential to scavenge oxygen free radicals and their
derivatives. Boucheretal. reported that indapamide
treatment has a protective effect on cardiac tissue during
the early stages of postischemic reperfusion (6). The
present findings suggest that indapamide may protect
cerebral endothelial cells from ischemic damage due to
antioxidation and/or free radical scavenging. This
phenomenon may contribute, at least in part, to the
mechanisms by which indapamide facilitated protection
of perindopril against recurrent stroke in a recent clinical
study (7).

Brain capillary endothelial cells form a metabolic and
physical barrier that separates the periphery from the
brain to maintain cerebral homeostasis. The lack of
fenestrations and the presence of tight junctions
differentiate brain microvessel endothelial cells from
peripheral microvascular endothelium. While adherent
junctions and other junctional proteins contribute to
cell-to-cell contacts in the ‘paracellular cleft, tight
Jjunctions are critical for restricting paracellular diffusion
in the cerebral microvasculature. Increased cerebro-
vascular permeability is a principal factor in the
development of cerebral edema after brain ischemia.
Several studies have shown a relationship between
cyclic AMP (cAMP) levels and permeability of endo-
thelial cell monolayers. For example, elevation of intra-
cellular cAMP concentrations induces high trans-
endothelial electrical resistance and increases P-glyco-
protein function in brain capillary endothelial cells (11,
12). In addition, when bovine aortic endothelial cells
were cultured in hypoxic conditions, cellular cAMP

levels decreased and this phenomenon was associated
with an increase in cellular permeability (13). Further-
more, a decrease in cAMP levels was detectable after
brain microvascular endothelial cells were exposed to
hypoxic conditions for 3 h (14). Moreover, indapamide
was shown to augment cAMP production induced by
forskolin, an adenylyl cyclase activator, but did not
alter basal cAMP levels in cardiomyocytes alone (15).
Therefore, indapamide may protect cerebral micro-
vascular endothelial cells from ischemic dysfunction by
increasing intracellular cAMP levels. The effects of
indapamide on the expression of tight junction-related
proteins and on intracellular messengers are now being
investigated in rat brain primary cultured endothelial
cells.

We present here in vitro evidence to suggest a
possible protective action of indapamide against is-
chemia/reperfusion-induced injury and dysfunction of
the BBB.
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2-(2-[2-Dimethylaminothiazol-5-yl]Ethenyl)-6-
(2-[Fluoro]Ethoxy)Benzoxazole: A Novel PET
Agent for In Vivo Detection of Dense Amyloid
Plaques in Alzheimer’s Disease Patients
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Extensive deposition of dense amyloid fibrils is a characteristic
neuropathologic hallmark in Alzheimer’s disease (AD). Noninva-
sive detection of these molecules is potentially useful for early
and precise detection of patients with AD. This study reports a
novel compound, 2-(2-[2-dimethylaminothiazol-5-yljethenyl)-6-
(2-[fluorojethoxy)benzoxazole (BF-227), for in vivo detection of
dense amyloid deposits using PET. Methods: The binding affin-
ity of BF-227 to amyloid-B (AB) fibrils was calculated. The binding
property of BF-227 to amyloid plaques was evaluated by neuro-
pathologic staining of AD brain sections. Brain uptake and in vivo
binding of BF-227 to AR deposits were also evaluated using
mice. For clinical evaluation of 1'C-BF-227 as a PET probe, 11
normal (heaithy) subjects and 10 patients with AD participated
in this study. Dynamic PET images were obtained for 60 min after
administration of ''C-BF-227. The regional standardized uptake
value (SUV) and the ratio of regional to cerebellar SUV were cal-
culated as an index of ''C-BF-227 retention. The regional tracer
distribution in AD patients was statistically compared with that
of aged normal subjects on a voxel-by-voxel basis. Results:
BF-227 displayed high binding affinity to synthetic Ag1-42 fibrils
(K, [inhibition constant], 4.3 = 1.5 nM). Neuropathologic staining
has demonstrated preferential binding of this agent to dense am-
yloid deposits in AD brain. Moreover, a biodistribution study of
this agent revealed excellent brain uptake and specific labeling
of amyloid deposits in transgenic mice. The present clinical
PET study using "'C-BF-227 demonstrated the retention of this
tracer in cerebral cortices of AD patients but not in those of nor-
mal subjects. All AD patients were clearly distinguishable from
normal individuals using the temporal SUV ratio. Voxel-by-voxel
analysis of PET images revealed that cortical BF-227 retention in
AD patients is distributed primarily to the posterior association
area of the brain and corresponded well with the preferred site
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for neuritic plaque depositions containing dense A fibrils. Con-
clusion: These findings suggest that BF-227 is a promising PET
probe for in vivo detection of dense amyloid deposits in AD pa-
tients.

J Nucl Med 2007; 48:553-561
DOI: 10.2967/jnumed.106.037556

Substantial neuropathologic evidence suggests that the
deposition of senile plaques (SPs) and neurofibrillary tangles
(NFTs) represents the characteristic neuropathologic hallmark
in Alzheimer’s disease (AD) (/). Progressive accumulation
of SPs is considered fundamental to the initial development
of dementia. Extensive deposition of SPs in the brain is
present even in very mild AD and precedes the presentation
of cognitive impairment (2,3). Several antiamyloid drugs
are under development for the treatment and prevention of
AD (4). For early detection and preventive intervention for
AD, noninvasive imaging of neuropathologic lesions is a
powerful strategy.

For this purpose, several imaging techniques have been
developed that can noninvasively detect SPs in the brain
using PET, SPECT, and MRI]. Among these imaging mo-
dalities, PET is the most advanced and practical method for
in vivo measurement of SP depostitions. To achieve success-
ful imaging using PET, various radiolabeled agents have
been developed. Currently, 60H-BTA-1 (PIB) is the most
successful PET agent for in vivo amyloid imaging. This
tracer sensitively detects amyloid fibrils in the brain and is
proven to be useful for early diagnosis of AD (5-7).

However, amyloid- (AB) deposition is also frequent in
aging, cven in cognitively intact individuals. Excessive
identification of AP has a potential risk to misjudge the
normal aging process with abnormal Af deposition. In the
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normal aging process, noncompact or diffuse amyloid
plaques containing less fibrillar AR are deposited primarily
in the brain. Brains from patients with AD are characterized
by an anatomically widespread process of amyloid deposi-
tion and neuritic plaque formation containing dense amy-
loid fibrils (8). A shift of brain A3 from the soluble to the
fibrillar form is closely associated with the onset of AD (9).
Therefore, selective detection of dense amyloid fibrils
would be advantageous to differentiate the normal aging
process from AD with high specificity.

We have previously demonstrated a novel series of
benzoxazole derivatives as promising candidates for an in
vivo imaging probe of SPs (/0-12). These derivatives showed
comparatively high blood—brain barrier (BBB) permeability,
high binding affinity for AP aggregates, and high specificity
for fibrillar AB deposits, suggesting potential merit for the
early detection of AD-related pathologies. Herein we intro-
duce an optimized derivative, 2—(2—[2-dimcthy]amin6thiaml—
5-ylJethenyl)-6-(2-{fluoro]ethoxy)benzoxazole (BF-227), as
a PET probe for in vivo detection of dense amyloid deposits
in humans.

MATERIALS AND METHODS

Preparation of Compounds
BF-227 (Fig. 1) and its N-desmethylated derivative (a precursor of
1C-BF-227) were custom-synthesized by Tanabe R&D Service Co.
"1C-BF-227 was synthesized from the precursor by N-methylation
in dimethyl sulfoxide (Fig. 1) using ''C-methy! triflate (13, /14). After
_ quenching the reaction with 5% acetic acid in ethanol, !'C-BF-227
was separated from the crude mixture by semipreparative reversed-
phase high-performance liquid chromatography and then isolated
from the collected fraction by solid-phase extraction. The purified
VIC-BF-227 was solubilized in isotonic saline containing 1%
polysobate-80 and 5% ascorbic acid. The saline solution was filier-
sterilized with a 0.22-pm Millipore filter for clinical use. The radio-
chemical yields were >50% based on !'C-methyl triflate, and the
specific radioactivities were 119-138 GBq/umol at the end of
synthesis. The radiochemical purities were >95%.

In Vitro Binding Assays

Binding affinities of the compounds for synthetic AB1-42
aggregates were examined as described previously (/0). Briefly,
solid-form AB1-42 (Peptide Institute) was dissolved in 10 mM
potassium phosphate buffer (pH 7.4) and incubated at 37°C for 40 h.
The binding assay was performed by mixing 100 pL of aggregated

AB1-42 with the appropriate concentration of ZI-labeled 2-(4-
methylamino)styryl-5-iodo-benzoxazole (BF-180) and 8% ethanol.
After incubation for 4 h at room temperature, the binding mixture
was filtered and filters containing bound '*°I ligand were counted
using a vy-counter. The dissociation constant (Kg) and maximum
specific binding (B,,,x) of BF-180 were determined. For inhibition
studies, binding studies were performed using synthetic AB1-42
aggregates. A mixture containing 50 pL of BF-227, 50 pL of 0.05
nM 'Z1-BF-180, 100 pL of 100 nM AR1-42, and 800 pL of 8%
ethanol was incubated at room temperature for 4 h. The mixture was
then filtered through Whatman GF/B filters, and filters containing
bound '°I ligand were counted in a y-counter. Values for the half-
maximal inhibitory concentration (ICsy) were determined from
displacement curves of 3 independent experiments using Prism
software (GraphPad), and values for the inhibition constant (K;)
were determined using the Cheng—Prusoff equation.

Measurement of Octanol/Water Partition Coefficients

Phosphate-buffered saline (PBS) and l-octanol (Wako) were
saturated with l-octanol and PBS, respectively, before use. BF-
227 was dissolved in 1-octanol and shaken with equal amounts of
PBS for 30 min at room temperature. After centrifugation at 2,000
rpm for 15 min, absorbency of the l-octanol layer was measured
at the peak wavelength of the absorbance spectrum of BF-227
using a Spectra Max 190 microplate reader (Molecular Devices).
Octanol/water partition coefficients were determined by compar-
ing absorbency with that before shaking with PBS. Each data
point was performed in duplicate.

BBB Permeability of BF-227 in'Nbrmal Mice
Brain uptake of BF-227 was measured using ''C-labeled com-

" pound. The ''"C-BF-227 (1.1-6.3 MBq) was administered into the

tail vein of male C57B6 mice (# = 23; mean weight, 28-32 g).
Mice were then sacrificed by decapitation at 2, 10, 30, and 60 min
after injection. The whole brain was removed and weighed, and
radioactivity was counted using an automatic y-counter. The per-
centage injected dose per gram of tissue (%ID/g) was calculated
by normalizing tissue counts to tissue weight. Each %ID/g value is
expressed as a mean * SD of 3 or 4 separate experiments.

Neuropathologic Staining

Postmortem brain tissues from a 69-y-old man with autopsy-
confirmed AD and an 81-y-old man with autopsy-confirmed phys-
iologic aging were obtained from Fukushimura Hospital (Toychashi,
Japan). Experiments were performed under the regulations of the
ethics committee of BF Research Institute. Serial sections (6-pm
thick) from paraffin-embedded blocks of temporal cortex, stria-
tum, and cerebellum were prepared in xylene and ethanol. Before
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the staining of compounds, quenching of autofluorescence was
performed as described previously. Quenched tissue sections were
immersed in 100 pM of BF-227 or 0.125% thioflavin-S solution
containing 50% ethanol for 10 min. Sections stained with each
compound were then dipped briefly into water and rinsed in
PBS for 60 min before coverslipping with Fluor Save Reagent
(Calbiochem); sections were examined using an Eclipse E800
microscope (Nikon) equipped with a V-2A filter set (excitation,
380420 nm; dichroic mirror. 430 nm; long-pass filter, 450 nm).
Sections stained with thioflavin-S were dipped briefly in tap water
and in 50% ethanol and then washed in PBS for 60 min before
coverslipping; this was followed by fluorescent microscopy using
a BV-2A filter set (excitation, 400-440 nm; dichroic mirror, 455
nm; long-pass filter, 470 nm). In addition, adjacent sections were
immunostained using monoclonal antibody (mAb) against AR
(6F/3D; Dako A/S). After pretreatment with 90% 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 by the avidin-
biotin method using a Pathostain ABC-POD(M) Kit (Wako) and
diaminobenzidine tetrahydrochloride.

Labeling of Ag Deposits in Transgenic Mouse Brain

Ex vivo plaque labeling with BF-227 was evaluated using PS1/
APPsw double transgenic mice (7 = 2) and a wild-type mouse
(n = 1) (male, 32-wk old) (/5). A BF-227 solution containing
10% polyethylenglycol 400 and 0.1 mol/L HCI was administered
into the tail vein at a dose of 4 mg/kg. Mice were anesthetized
using sodium pentobarbital 2 h after injection of BF-227; they
were then perfused transcardially with ice-cold saline, which was
followed by 4% paraformaldehyde in 0.1 M PBS, and the brains
were removed. After cryoprotection in 30% sucrose/0.1 M PBS,
6-pm frozen sections were cut using an OTF cryostat and imaged
with no additional staining for fluorescent microscopy using a
V-2A filter set. The same sections were immunostained using mAb
against AR (6F/3D) as described earlier.

Subjects-and Patients in Clinical PET Study

Eleven normal (healthy) control subjects, including 3 young
normal subjects and 8 aged-matched normal subjects, and 10 prob-
able AD patients underwent PET measurement of ''C-BF-227
distribution in the brain (Table 1). AD patients were recruited
through the Tohoku University Hospital Dementia Patients Reg-
istry. The diagnosis of AD was made according to the National
Institute of Neurological and Communicative Diseases and Stroke/
Alzheimer’s Disease and Related Disorders Association (NINCDS—
ADRDA) criteria. The normal control group was recruited from
volunteers, who were taking no centrally acting medication, had no
cognitive impairment, and had no cerebrovascular lesion on MR
images. No significant difference in age was apparent between the
AD group and the aged normal control group. AD patients had
significantly lower mean mini-mental status examination (MMSE)
scores than normal control subjects. This study was approved by the
cthics committee on clinical investigations of Tohoku University
School of Medicine and was performed in accordance with the
Declaration of Helsinki. After complete description of the study to
the patients and subjects, written informed consent was obtained.

Image Acquisition Protocols
The protocol of the PET study was approved by the Committec
on Clinical Investigation at The Tohoku University School of

PET AGENT ForR DENSE AMYLOID-B Derosrrs < Kudo et al.

TABLE 1
Subject Demographics
-Group Subject Sex Age(y) MMSE score
Young normal YN 1 M 36 30
(n=3) YN 2 M 37 30
YN 3 M 36 30
Mean * SD 36.3 * 0.6 300+ 0.0
Aged normal AN 1 M 69 30
(n = 8) AN 2 F 70 29
AN 3 F 64 30
AN 4 F 65 30
AN 5 M 67 30
AN 6 M 69 30
AN 7 M lal 30
AN 8 M 59 30
Mean + SD 66.8 x40 299 04
All normal Mean *+ SD 585 + 146 299 *+ 0.3
(n=11)
AD(n=10) AD1 F 65 24
AD 2 M 75 19
AD 3 F 72 21
AD 4 F 82 18
AD5 F 62 20
AD 6 F 68 21
AD7 M 70 23
AD 8 F 85 23
AD 9 M 78 14
AD 10 F 75 26
Mean *+ SD 73.2 £ 7.3* 20.9 + 3.4*t

*P < 0.05 vs. young normal group.
P < 0.05 vs. aged normal group.
MMSE = mini-mental state examination.

Medicine and the Advisory Committee on Radioactive Subslances
at Tohoku University. The ''C-BF-227 PET study was performed
using a SET-2400W PET scanner (Shimadzu). After intravenous
injection of 211-366 MBq of ''C-BF-227, dynamic PET images
were obtained for 60 min (23 sequential scans: 5 scans X 30 s,
5 scans X 60 s, 5 scans X 150 s, and 8 scans X 300 s) with each
subject’s eyes closed. The T!-weighted MR images were obtained
using a SIGNA 1.5-T machine (GE Healthcare).

Image Analysis

First, standardized uptake value (SUV) images of ''C-BF-227
were obtained by normalizing tissue radioactivity concentration
by injected dose and body weight. Subsequently, individual MR
images were anatomically coregistered into individual PET im-
ages using Statistical Parametric Mapping software (SPM?2; Wel-
come Department. U.K.) (/6). Regions of interest (ROIs) were
placed on individual axial MR images in the cerebellar hemi-
sphere, striatum, thalamus, frontal cortex (Brodmann’s areas [BA]
8,9, 10, 44, 45, 46, and 47), lateral temporal cortex (BA 21, 22,
37, and 38), parielal cortex (BA 39 and 40), temporooccipital
cortex (BA 18 and 19), occipital cortex (BA 17), medial temporal
cortex (BA 27, 28, 34, and 35), pons, and subcortical white matter,
as described previously (/7). The ROI information was then cop-
icd onto dynamic PET SUV images, and regional SUVs were sam-
pled using Dr.View/LINUX software (Asahi-Kasci Joho System).
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The interrater reliability for the ROI measurement was tested
between 2 raters in 14 subjects and patients. The intraclass corre-
lation coefficient was 0.95 in the frontal cortex and cerebellum,
0.97 in the lateral temporal and parietal cortices, and 0.98 in the
medial temporal cortex. The correlation coefficient between these
2 measurements was 0.96 in the frontal cortex, 0.97 in the lateral
temporal cortex, and 0.99 in the parietal cortex, medial temporal
cortex, and cerebellum. SUVs between 40 and 60 min were av-
eraged to calculate the SUVs for group comparison. ‘

Statistical Analysis

For statistical comparison in the 3 groups, we applied the
Kruskal-Wallis test, which was followed by Dunn’s multiple
comparison test. The difference in time—activity curves in ''C-
BF-227 PET was also evaluated by repeated measures ANOVA,
which was followed by the Bonferroni—Dunn post hoc test. For
statistical comparisons of PET measurements in aged normal
and AD groups, we used the Mann—Whitney U test. Effect-size
coefficients (Cohen’s d) were also calculated for the evaluation of
group differences in PET measurements. Statistical significance
for each analysis was defined as P < 0.05. Statistical comparison
between images from normal control subjects and AD patients
was performed on a voxel-by-voxel basis using SPM2 software
(/6). SUV summation images 30-60 min after injection were
stereotactically normalized using individual MR images into a
standard space of Talairach and Tournoux. The normalized images
were smoothed using a 16 X 16 x 16 mm gaussian filter. The count
of each voxel was normalized to the cerebellar ROI value, because
cerebellum is reported to be a region free of fibritllar amyloid
plaques in AD brain. Tmages of patients with AD (n = 10)
were compared with those of aged normal control subjects (n = 8)
for between-group analysis (P < 0.001, uncorrected; extent
threshold, & = 200). For the group analysis, a 2-sample ¢ test
was used to detect differences between the AD and normal control
groups.

FIGURE 2. Neuropathologic staining of
human brain sections by BF-227. Amy-
loid plaques are clearly stained with BF-
227 in AD temporal brain sections (A).
BF-227 staining correlates well with A
immunostaining in adjacent sections (B,
arrows). BF-227 faintly stains NFTs, in
contrast to clear staining with thioflavin-S
(C, arrowheads). In aged normal temporal
cortex (D), no staining by BF-227 is
observed. Bar in A-C = 50 pm; bar in
D = 200 pm.
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RESULTS

In Vitro Binding Study for Ag Fibrils

In vitro binding assay indicated that BF-227 shows high
binding affinity for AB{-42 fibrils. K; for AB1-42 fibrils in
competitive binding assay using '>’I-BF-180 was 4.3 % 1.5
nM in BF-227, comparable to levels previously reported for
compound BF-168.

Neuropathologic Staining in AD Brain Sections

Neuropathologic examination using BF-227 indicated that
amyloid plaques were selectively stained with BF-227 in
AD brain sections (Fig. 2A). Especially, cored plaques were
brightly stained with BF-227, indicating that this compound
preferentially ‘binds to mature amyloid plaque. This stain-
ing pattern correlated well with AP immunostaining in
adjacent sections (Fig. 2B, arrows). BF-227 staining was
turther compared with staining using thioflavin-S. In con-
trast to clear staining of SPs and NFTs with thioflavin-S
(Fig. 2C), BF-227 primarily stained SPs, with faint staining
of NFTs (Fig. 2B, arrowheads). No apparent staining was
also observed in the temporal brain section of the aged
normal case (Fig. 2D).

BBB Permeability and Clearance from Normal Brain
Next, we investigated whether BF-227 entered the brain
in amounts sufficient for use as a PET agent. The log P
value of BF-227 was 1.75, close to that of BF-168 (log P =
1.79). Intravenous administration of BF-227 into normal
mice indicated that this compound readily penetrated the
BBB. Brain uptakes at 2, 10, 30, and 60 min after intra-
venous injection of ''C-BF-227 were 7.9 *+ 1.3,3.7 + 0.37,
1.4 % 0.36, and 0.64 * 0.15 %ID/g, respectively. ''C-BF-
227 displayed double the initial uptake and faster washout
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in normal brain tissue compared with those of '*F-BF-168
(3.9 %ID/g at 2 min after injection; 1.3 %ID/g at 60 min
after injection).

Intravenous Administration of BF-227 in Transgenic
Mice

In vivo binding of nonlabeled BF-227 to AB deposits was
examined using PS1/APPsw double transgenic mice. After
intravenous injection of 4 mg/kg BF-227, ex vivo observa-
tion of transgenic mouse brain slices showed numerous
fluorescent spots in the neocortex and hippocampus (Figs.
3A and 3B). In contrast, no fluorescent spots were detected
in the wild-type mouse brain (Fig. 3C). Brain sections of
transgenic mice were subsequently immunostained using
AB-specific antibody. and the distribution of plaques la-
beled with BF-227 corresponded well with AB immuno-
staining (Fig. 3D, arrowheads).

Time—-Activity Data of 'C-BF-227 in Clinical PET Study

No toxic event was observed in the current clinical trial
of ''C-BF-227. The SUV time-activity curves from ''C-
BF-227 PET in AD patients and all normal subjects are
shown in Figure 4. Both groups showed rapid entry of ''C-
BF-227 into gray matter areas. In AD patients, the frontal,
temporal, and parietal cortices, areas known to contain high
concentrations of fibrillar amyloid plaques in AD, retained
1C-BF-227 to a greater extent during the later time points
compared with normal subjects (Figs. 4A—4C). When the 2
groups were compared, a significant difference in time-
activity curves was observed in the frontal (Fig. 4A), lateral
temporal (Fig. 4B), parictal (Fig. 4C), and visual associa-
tion cortices {(data not shown). In contrast, time—activity
curves in the cerebellum (Fig. 4D), an area lacking fibrillar
amyloid plaques, were nearly identical in normal subjects
and AD patients. The subcortical white matter region showed
relatively lower entry and slower clearance than gray matter
areas but no significant difference in time—activity curves
between the 2 groups (data not shown). In the comparison
of time—activity curves in the cortical areas and cerebellum,
AD patients showed a significant difference in time—activity
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curves over 10 min after administration of ''C-BF-227, but
normal subjects showed no significant differences.

SUV Images in AD Patients and Normal Control Subjects

SUV images summed over 20—40 min after injection of
an aged normal subject (70-y-old woman) and an AD
patient (68-y-old woman; MMSE score = 21) are shown in
Figure 5. Cortical retention of ''C-BF-227, especially in
the basal portion of the frontal, temporal, and parietal
region, was evident in the AD patient, in contrast with the
images of the aged normal subject. This pattern of distri-
bution is consistent with the findings of neuritic plaque
distribution in postmortem AD brains (/8). Higher reten-
tion of '!C-BF-227 was also observed in the brainstem and
thalamus; however, similar retention in these areas was
detected in the aged normal subject. ''C-BF-227 uptake in
the cerebellum was relatively sparse in both the aged normal
subject and the AD patient.

Comparisons of Regional SUVs and SUV Ratios

In the quantitative comparison of regional SUVs between
40 and 60 min after administration, cortical regions showed
the tendency to be increased in AD patients; however, the
difference was not significant because of the large individ-
ual difference in SUVs. SUVs in the thalamus, pons, and
white matter were similar in the 3 groups. Because there
were no plaques in the cerebellum, there was no BF-227
binding and no significant difference in the SUV between
AD and normal groups, indicating that the cerebellum is
adequate as a reference region. Therefore, the ratio of
regional SUV to cerebellar SUV (SUV ratio) was calcu-
fated as an index of ''C-BF-227 retention. This analysis
successfully reduced the intersubject variability, as re-
flected in low SD values (Table 2). The mean SUV ratio
for the frontal, lateral temporal, parietal, temporooccipital,
occipital, anterior and posterior cingulate cortices, and
striatum was significantly greater in AD patients than that
in aged normal subjects (Table 2; Fig. 6). Notably, the SUV
ratio in the lateral temporal cortex showed no overlap
between AD patients and normal control subjects (Fig. 6).
The SUV ratio in the medial temporal cortex, thalamus,

FIGURE 3. In vivo binding of BF-227 to
amyloid plagues in PS1/APP transgenic
mouse. In brain sections from PS1/APP
transgenic mouse after intravenous in-
jection of 4 mg/kg BF-227, numerous
fluorescent spots were observed in neo-
cortex and hippocampus of brain (A and
B). In contrast, no fluorescent spots were
observed in brain of wild-type mouse (C).
Distribution of plaques labeled with BF-
227 corresponded well with AR immu-
nostaining in same section (B and D,
arrowheads).
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FIGURE 4. Time-activity data for ''C- »
BF-227 PET in humans. SUV time— 14
activity curves of ''C-BF-227 in frontal
cortex (A), temporal cortex (B), parietal
cortex (C), and cerebeilum (D) are shown. 0 . , ,
Each point represents mean * SEM of 0 20 40 60
data from 7 AD patients and 7 normal Time {min) Time (min)
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pons, and white matter was nearly identical in AD patients
and normal subjects. The effect size between AD patients
and aged normal subjects was highest in the lateral tem-
poral cortex, which was followed by the parietal, anterior
cingulate, and frontal cortices, and was lowest in the medial
temporal, thalamus, and pons (Table 2). No significant
difference was observed in any brain regions between
young normal and aged normal subjects, although aged
individuals tended to exhibit a higher SUV ratio in the
frontal cortex than young individuals (data not shown).

Voxel-by-Voxel Analysis of 11C-BF-227 PET images

In comparison with aged normal subjects, AD patients
showed significantly higher uptake of ''C-BF-227 in the
bilateral temporoparietal region ([50, —56, 6], Z = 541,
k = 22,823), including the posterior cingulate cortex and
the left middle frontal gyrus ([—26, 24,40}, Z = 3.79, k =
1,401) in SPM analysis (Fig. 7). These areas corresponded
well with the region containing a high density of neuritic
plaques. In contrast, no significant region was detected
showing lower uptake of ''C-BF-227 in the AD group than
that in the normal group.

DISCUSSION

BF-227 was designed to improve BBB penetration and
clearance from normal brain tissue, without deteriorating
the high binding affinity of benzoxazole derivatives to AB.
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Several lipophilic compounds have been reported as potential
amyloid imaging probes. 2-(1-{6-{(2-Fluoroethyl)(methyl)
amino]-2-naphthyl Jethylidene)malononitrile (FDDNP) was
introduced as the first BBB-permeable compound for in

Aged
normal

FIGURE 5. Mean SUV images between 20 and 40 min after
injection of 1'C-BF-227 in aged normal subject (top, 70-y-old
woman) and AD patient (bottom, 68-y-old woman). Coregis-
tered MR images are shown below PET images.
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