11-day-old Wistar rats (Hartey, SLC, Japan) were killed by decapi-
tation according to the guidelines for animal experimentation at Kobe
University School of Medicine. The hippocampus was rapidly
dissected at 46 °C and cut into 400-pm slices using a Mcillwain
Tissue Chopper (Mickle Laboratory Engineering Co. Ltd, UK). The
slices were immediately placed onto a 30-pum-diameter pored mem-
brane (Millicell-CM, Millipore, Bedford MA, USA), transferred into a
six-well microplate (Costar Coming Inc., NY, USA, four slices per
well) with 1 mL slice culture medivm per well and finally maintained
at 37 °C in a 95% humidified atmosphere with 5% CO, incubator
(Sanyo, Tokyo, Japan). The slice culture medium consisted of 50%

. minimum essential medium (MEM; Gibco, CA, USA), 25% Hanks’
balanced salt solution (HBSS; Gibco), 25% heat inactivated horse
serum (Gibco) supplemented 6.5 mg/ml glucose, 1% penicil-
lin/streptomyecin, and 1% Glutamax-iT (Gibco). The medium was
changed every 3 days and cultures were used for the experiments after
14 days in vitro.

Treatment of hippocampal slices

After 14 days in vitro, the slices were washed, and then exposed for 24
or 48 h to glucose (10 mM), pyruvate (10 mMm), lactate (10 mM),
sucrose (10 mM) medium, or to the combinations of glucose (10 mM)
with pyruvate (5 mM), pyruvate (10 mM), lactate (5 mM), trolox
(1 mM), niacinamide (10 mM) or o-cyano-4-hydroxycinnamic acid
(4-CIN; 0.2 mM). All the reagents listed above were supplemented in
a serum-free and ghicose-fiee medium containing 90 mM NaCl, 4 mM
KCl, 0.1 wmMm KHPO, 0.1mvM MgCl,, 05mM MgSO,,
0.1 mM NaHPQ4, 0.5 mM NaH,PO,, 14 mM NaHCO,;, 1.2 mMm
CaCl,, 2 mM essential and non-essential amino acids, 0.02 mM
vitamins, 1% Glutamax-1T, and 2% B-27 supplement without
antioxidants (Gibco), without or with 40 pM AB;s3s.

To establish the Ap-induced neurotoxicity, slices were treated with
two kinds of AP peptides (AB2s—35 ana AP1—42; Peptide Institute Inc.,
Osaka, Japan) in various concentrations. To obtain the oligomer of A,
AP was pretreated before applying it to each medium according to
Roselli’s method (Roselli et al., 2005). AP was dissolved in DMSO at
2 mM, and thereafter it was diluted ten-fold in sterile PBS, vortexed
for 30 min (at room temperature), and centrifuged at 15 000g at 4 °C
for 1 h. The supernatant (180 pM) was aliquoted (100 pL) and frozen
at —20 °C. Aliquots were diluted in culture medium to a final
concentration immediately before use.

Assessment of cell death in hippocampal slices

The propidium iodide (PI) method was applied for the assessment
of neuron death in hippocampal slices at 6, 24 and 48 h after each
treatment in the CAl region of the hippocampus. To label the
nuclei of dead neuroms, 4.6 pg/mL PI (Sigma, Louis St, MO, USA)
was added to the wells of the culture microplates for 20 min. PI is
a polar compound which only enters cells with damaged cell
membranes. Inside the cells it binds to mucleic acids and becomes
brightly red fluorescent. The dye is basically non-toxic to neurons
and has been used as an indicator of neuronal integrity and cell
viability (Macklis & Madison, 1990). Thus, the intensity of
fluorescence is parallel to the cell death. After 20 min, digital
imagines of PI fluorescence were obtained with an inverted
fluorescence microscope (4x objective) equipped with a digital
camera (Olympus IX70, Tokyo, Japan). After 14 days of in vitro
culture, prior to conditioning the slices, the PI fluorescence intensity
was adjusted to zero equivalent to the negative control (0% cell
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death). After the final image, all the living neurons were killed by
adding 10 pM N-methyl-D-aspartic acid (NMDA; Sigma) and the
final PI fluorescence intensity was adjusted to 100% equivalent to
total neuronal cell death. The mean intensity (green vahies) of the
PI flnorescence was measured using an image prograrmn Lumina
Vision (v.24.3; Mitani Inc., Osaka, Japan).

Determination of aconitase activity

Aconitase activity was measured at 24 h after each treatment. Four
slices were immediately homogenized in homogenization buffer,
which consists of 50 mM Trs-HCl,, pH 7.6, containing 1 mM
cysteine, 1 mM citrate and 0.5 mM MnCl;, and aconitase activity
was then measured immediately to avoid any inactivation by O, after
the extract had been cenfrifuged. Aconitase activity was measured in
an assay medium containing the following: 50 mM Tris-HCl,, 0.6 mM
MnCl,, 6 mM sodium citrate, 0.2% Triton X-100, 2 U/mL isocitrate
dehydrogenase (NADP*-dependent), and 1 U/mL catalase at 37 °C,
pH 7.4. The reaction was initiated by the addition of 0.2 mM NADP™.
The fluorescence intensity was determined with a Wallac 1420
ARVOsx (Perkin Elmer Life Science, Tokyo, Japan) at 340 nm
(Tretter et al., 2005).

Measurement of ATP levels

At 6 or 24 h after each treatment, four slices were immediately
homogenized in 0.5 mM perchloric acid with 1 mM thylene-diamine-~
tetra acetic acid and centrifudged for 15 min at 300 g. The supernatant
was neutralized with 2 M K,HCO,, recentrifuged and stored at
=30 °C until assay of ATP. ATP was quantified by a luciferin-
luciferase luminescence assay (Sigma). The protein content of the
slices was determined by the method of Lowry and Passonneau
(Okada, 1974).

Determination of NAD* levels

The NAD" levels of hippocampal slices were measured at 6 or 24 h
after each treatment. Four slices were immediately homogenized by
addition of 75% ethanol-0.05 M K,HPO,. Protein was precipitated by
the addition of 0.02 M ZnCl and centrifuged at 13 000g at 4 °C for
15 min; the supernatant was stored at —~80 °C until assay of NAD*
levels (Tilton et al., 1991). NAD" was measured afier its enzymatic
conversion to NADH by alcohol dehydrogenase, thus resulting in an
increase in the fluorescence spectrum between 400 and 600 nm after
an excitation at 340 nm using a Wallac 1420 ARVOsx (Perkin Elmer
life science, Tokyo, Japan) (Sander et al., 1976).

Materials

Trolox was purchased from Calbiochem (Dammstadt, Germany).
Sodium pyruvate, sodium lactate, and 4-CIN were obtained from
Sigma, and all other chemicals were from Wako (Tokyo, Japan) or
Nacalai (Kyoto, Japan).

Statistical analysis

The data were expressed as the mean + standard error of the mean
(SEM) from three independent experiments. Statistical significance
was established by ANOVA followed by Fisher’s PLSD post-hoc test
using Statview (v.5.0.1.0; SAS Institate Inc., Cary, NC, USA)
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software. A value of P < 0.05 was considered to be statistically
significant.

Results
ABq_42 and ABss.3s show similar toxic effects

Two different A fragment types, ABys_35 ang AB1—42, Were applied to
establish the neurotoxicity of AB. Cell death was evaluated at 48 h
after administration of various concentrations of the two AP
fragments. APB;_4 caused 4.2-18% cell death at concentrations
ranging from 0.5 to 25 uM. AB,s_35 (40 uM) induced toxicity
comparable with that for ABj_4 at 15 pM (data not shownm). As
APBys_35 and full-length AP;_,, cause neuron death by similar
mechanisms (Mattson et al., 1997), AB,s_3s at 40 uM was used in
all subsequent experiments.

Glucose demonstrated a better neuroprotective effect on
neuronal survival than MCTs alone in the absence and
presence of AB

To examine whether the replacement of glicose with MCTs (partic-
ularly lactate and pyruvate) had an equivalent effect as glucose on
neuronal survival in the hippocampal slice cultures and ameliorate the
neurotoxicity induced by AP, cell death was assessed by a PI assay at
24 and 48 h after each replacement. In comparison with glicose,
which induced 2.2 £ 1.2% cell death, both pyruvate and lactate alone
‘increased cell death in the hippocampal slice cultures at 24 h

(3.1 £0.5 and 3.3 +0.7% cell death, respectively, P < 0.05) and’

48 h (5.5 % 0.6 and 5.8 £ 0.5% cell death, respectively, P < 0.05),
and sucrose significantly increased cell death more than pyruvate and
lactate (6.2 £ 0.5 and 9.0 + 1.3% cell death, P < 0.001) (Fig. 14),
indicating that pyruvate and lactate alone were not as effective as
glucose, but were much better than sucrose. Similar results were
obtained in the hippocampal slice cultures treated with 40 puM ABys_3s
(Fig. 1B). Pyruvate, lactate or sucrose alone facilitated cell death in the
presence of 40 uM AP,s_3s for 24 h (Figs 1B and 3B-D). When
pyruvate was added with glucose, AB toxicity was significantly
ameliorated, as shown by the decrease of PI fluorescence intensity
(Fig. 3E). These results demonstrate that pyruvate and lactate alone
cannot be replaced for glucose to preserve the neuronal viability in the
hippocampal slice cultures, and they alone cannot ameliorate AP
neurotoxicity.

Pyruvate supplementation ameliorates the neurotoxicity in the
glucose-containing medijum and also protects against Ap
neurotoxicity

‘We next assumed that monocarboxylate might work for neuronal
survival as a fundamental energy source if glicose was present in the
culture medium. We treated the hippocampal slice cultires with a
glucose-containing medium supplemented with pyruvate, lactate,
niacinamide, trolox or 4-CIN for 24 h (Fig. 2A). The results showed
that glucose + pyruvate (10 mM) decreased cell death by 54.6 + 1.2%
(P < 0.01), but that glucose + lactate did not have a similar protective
effect. The free radical scavenger trolox and the NAD™ precursor
niacinamide can also decrease cell death after being added to a
glucose-containing medium by 273 +0.6% (P< 0.05) and
31.8 = 0.6% (P < 0.05), respectively. The pyruvate additive effect
was reversed in the presence of 4-CIN, a specific inhibitor of the
monocarboxylate transporter. Moreover, the presence of 4-CIN
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FI1G. 1. Effects of the individual treatment of glucose (G: 10 mMm), pyruvate
(P: 10 mM), lactate (L: 10 mM), sucrose (S: 10 mM) on cell death in
hippocampal organotypic slices culture (A) and on cell death induced by
ABys—3s (40 uM) (B). After 24 and 48 h, neuronal death was evaluated by
propidium iodide staining. Vertical bars indicate SEM, n = 12. Asterisks show
significant differences between the glucose treatment and other conditions
at *P < 0.05 ***P<0.001 by ANOVA [A: F34 = 128.761 (24 h),
F3 44 = 71.867 (48 h); B: Fy44 = 131.596 (24 h), F3 44 = 142.963 (48 )]
followed by Fisher’s PLSD post-hoc test. No significant difference was
observed between the pyruvate and lactate conditions either without or with AB
(P > 0.05) (A and B).

increased the cell death by 186.4 £+ 4.1% (P < 0.001) of the control
condition in the presence of glucose, thus indicating cell toxicity even
at low concentration, 200 pM (Fig. 2A). AB-induced neurotoxicity
in the hippocampal slice cultures was ameliorated by pyruvate
(decreased cell death by 56 +2.8%, P <0.01) (Fig. 3E), trol-
ox (decreased cell death by 34 + 1.7%, P < 0.05) and niacinamide
(decreased cell death by 40 + 1.9%, P < 0.05) in the presence of
glucose. The protective effects of these applications were also
abolished by 4-CIN (increased cell death by 58 +2.9%, P < 0.01)
(Fig. 2B). These results suggest that, in a glucose-containing medium,
pyruvate improves neuronal survival in the hippocampal slice cultures
and also protects neurons against AP-induced cell death, and its
protective effect is as strong as those of trolox, an ROS scavenger, and
niacinamide, an NAD" precursor.
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F1G. 2. Effects of the supplementation of glucose-containing culture media with pyruvate (P: 5 mM and 10 mw), lactate (L: 5 mwM), trolox (T: 1 mMm), niacinamide
N: 10 mm) and 4-CIN (0.2 mM) on cell death in hippocampal organotypic slice cultures in the absence (A) and presence (B) of ABzs—35 (40 pM) after 24 h. In
comparison to G, G+ P (5 mMm), G + P (10 mM), G +Tand G + N significantly reduced cell death, but G + L did not. The presence of 4-CIN reversed the protective
effect of pyruvate and showed an increased level of cell death as compared with glucose treatment. In the presence of AB, pyruvate, nictinamide and trolox showed a
significant protective effect against AB toxicity, but this was not the case for addition of lactate. Horizontal bars indicate SEM, n = 12. Asterisks show significant
differences between the glucose treatment and other conditions at ¥P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA (A: Frgg = 46.739; B: Fygg = 33.917)

followed by Fisher’s PLSD post-hoc test.

To determine whether the protective effect of pyruvate on neuronal
cell death could be extended to physiologically relevant peptides, the
hippocampal slice cultures were exposed to 20 uM Ap)_s2, and cell
death was examined after 24 and 48 h of treatment. The addition of
pyruvate in the glucose-containing medium also decreased the cell
death induced by 20 uM AB,_42 by 58.2 £ 7.8% (P < 0.01, 24 h) and
53.5 + 6.2% (P < 0.01, 48 h).

Protective effect of pyruvate on aconitase activity of hippo-
campal slices in the presence of Ap

1t has been demonstrated previously that detection of aconitase activity
can be used as an indicator of ROS production (Liang et al., 2000;

Tretter ef al., 2000). ROS generation by in situ mitochondria in
synaptosomes paralleled a decrease in the activity of aconitase (Sipos
et al., 2003). Therefore, it was expected in the present study that when
hippocampal slices were incubated with Af that would induce ROS
production, the activity of aconitase would decrease. When the
hippocampal slices were incubated with 40 uM APas 35, aconitase
activity decreased to 58.1% of the control in the medium including
glucose. In the presence of glicose, the addition of pyruvate and trolox
increased aconitase activity up to 85.5 and 84.2%, respectively, but the
addition of lactate and niacinamide demonstrated no improvements in
aconitase activity (56.5 and 60.3%, respectively) (Fig. 4). These
results indicate that pyruvate, but not lactate, has a protective effect as
strong as trolox, a well-known ROS scavenger.
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F1G. Cell death induced by APss.3s in hippocampal organotypic slice cultures and the neuroprotective effects of pyruvate in the presence of ghicose.
Fluoresccnce images of organotypic hippocampal slice cultures exposed to ABas_ss treated with glucose 10 mM (A), pyruvate 10 mM (B), lactate 10 mMm
(C), sucrose 10 mm (D), and glucose 10 mM plus pyruvate 10 mM (E).

Effect of MCTs on the ATP levels of hippocampal slices
in the presence of AR

To test the hypothesis that the meuroprotective effect of pyruvate
against AB-induced neurotoxicity was due to its role as an alternative
energy source, we examined the effect of MCT on the ATP levels in
hippocampal slices in the presence of AB. ATP levels in the slices at
24 h are 10.2 & 0.94 mmol/kg protein under the control condition
(10 mM glucose, in the absence of AB). In comparison with the
control group, incubation with 40 pM AP,s_3s caused a significant
decrease of ATP levels in both the glucose (68.6% of the control) and
MCT groups (69.0% of the control in 5 mM pyruvate and 68.8% of
the control in 5 mM lactate) (P < 0.05). In comparison with glucose,
neither glucose + pyruvate nor glucose + lactate ameliorated the
decrease of ATP levels in the presence of AB (Fig. 5). These results

suggest that the protective effect of pyruvate on neuronal survival

cannot be explained by its role as an energy substrate. In addition,
pyruvate canpot preserve the ATP levels of the slice, while it leads to
significant cell protection against AB (Figs 2B and 3E).

Effect of MCTs on NAD™* levels of hippocampal slices in the
presence of AR and correlation between neuronal cell death and
NAD™ levels in hippocammpal organotypic slice culftures

The mitochondrial NAD(P) redox status has been demonstrated to
play a central role in the neuroprotective plopemes of the pyruvate
supply (Alvarez et al., 2003), and NAD" treatment attenuated AP
generation in the primary Tg2576 neuron cultures (Qin et al., 2006).
We herein examined the effect of MCTs on the NAD" levels in
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F1G. 4. The protective effect of pyruvate on aconitase activity in hippocampal
slices treated with ABys—3s (40 uM) for 24 h. The results are expressed as a
percentage of the aconitase activity measured at the end of incubation in the
absence of AP,s_3s (control: 46.91 + 3.83 nmol/mg protein; n = 12). In the
presence of APys_3s (40 uM), G, G +P, G +L, G +T and G + N decreased
aconitase activity in comparison with the control. In comparison to G, G + P
and G + T increased aconitase activity, but G + L and G + N did not. Vertical
bars indicate SEM, n = 12. Asterisks: significant differences from the control
(*P < 0.05, **P < 0.01); # significant differences from the ghicose treatment
in the presence of ABys-3s (40 uM) only at P<0.05 by ANOVA
(Fs65 = 180.365) followed by the Fisher’s PLSD post-hoc test.

hippocampal slices in the presence of AB and explored the correlation
between neuronal cell death and NAD™ levels. We found that
in comparison with the control group (glucose 10 mM,
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FIG. 5. Effect of MCTs on ATP levels in hippocampal slices treated with
ABys_35 (40 pM). In comparison to G (glicose: 10 mM), G +AB, G + P
(5 mM) + AB and G + L (5 mM) + AP decreased ATP levels. No significant
difference was observed among the G +AB, G +P +AB and G +L + AB
groups. Vertical bars indicate SEM, n = 12. *Significant differences from
glucose group at P < 0.05 by ANOVA (F3 4 = 45.222) followed by Fisher’s
PLSD post-hoc test.

6.5 + 0.89 nmol/mg protein), glicose + pyruvate, but not glucose +
lactate, increased the NAD™ levels in the culture slices at 24 h by
164 £ 0.23% (P < 0.05). Exposure to 40 pM AB,s 35 for 24 h
induced a significant decrease in NAD" levels with glucose, glucose +
lactate and glucose + trolox condition (P < 0.05). In the presence of
APas_3s, the NAD™ levels of the slices was kept above control levels

(glucose) only in the glucose + pyruvate and glucose + niacinamide -

conditions (Fig. 6A). Trolox is a vitamin E analogue, which
demonstrated a strong protective effect against Af neurotoxicity. Its
protective effect did not correlate with the NAD™ levels (Figs 2B and
6B), but it may instead be associated with its action as an ROS
scavenger (Gibson et al., 2000). These results demonstrate that the
neuronal cell death partially correlated with a decrease in NAD" levels
in the hippocammpal organotypic slice cultures, and the supplemen-
tation of glucose-containing culture media with pyruvate, but not
lactate, could protect neurons against Ap-induced neurotoxicity by
increasing the NAD" levels.

ATP and NAD* levels before neuronal cell death

To assess the impact of the ATP and NAD" levels on the neuronal cell
death by AP, experiments were performed at an early time point in
treatment with 40 uM ABjs_35, when neuronal viability was still well
maintained. Exposure to 40 pM AB,s—35 for 6 h did not induce cell
death in each treatment (Fig. 7A). Incubation with 40 pM AB,s 55 for
6 h caused a significant decrease of ATP levels in the glucose
(11.0 + 0.55 mmol/kg protein), MCTs alone and glucose + MCTs
groups in comparison with the control group (10 mM glucose)
(P < 0.05, Fig. 7B). NAD" levels of the cultured slices decreased
under glucose and and glucose + lactate by 19.8+55 and
19.4 + 4.3%, respectively (P < 0.05). However, the NAD" levels of
the glucose + pyruvate group slices were maintained at 105.3 + 14.1%
of the control condition (Fig. 7C). These results suggest that AB
causes a loss of NAD" and ATP levels before neuronal cell death in
the hippocampal slice cultures.

Discussion

‘We found that pyruvate and lactate alone cannot replace glucose as an
alternative energy source to preserve neuronal viability in hippocam-
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F1G. 6. (A) Effects of supplementation of the glucose-containing culture
media with pyravate (P: 5 mM) and lactate (L: 5 mM) on NAD" levels in
hippocammpal organotypic slice cultures and with pyruvate (P: 5 mm), lactate
(L: 5 mM), niacinamide (N: 10 mM) and trolox (T: 1 mM) on NAD" levels in
the presence of AB;5-35 (40 pM). In comparison to the control (G: 10 mM), G+
P increased the NAD" level, but G + L did not. In the presence of APas_35
(40 uM), G decreased the NAD" level in comparison to the control. In
comparison to G, both G + P and G + N increased the NAD" levels, and G+ T
and G + L showed no significant differences. Vertical bars indicate SEM,
n = 12. *Significant differences from the control; #significant differences from
the glucose treatment in the presence of ABs—3s (40 pM) only at P < 0.05 by
ANOVA (Fqgg = 35.121) followed by Fisher’s PLSD post-hoc test
(B) The negative correlation between the percentage of cell death and
NAD" levels in hippocammpal organotypic slice cultures (R? = 0.7046).

pal slice cultures, and alone they cannot ameliorate AP neurotoxicity.
In addition, the supplementation of glucose-containing culture media
with pyruvate, but not lactate, improves neuronal survival in
hippocampal slice cultures and also protects neuroms against
ApB-induced cell death.

Although glucose is generally considered to be the main substrate to
maintain neural activity in the central nervous system, the brain can
utilize alternative metabolic substrates such as MCTs to sustain brain
function when glucose is unavailable (Agardh et al., 1981). MCT is an
essential route for the supply of the energy substrate to neurons during
glucose deprivation (Cater et al., 2001) and endogenous MCT rather
than glucose maintains neuronal integrity during energy deprivation
(Izumi et al, 1997). However, we herein show that pyruvate and
lactate alone cannot replace glucose as an alternative energy source to
preserve neuronal viability in hippocampal slice cultures (Figs 1A and
3), although they can preserve ATP levels (data not shown). Okada
(1982) also found that although the addition of either lactate or
pyruvate instead of glucose maintained the original levels of ATP and
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F1G. 7. Changes i cell death, ATP levels and NAD™ levels in hippocampal
slices in the presence of ABas—35 (40 pM) at 6 h. (A) Incubation with ABss_3s
(40 uM) for 6 h did not cause neuron death in each treatment. (B) Incuba-
tion with ABas_a5 (40 yM) for 6 h decreased the ATP levels in each treatment
[*P < 0.05 vs. G in the absence of AP;s_3s, ANOVA (Fs g6 = 17.555) followed
by Fisher’s PLSD post-hoc test]; no significant difference was observed among
these treatments. (C) In the presence of ABys—3s (40 uM)at6h, GandG+L
decreased the NAD* levels [*P < 0.05 vs. G in the absence of ABys-35, ANOVA
(F3.44 = 21.920) followed by Fisher’s PLSD post-hoc test], and G + P showed
no significant difference. Vertical bars indicate SEM, n = 12.

CrP, neural activity was diminished over time as in glucose
deprivation. Some reports have shown that glycolytically generated
ATP is necessary for various phosphorylation reactions. Silver &

Erencinska (1997) reported that glycolysis generation of ATP was
réquired for sodium pump activity in cultured murine cortical neurons
and Xu et al. (1995) showed that ATP generated from glycolysis
played an important role in regulating Ca®* homeostasis via the
calcinm pump in the sarcoplasmic reticulum. These results strongly
suggest that the presence of glucose is essential in the maintenance of
both neuronal function and survival, and its requirement is not simply
explained by its role as the energy substrate.

Furthermore, we found that supplementation of glucose-containing
culture media with pyruvate improved neuronal survival in hippo-
campal slice cultures (Fig. 3E), but not with lactate, although they
have the same effect on the maintenance of ATP levels in cultured
slices (data not shown). Based on in vitro studies using primary cell
cultures, several reports have described the protective effect of
pyruvate against cell toxicity. The supplementation of glucose-
containing culture media with pyruvate plus malate protects rat
primary neurons from AfB-induced degeneration and cell death
(Alvarez et al., 2003). Pyruvate potently protects against zinc toxicity
in cultured rat retinal cells (Yoo ef al., 2004) and limits zinc-induced
rat oligodendrocyte progenitor cell death (Kelland et al, 2004).
Pyruvate also protects neurons against hydrogen peroxide-induced
toxicity (Desagher et al., 1997). These protective effects of pyruvate
have not yet been explored in detail by a more complex structure and
in vivo-like system, such as a slice culture system. Using hippocampal
slice cultures, we examined the effect of MCTs (particularly pyruvate
and lactate) on ApB-induced neuronal neurotoxicity. We found that
pyruvate and lactate alone could not ameliorate AR neurotoxicity
(Fig. 1B), but that supplementation of glucose-containing culture
media with pyruvate could ameliorate AP neurotoxicity to levels as
strong as with trolox, a known ROS scavenger, and niacinamide, an
NAD" precursor. Lactate, by contrast, which can be used as a neuronal
energy substrate as well as pyruvate, failed to protect against AP
neurotoxicity (Fig. 2B). AP is known to decrease the ATP levels of
cells (Zhang et al., 1996). Our finding that neither pyruvate nor lactate
ameliorated the decrease of ATP levels induced by Af in the glucose-
containing culture media demonstrates that the protective effect of
pyruvate cannot be explained by its role as an energy substrate.

Cell toxicity by AP has been demonstrated via oxidative stress
(Mark et al., 1996) or indirectly through intracellular production of
ROS (Behl et al., 1994; Schubert er al., 1995) and protected by
antioxidants (Pereira et al, 1999). Pyruvate has been shown to
function as an effective antioxidant directly by its capacity to reduce
hydrogen peroxide to water and indirectly by increasing the levels of
reduced glutathione rather than as providing an improvement in
energy metabolism (Crestanello et al., 1995; Bassenge et al., 2000;
Mohanty et al., 2002). The Krebs-cycle enzyme aconitase is extremely
sensitive to free radicals; superoxide (Patel ef al., 1996) or hydrogen
peroxide at micromolar concentrations induces sigpificant inactivation
of the enzyme (Tretter et al., 2000). Therefore, it can be used as a
sensitive marker of ROS formation. In the present paper, we observed
that aconitase activity was significantly reduced after incubation for
24 h with 40 uM AP,s-3s, and that the loss of aconitase activity was
restored by addition of 5 mM pyruvate and 1 mM trolox, the latter
being a known ROS scavenger (Fig. 4). We herein also showed that
the supplementation of glucose-containing culture media with pyru-
vate protected neurons from cell death to levels as strong as with the
vitamin E analogue trolox (Fig. 2). These results indicate that the
supplementation of glucose-containing culture media with pyruvate
could protect neurons against A B-induced cell death through reducing
ROS accumulation. A subset of AB plaques produces free radicals
(ROS) in the brain tissues of AD patients (McLellan ez al., 2003) and
AP has also been reported to increase the generation of ROS, which in
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turmn inactivates aconitase (Longo et al., 2000). Whether the aconitase
activity is suppressed in the AD brain in vivo has not yet been
clarified; however, its activity has been shown to be severely depleted
in the brains of patients with certain severe neurological disorders such
as Huntington’s disease (Shapira, 1999).

Exposure to AfBs_3s induced an early fall in NAD™ levels before
the initiation of cell death (Fig. 7A and C). NAD" is necessary for cell
survival and it participates in a variety of essential metabolic processes
including DNA repair, cell signaling and as a cofactor for a number of
dehydrogenase enzymes. The depletion of NAD" levels disturbs
metabolism of ghicose, and in settings where glucose is the main
metabolic substrate, it leads to mitochondrial dysfunction and cell
death (Ying ef al., 2003; Alano et al., 2004). Memory deficits in AD
have been rteported to improve following NAD™ administration
(Birkmayer, 1996) and the increased NAD" levels in the brain have
been demonstrated to prevent AD-type AP neuropathology through
the activation of Sirtuinl (Qin et al., 2006). Exogenous pyruvate helps
replenish NAD" from NADH by its conversion to lactate via lactate
dehydrogenase. In addition to rteplenishing the NAD" needed for
glycolysis, exogenous pyruvate also serves as a direct TCA cycle
substrate.

In the present study, we first report that the supplementation of
glucose-containing culture media with pyruvate, but not lactate, has
a neuroprotective effect against Ap-induced neurotoxicity in hippo-
campal slices and that this protective effect would be through both
ROS scavenging and NAD" production. In addition, as pyruvate can
cross the blood-brain barrier (Oldendorf, 1973), it could be of
therapeutic value in pathological situations such as ischemia-
reperfusion or trauma, in which the acute production of free radicals
is believed to play a critical role (Desagher er al, 1997).
Considering the low cost and small number of side-effects
associated with pyruvate, its application as a neuroprotective drug
is expected to provide good cost-effectiveness in the clinical
treatment of CNS vascular and degenerative disease, especially for
the treatment of AD as a ROS scavenger and through enhancement
of NAD" levels.

Abbreviations

AD, Alzheimer’s disease; AB, amyloid B-peptide; 4-CIN, a-cyaro-4-hydioxy-
cinnamic acid; MCTs, monocarboxylates NAD*, nicotinarnide adenine
dinucleotide; ROS, reactive oxygen species; PI, propldm.m iodide.
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Abstract

Cognitive impairment in elderly diabetic patients has generated considerable interest recently; bowever, the mechanism of the impairment
remains to be elucidated. Tn the current study, factors associated with cognitive dysfunction in old diabetic patients were explored. A
Mini Mental State Examination (MMSE) was performed on 907 of 1173 registered elderly Japanese diabetic subjects. To characterize the
clinical features of diabetes, we examined indices of glycemic control, lipid metabolism, blood pressure and complications. Single regression
analysis adjusted for age showed that shorter height, higher GDS 15 scores, lower serum albumin, history of cerebrovascular disease, the
existence of diabetic nephropathy, no smoking habit, no drinking habit, and no occupation were associated with lower MMSE scores.
Multiple regression analysis demonstrated that age (odds ratio (OR) =1.079; 95% confidence interval (CI)=1.011-1.150), GDS 15 scores
(OR =1.1395; 95% CI = 1.045-1.243), serum albumin (OR = 0.336; 95% CI = 0.174-0.745), and history of cerebrovascular disease (OR =3.011;
95% CI = 1.578~5.748) were the variables significantly associated with having lower MMSE scores.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Cognition; Dementia; Serum albumin; Cerebrovascular accident; Depression

1. Introduction

The prevalence and incidence of diabetes mellitus
(DM) are increasing at all ages, including older popula-
tions, and approximately 15% of the elderly population
in Japan is affected. Multiple metabolic abnormalities in
DM induce systemic complications, which may include
microangiopathic complications (neuropathy, retinopathy,
nephropathy) and macroangiopathic atherosclerosis {stroke
and ischemic heart disease). Several studies have shown that

* Corresponding author. Tel.: +81 52 744 2365; fax: +81 52 744 2371.
E-mail address: umegaki @med.nagoya-u.acjp (H. Umegaki).

0197-4580/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j neurobiolaging.2007.02.004

elderly diabetics have impaired cognition compared to age-
matched non-diabetics, as well as a higher risk of dementia
(Cukierman et al., 2005; Mogi et al., 2004; Strachen et al.,
1997). Because the increase in the number of elderly people
with cognitive impairment or dementia creates significant
medical, social and economic burdens, cognitive impairment
in older DM subjects has recently sparked considerable inter-
est. It is highly desirable to be able to provide intervention in
the case of older DM subjects who are at risk for cognitive
decline or dementia in order to preserve cogunitive functions;
however, the mechanism of DM-associated cognitive decline
remains to be elucidated and there is no solid evidence as
yet that any treatment for DM is effective in preventing
cognitive decline (Areosa Sastre and Grimley Evans, 2007).
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In order to establish an effective way of treating or preventing
DM-related cognitive decline, the factors associated with
this condition must first be determined. In the present study,
we investigated factors associated with cognitive impairment
in elderly DM subjects using baseline data from a large-scale
cohort study of elderly DM in Japan.

2. Methods
2.1. Farticipants

The J-EDIT study was initiated in 2001 as a prospective
intervention study of elderly Japanese people with DM for
the purpose of determining how to prevent several diabetic
complications. One thousand one hundred and seventy-three
diabetic subjects were enrolled in 39 institutes and hospitals
in Japan. They were all aged 65 years or more and had serum
HbA lc levels at least 7.5%, or at least 7.0% with one of the
following comorbidity factors: hypertension (130/85 mmHg
and over), obesity (a body mass index (BMI) of at least 25),
dyslipidemia (total cholesterol of at least 200 mg/dl, low-
density lipoprotein (LDL) of at least 120 mg/dl, high-density
lipoprotein (HDL) of 40mg/dl or less, and/or triglyceride
of at least 150 mg/dl). Although no exclusion criteria were
determined for the registration of JEDIT, severely demented
subjects were not selected because the filling out of several
questionnaires was mandatory.

The study protocol was approved by the ethical committee
in all of the enrolled institutes, and written informed consent
was obtained from each patient.

2.2. Functional assessment

The Mini Mental State Examination (MMSE) was admin-
istered to most patients (907 of 1173) upon registration
(Folstein et al., 1978). The MMSE is a global test of ori-
entation, attention, calculation, language and recall with a
score of 0—30.

Of the 1173 enrolled cases, MMSE scores were not col-
lected in 266; data sheets were not returned in 48, subjects
dropped out just after registration in 35, and doctors did not
perform MMSE in 183.

Basic activities of daily living (BADL) was measured by
a Barthel Index score of 0-20 (Mahoney and Barthel, 1965),
and depressive mood was assessed by a short version of the
Geriatric Depression Scale (GDS-15) (Yesavage, 1986).

2.3. Assessment of diabetes mellitus, complications and
" comorbidities

The diagnosis and patient data regarding DM, blood exam-
inations and complications were obtained from clinical charts
(The Expert Committee, 2003). After overnight fasting, blood
samples were taken by venipuncture to assess serum levels
of glucose, HbAlc, total cholesterol, triglyceride and HDL

cholesterol. Additionally, serum insulin concentrations were
determined in patients who were not receiving insulin ther-
apy. Diabetic nephropathy was assessed according to the
mean urinary albumin-to-creatinine ratio (ACR) and was
classified as no nephropathy (ACR < 30 p.g/mg) or existence
of nephropathy (microalbuminemia: 30 ACR <300 p.g/mg or
more advanced). Diabetic retinopathy was assessed by fun-
doscopic examination performed through dilated pupils by
experienced ophthalmologists, and was classified into two
categories: mild (no retinopathy or intraretinal hemorrhages
and hard exudates), or serious (soft exudates, intraretinal
microvascular abnormalities, venous calibre abnormalities,
venous beading, neovascularization of the disc or other areas
in the retina, preretinal fibrous tissue proliferation, pre-
retinal or vitreous hemorrhage, and/or retinal detachment).
Diabetic neuropathy was defined as either the loss of the
Achilles tendon reflex without neuropathic symptoms includ-
ing paresthesia, or the presence of neuropathic symptoms.
Macrovascular complications were classified based on the
presence or absence of coronary artery diseases, and/or a his-
tory of stroke. The existence of a current regular occupation
and current habits of smoking, drinking and exercising were
also assessed by questionnaire as yes (1) or no (0).

2.4. Statistical analysis

The subjects were divided into two groups, one with higher
cognitive function, defined as having an MMSE score of
24 or more, and one with lower cognitive function, defined
as having an MMSE score of 23 or less, according to the
review by Tombaugh and McIntyre (1992). The groups were
compared with respect to each factor by the Student’s -test
for continuous variables or a x?-test for categorical vari-
ables. Logistic regression analysis including each factor as
an explanatory variable was performed to search the associ-
ation of the covariants and cognitive dysfunction indicated
by an MMSE score below 24 after adjusting for age. Then,
multiple logistic regression analysis was performed with the
variables selected by this analysis and additional variables
of interest. Spearman’s rank correlation coefficient was cal-
culated to confirm the relationship between serum albumin
levels and MMSE scores.

3. Results

The background characteristics of the two MMSE score
groups are shown in Tables 1 and 2. The average age was
74.0 years old in the lower MMSE-score group (23 and less)
and 71.8 years old in the higher MMSE-score group (24 and
more) (Table 1). The average HbAlc and FBG levels in the
higher MMSE score group and lower MMSE score group
were 8.0% versus 8.1% and 5.1 mmol/1 versus 5.0 mamol/],
respectively (Table 1). At least about half of the participants
had microangiopathic complications (nephropathy, retinopa-
thy, or neuropathy) as shown in Table 2.
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Table 1 Table 3
Analysis by Student’s t-test Univariate regression analysis adjusted with age
Item Higber Lower p-Value . Odds ratio 95% CI p-Valee
Number 848 59 Height (cm) 0.959 0.928-0.992 0.015
Age (years) 71.8+4.6 74.0+£5.1 <0.001 Gender (male) 1.232 0.714-2.126 0.453
DM duration (years) 16.3+9.7 17.1+8.8 0.545 HbAlc (%) 1.033 0.779-1.369 0.822
Height (cm) 155.8+8.4 1523+ 8.6 0.002 Systolic blood pressure 1.005 0.988-1.021 0.576
Body weight (kg) 579+10.2 57.7+8.8 0.071 (mmHg) '
BMI 238+35 239+32 0.874 Diastolic blood pressure 1.017 0.990-1.044 0.230
HbAlc (%) 8009 81+1.1 0.766 (mmHg)
FBG (mmol/) 5.1+03 5.0+05 0.234 Albumin (g/dl) 0.322 0.163-0.637 0.001
Systolic BP (mmHg) 1354£15.6 1333+193 0.391 History of 3.128 1.735-5.637 <0.001
Diastolic BP (mmHg) 749£9.5 764+11.2 0.288 cerebrovascular disease
LDL cholesterol (mg/di) 120.9+30.6 126.2435.7 0.201 Existence of nephropathy 1.877 1.079-3.264 0.026
HDL chalesterol (mg/dl) 56.4418.0 57.7+184 0.567 Existence of retinopathy 1.730 0.998-2.997 0.051
Triglyceride (log) 47+05 46105 0.353 Existence of neuropathy 1.369 0.742-2.527 0.315
Lp (a) (mg/dl) 23.1+£229 259+235 0.362 Existence of current 0.498 0.287-0.863 0.013
Albumin (g/dl) 42+04 41105 0.001 occupation
MMSE 285+1.8 20.3+3.0 <0.001 Current drinking habit 0.527 0.287-0.968 0.039
ADL 19.9+3.4 189+%1.0 <0.001 Current smoking habit 0.544 0.305-0.968 0.038
GDS-15 4.0+31 59+39 <0.001 GDS-15 1.166 1.080-1.259 <0.001

ADL 1.019 0.998-1.042 0.0810

Higher: the group with higher MMSE scores (24 or more), Lower: the group
with lower MMSE scores (23 or less).

Analysis by Student’s ¢-test showed that age, height, activ-
ities of daily living (ADL) scores, and serum albumin were
significantly different between the two groups of patients
(Table 1). A history of cerebrovascular disease, existence of
diabetic nephropathy, current smoking habit, current drink-
ing habit, and absence of occupation were also demonstrated
to have a significantly different distribution between the two
groups (Table 2). Fasting serum insulin levels or insulin treat-
ment were not significantly associated with MMSE scores.

To determine variables significantly associated with cog-
nitive dysfunction, logistic regression analysis adjusted for
age was performed. The variables selected by this analysis
were age, body height, serum albumin, the existence of an
occupation, smoking habits, drinking habits, the existence of
nephropathy, GDS-15 scores and history of cerebrovascular
disease (Table 3). Then, multiple regression analysis was per-
formed with all these significant variables plus variables of

Table 2
Analysis by x>-test

Higher Lower p-Value
Male 459 (389) 40.0 (23) 0.304
Existence of current occupation 67.2 (552) 474 (27) 0.002
Existence of exercise habit 61.1 (497) 48.3 (28) 0.055
Current drinking habit 404 (343) 254 (15) 0.017
Current smoking habit 46.5 (383) 31.0(18) 0.022
Existence of nephropathy 485 (411) 64.4 (38) 0.018
Existence of retinopathy 48.8 (413) 60.8 (35) 0.088
Existence of neuwropathy 65.5 (544) 73.2 (41) 0.241
User of anthypertensive drugs 55.2 (468) 62.7 (37) 0.261
User of antidyslipidemic drugs 38.8 (329) 424 (25) 0.586
Antiplatlet nser 26.9 (227) 492(29) <0.001
Presence of IHD 17.6 (149) 16.3 (9) 0.650
History of cerebrovascular disease  12.6 (107) 32.2(19) <0.001

Higher: the group with higher MMSE scores (24 or more). Lower: the group
with lower MMSE scores (23 or less). Data are expressed-as percentages of
the total with the number in parentheses.

95% CI: 95% confidence interval.

Table 4
Multiple logistic regression analysis

Odds ratio  95% CI p-Value

Age (years) 1.079 1.011-1.150 0.021
Height (cm) 0.954 0.905~1.006 0.083
Gender (male) - 0.429 0.139~1.323 0.141
Albumin (g/dl) 0.336 0.174-0.745 0.006
HbAlc (%) 0.965 0.703-1.325 0.828
History of cerebrovascular disease 3.011 1.578-5.748 <0.001
Existence of nephropathy 1.679 0.913-3.089 0.096
Existence of current occupation 0.725 0.348-1.368 0.321
Current smoking habit 0516 0.223-1.195 0.123
Current drinking habit 0.601 0.274-1.315 0.202
GDS-15 scores 1.139 1.045-1.243 0.003

95% CI: 95% confidence interval.

interest (HbA 1c and gender) considered simultaneously. As
shown in Table 4, higher age, higher GDS-15 scores, lower
serum albumin and a history of cerebrovascular disease were
significantly associated with the group having lower MMSE
scores.

MMSE scores and serum albumin levels were sig-
nificantly correlated based on Spearman’s correlation
(coefficient = 0.14902, p <0.001).

4. Discussion

The analysis of the data from the J-EDIT study at registra-
tion demonstrated that a history of cerebrovascular disease, a
low serum alburnin level, higher GDS scores, and higher age
were independently associated with lower cognitive function.

The present study demonstrated that in DM subjects, the
strongest risk factor for cognitive dysfunction as defined by a
MMSE score less than 24, which is considered to be the level
defining dementia (Tombaugh and Mclntyre, 1992), was a
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history of stroke. Although the causes of cognitive dysfunc-
tion were not determined in the present study, vascular lesions
might play a prominent role in the cognitive decline of DM
subjects with a history of stroke. Furthermore, Snowdon et
al. report that among subjects who met the neuropathologi-
cal criteria for Alzheimer’s disease, those with brain infarcts
had poorer cognitive functions and a higher prevalence of
dementia (Snowdon et al., 1997); thus, cerebrovascular dis-
ease might shorten the period of preclinical dementia. In the
current study the participants were all Japanese, a race which
is relatively prone to cerebrovascular diseases (Kitamura et
al., 2006). The prevalence of a history of stroke in the current
study was 13.9% (126 out of 907 participants), much higher
than the 1.8% reported by Kuusisto et al. (1994) in Finland,
and comparable to 18.8% in PROACTIVE, a secondary pre-
vention study for macrovascular disease in diabetic patients
performed in European countries (Charbonnel et al., 2004).
Thus, the higher stroke prevalence might have affected the
results of the current study.

Lower levels of serum albumin, even within the “nor-
mal” range, are associated with increased risks of stroke
and coronary heart disease incidents as well as all-canse and
cardiovascular mortality (Shaper et al., 2004). Of particu-
lar interest are several lines of evidence demonstrating that
chronic inflammation is involved in atherosclerotic mech-
anisms, and high-serum proinflammatory factors including
c-reactive protein, intereleukin-6 and tumor necrosis fac-
tor have been reported to be misk factors for progressed
atherosclerosis; these proinflammatory factors reportedly
suppress the synthesis of albumin in the liver (Chojkier,
2005). The present results indicate that lower serum albumin
and a history of cerebrovascular disease are indepen-
dent factors associated with cognitive decline. However,
asymptomatic strokes may also be involved in the mech-
anism of cognitive impairment in elderly diabetic patients
(Araki and Ito, 2002). Although lower serum albumin was
strongly associated with cognitive decline, mean urinary
ACR was not associated with MMSE scores (data not
shown).

The scores of GDS-15, which assessed depressive mood,
were significantly associated with lower MMSE scores. The
association of a depressive mood with cognitive dysfunction
has been reported (Jorm, 2000). However, the mechanism
of this association remains to be elucidated (Jorm, 2000).
Cognitive dysfunction and depression may share common
risk factors, depression may be a risk factor or prodrome
of cognitive dysfunction, depression may affect the thresh-
old of cognitive dysfunction, or depression may be a causal
factor in cognitive dysfunction. Further analysis of lon-
gitudinal data of JEDIT study may shed light on this
subject.

Many population-based and clinical studies have shown
that DM is associated with cognitive decline in the elderly
(Cukierman et al,, 2005; Mogi et al,, 2004; Strachen et
al., 1997). Several hypothetical mechanisms have been
suggested for this impairment; however, their clinical rele-

vance is unclear (Biessels et al., 2006). The J-EDIT study
was an interventional prospective study with a random-
ized control design. Longitudinal clinical and cognitive
assessment of elderly diabetic patients will provide more
information on the mechanisms of DM-related cognitive
disorders.

Some limitations should be considered in the present case.
First, the present study was performed with cross-sectional
design using the data obtained at registration for the J-EDIT
study. The patients are being followed longitudinally, and a
follow-up analysis will be reported in the future. Second,
because all of the patients enrolled were diabetic, it was
not clear whether or not the results of the present study
were diabetes-specific. In particular, the involvement of low
serum albumin in the mechanism of cognitive decline in
non-diabetic elderly patients should be investigated. Third,
the present study did not include brain imaging. A subgroup
analysis of J-EDIT subjects who underwent brain magnetic
resonance imaging (MRI) was recently reported elsewhere
(Akisaki et al., 2006), and revealed that cognitive decline in
diabetes was associated with white-matter hyperintensities
and subcortical atrophy in the tested subgroup. However, the
relationship between the present results and the results of
MRI analysis requires further investigation.

In the present study, neither DM-specific clinical indices
including HbAIc, fasting blood glucose and serum insulin
level, nor DM-related microangiopathies (nephropathy, neu-
ropathy, and retinopathy) were associated with lower MMSE
scores. The J-EDIT study recruited patients with relatively
severe DM status, and this group of patients therefore did not
represent the general population of elderly diabetics. The cri-
teria for diagnosis for microangiopathy in the present study
were relatively simple. Retinopathy has been reported as
being associated with cognitive impairment or brain atrophy
(Musen et al., 2006; Wong et al., 2002); proteinuria, which
is a symptom of diabetic nephropathy, has received atten-
tion as a risk for stroke and ischemic heart disease (Madison
et al., 2006); dysfunctions of the central and peripheral ner-
vous systems may share a common pathogenesis (Gispen
and Biessel, 2000; Suzuki et al., 2006). Further investiga-
tion of subjects with a broader clinical background and more
sensitive diagnostic criteria for DM-related microangiopathic
complications is required.

In conclusion, based on the results obtained in the
cuitent cross-sectional assessment, the prevention of cere-
brovascular disease may be a primary way of preventing
cognitive decline in elderly DM subjects. An investigation
of how lower serum albumin levels are associated with DM-
related cognitive impairment may lead to the development
of effective strategies for the prevention or treatment of this
decline.
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In Vivo Cerebral Artery I\/Iicroangiography in Rat and Mouse Using
Synchrotron Radiation Imaging System
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Haruo Yamashita, Takashi Sakurai, and Takeshi Kondoh

Microangiography with spatial resolution in the micrometer
range was carried out to depict vascular responses of the
cerebral artery and arterioles in rats and mice using a real-time
imaging system and a third generation synchrotron radiation
source at SPring-8. An X-ray direct-conversion type detector
with 6-pm spatial resolution was developed for real-time
biomedical imaging. The X-ray image is converted directly into
an electrical signal in the photoconductive layer without image
blurring. Im synchrotron radiation radiography, a Jong
source-to-object distance and a small source spot can produce
high-resolution images. Microangiographic images were
obtained without image blurring and were stored in a digital
frame memory system with a 1024 x 1024-pixel, 10-bit format.
In imaging experiments, vasoconstriction and vasodilatation of
small cerebral arteries were visnalized in response to
hypercapnia, hemorrhagic hypotension, and vasoactive agents
after iodine contrast agent injection into the carotid artery.

[. INTRODUCTION

EDICAL imaging using synchrotron radiation has been
investigated since intravenous coronary angiography
research was begun at the end of 1970s. This safe intravenous
angiography technique is useful in place of conventional
selective coronary arteriography. Research groups in several
synchrotron radiation facilities have improved imaging
systems for human studies [1-6]. In addition to intravenous
coronary angiography, an infra-arterial microangiography
system was developed at the Photon Factory for laboratory
animal studies to obtain high-resolution images of small
blood vessels: the penetrating transmural coronary arteries {7]
and vasodilatation of the arterial circle of cerebrum and its
branches [8] in dogs, collateral microvessels following
therapeutic angiogenesis in rats [9], and tumor-derived
angiogenic vessels in mice [10].
In place of synchrotron radiation, an X-ray generator with
a small focal spot has been employed for microangiography
using an X-ray direct-conversion type VIDICON camera as a
two-dimensional high-resolution detector {11,12]. However,
the X-ray generator system has limited capability for
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displaying images of blood vessels smaller than 50-pm
diameter: images cannot be magnified without focal-spot
blurring. Furthermore, a conventional diagnostic angiography
system incorporating an X-ray image intensifier and a video
camera is not intended for detection of vessels smaller than
200 pm diameter because it is designed for large-field digital
angiographic imaging with a 1024 x 1024-pixel format {7].

At SPring-8, a digital microangiography system with
spatial resolution as high as 6 um was developed using an
X-ray direct-conversion type detector incorporating an X-ray
SATICON pickup tube for depiction of tumor-derived
angiogenic vessels in a rabbit model of cancer [13]. The
imaging system was also applied to clarify the basal tone and
microvascular reactivity in endothelial NO synthase
(eNOS)-overexpressing transgenic mice {14].

For this study, we performed cerebral microangiography
in rats and mice and particularly undertook radiographical
evaluation of changes in small arteries that had not been
observed previously. Small arteries branching directly from
major trunk vessels, known as perforators, supply arterial
blood to the basal nucleus. These perforators are important
arteries when considering the effects of systemic disease on
cerebral vessels. Vasoconstriction and vasodilatation of the
small cerebral arteries were visualized in response to
hypercapnia, hemorrhagic hypotension, and vasoactive
agents after injection of iodine contrast agent into the carotid
artery [15,16).

II. IMAGING SYSTEM

A. Synchrotron Radiation

A useful source of synchrotron radiation is a storage ring,
which maintains an electron beam at relativistic speeds in a
closed trajectory for many hours using bending magnets. By
bending the path of electrons at relativistic speeds, X-rays are
emitted at each bending magnet in a direction tangential to
beam trajectory. Fig. 1 shows an experimental arrangement at
the SPring-8 BL28B2 beamline for X-ray imaging using
monochromatic synchrotron radiation X-rays.
Microangiographic imaging for depiction of tumor-derived
angiogenic vessels in rabbits [13] and microvascular
reactivity in transgenic mice [14] were performed at the
BL20B2 beamline. Cerebral microangiographic imaging,
however, was carried out at the BL28B2 because this
beamline, employing a single crystal monochromator,
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produces higher-flux X-rays than those at the BL20B2, which
uses a double-crystal monochromator.

8 GeV ELECTRON BEAM

SINGLE-CRYSTAL
MONOCHROMATOR

BENDING
MAGNET

SYNCHROTRON

RADIATION
MONOCHROMATIC ol
X-RAY X-RAY SATICON
CAMERA
Fig. 1. An illustration of an experimental arrangement for

synchrotron radiation microangiography.

Synchrotron radiation generated by bending magnets

produces a fan-shaped beam and has a broad and continuous
spectrum fiom infrared to the X-ray region. The single crystal
monochromator selects a single energy of synchrotron
radiation. Consequently, X-rays with a small energy
bandwidth are used for imaging. A rotating-disk X-ray
shutter, which is situated between the monochromator and the
object, produces pulsed monochromatic X-rays (Fig. 1). The
shutter consists of two disks with radial slots rotating about an
axis parallel to the X-ray beam. The radial siot width can be
changed to adjust the duration of X-ray pulses according to
the rotation of one disk with another one. A large amount of
disk metal is used to block the beam, resulting in considerably
higher attenuation of X-rays, while maintaining low inertia in
the disks. The disks rotate to match timing with synchronous
signals of a video camera.
-+ Pulsed monochromatic X-rays transmitted through the
object are detected using the X-ray direct-conversion type
detector, which incorporates the X-ray SATICON pickup
tube. The distance between the point-source in the bending
magnet and the detector was about 46 m. A nearly parallel
X-ray beam was used for imaging without image blur because
of the small size X-ray source and the exiremely long
source-to-object distance. The storage ring was operated at 8
GeV electron beam energy and the beam current was 100 mA.
Monochromatic X-ray energy was adjusted to 33.2 keV,
which was slightly above the iodine K-edge energy to
produce the highest contrast image of the iodine contrast
agent. X-ray flux at the object position was ca. 1x10%°
photons/mm?/s in imaging experiments.

B. Real-Time Detector
The camera system shown in Fig. 2 comprises a camera
head incorporating the X-ray SATICON pickup tube and a
camera control unit with an analog-to-digital converter for
digital signal output. X-rays enter the SATICON tube through
an aluminum window. Fig. 3 shows that absorbed X-rays in

the photoconductive layer are converted directly into
electron-hole pairs. Charge carriers generated by X-rays are
transported across the photoconductive layer by an electric
field. Then, a charge-density pattern is formed on the
photoconductive layer surface. The electrostatic image on the
surface is read out by a scanning beam of low-velocity
electrons to produce a video signal. In Fig. 3, X-ray
absorption depends on the photoconductive layer thickness.
Thickness of amorphous selenium is 25 pm, yielding a
detection efficiency of 14.2% for 33.2 keV X-rays.

CROMINGYRVINEOW

Fig. 2. Photograph of the X-—ay SATICON camera system
- consisting of a camera head (left) and a camera control unit

(right).
ELECTRON BEAM SCANNING
/
p——
YRAY -t 0% e,
AR
VA

/
PHOTOCONDUCTIVE 4
LAYER {25 um) j;

Fig. 3. Schematic cross-section of the SATICON tube. The tube
is a glass cylinder maintained under vacuum; the front end of the -
tube is a flat plate with a diameter of 1 inch, the inside of which
is coated with a 25-pum photoconductive material.

In a normal imaging mode with the detector’s input field
of view of 9.5 mm X 9.5 mm, an equivalent pixel size is 9.5
um in the case of a 1024 x 1024-pixel format. On the other
hand, m zoom imaging modes, the mput fields are,
respectively, 7.0 mm X 7.0 mm and 4.5 mm X 4.5 mm with
pixel size of 7.0 and 4.5 pm. The camera can take sequential
images at a maximum speed of 30 images per second. Then
the image signals are converted to digital data with the 1024 x
1024-pixel and 10-bit format using an analog-to-digital
converter installed in the camera control unit shown in Fig. 2.
Digital images are stored in 2 GB RAM of a custom-designed
frame memory system after analog-to-digital conversion.
Image storage is synchronized with electron-beam scanning
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in the pickup tube. A personal computer system controls the
entire imaging system, including the camera control unit and
the frame memory system.

C. Microangiography

Performance of the direct-conversion type detector was
evaluated by taking images of a custom-designed gold
resolution chart. The chart thickness was 5 um; the bar
patten widths were 5.0-12.1 um. After that, male
6-month-old rats weighing 450600 g and male
10—12-week-old mice weighing 2629 g were used for
microangiographic imaging experiments.

The animals were anesthetized using sodium
pentobarbital intraperitoneally. The right external carotid
artery was cannulated in the retrograde direction, with the top
of the cannula placed close to the common carotid artery so
that all the injected contrast agent went into the common
carotid artery without affecting the normal blood flow in the
internal carotid artery. The rats and mice were held rigidly on
a frame with a specially shaped head holder and ear bars. The
frame was then fixed vertically to the X-ray beam to obtain
axial views of the cerebral arteries.

All animal experiments conformed to the SPring-8 Guide
for Care and Use of Laboratory Animals, and all animal
experiments were conducted according to the guidelines for
animal experiments at Kobe University Graduate School of
Medicine. '

Numerical values show bar widths. The limiting spatial
resolution is around 6.0 pm.

III. RESULTS AND DISCUSSION
An X-ray image of the chart with micrometer-scale bar
patterns was obtained in the zoom-imaging mode of the
detector with the 4.5 mm x 4.5 mm feld of view at an X-ray

energy of 20.0 keV. Fig. 4 shows an image of the 5-pm-thick
chart; the 6.0-um-wide bars are visible. The limiting spatial
resolution is about 6.0 pm in the zoom imaging mode. The 6.0
pm bar width is comparable to the capillary blood vessels®
size. Images of the capillaries are obtainable at an X-ray
energy of 33.2 keV just above the iodine K-edge energy to
produce the highest contrast image of the iodine contrast
agent if capillaries are opacified using a high-density contrast
agent. However, the contrast agent is diluted substantially in
the blood flow.

Fig. 5. Synchrotron radiation angiography of a rat showing the
anatomy of the cerebral arteries in the brain hemisphere. Black
arrows indicate perforating arteries; MCA, middle cerebral
artery; ICA, internal carotid artery; ACA, anterior cerebral
artery; PCA, posterior cerebral artery; PPA, pterygopalatine
artery. Selective imaging was performed in the ICA territory.
The scale bar shows 1 mm.

Angiography was performed selectively in the internal
carotid artery (ICA) territory. A representative image of the
rat cerebral arteries in Fig. 5 was obtained in the normal
imaging mode of the detector with the 9.5 mm X 9.5 mm field
of view. The smallest detectable vessels were branches of the
middle cerebral artery (MCA), which were ca. 30-um
diameter. We confirmed the right ICA, the anterior cerebral
artery (ACA), the posterior cerebral artery (PCA), and the
pterygopalatine artery (PPA) entirely. We specifically
examined the large perforators, which were mostly found
arising from the middle cerebral artery trunk.
Vasoconstriction and vasodilatation of the large perforators
were visualized in response to hypercapnia, hemorrhagic
hypotension, and vasoactive agents after iodine contrast agent

injection into the carotid artery [15,16].

Fig. 5 depicts a summation result image of 10 consecutive
frames in the microangiographic sequence. Original frames,
however, were obtained at a rate of 30 frames per second.
Image summation Wwas necessary to increase the
signal-to-noise ratio and to detect small blood vessels.
Furthermore, a temporal subtraction operation was performed
for flat-field correction using summation results of 10
consecutive frames acquired before contrast-agent injection.
The summation image taken before injection was subtracted
from raw images taken after injection to eliminate the
superimposed background structure.
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We developed a novel cerebral angijography procedure for
rats and mice using monochromatic synchrotron radiation
X-rays and obtained images of the cerebral perforating
arteries for the first time. These results demonstrate the
importance of hemodynamic studies in deep brain vessels that
had previously been unattainable.
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Tablel Laboratory data on admission

Urinalysis Blood chemistry
Glucose (- TP
Protein (=) Alb
Ketone (~) T-bil
Blood (-) AST
Alb 12mg/gCr ALT

LDH

Peripheral blood BUN
WBC 6,900 /i Cre
RBC 331x10%pl Na
Hb 100 g/dl K
Ht 30.9% Cl
PLT 139x10%/ul TC

HDL-cho

Serology TG
CRP 0.2 mg/dl Glucose
TPHA (=) HbAic
FTA-ABS (=)

HbsAg (-
HCVAb (=)

Fasting IRI 14 pU/ml
62g/dl HOMA-R 508
36g/dl TSH 5884 ¢U/ml
04mg/dl  FT; 28 pg/mli
2710/1 FT, 105ng/dl
361I0/1 Vit B, 42ng/ml
1551U/!1 Vit B 402 pg/ml
14 mg/dl Folic acid 70ng/ml
0.55 mg/d!
141 mEq/!  ApoE phenotype (3, 3)
35mEq/!
107 mEq/! . Cerebrospinal fluid
206 mg/d! Appearance : colorless
40 mg/dl The initial pressure : 140 mmH,0
168 mg/d! Cell : 1/mm®(mononuclear cell)
147 mg/dl TP :58 mg/dl
8.7% Ghicose : 110 mg/d!

I ru—NVABELAD, BEMEENICTYH
AL,

ARERE: & 149cm, K E 64kg, BMI 29
kg/m?, E#iEWH, MF 144/90mmHg, iR\ 78 B/
- B CLHESFRICEE 2RO

RERET: EEZL.

MEEGOHR AR E AMT* vzﬁgiﬁﬂiiﬁi
5.

HRZERERE - BEEMED R
ROET.

ABEB A B (Table 1) © MEARE T B IAE (2
BERF ML 150~170 mg/dl), &A ¥ RV ¥ MfE%TR
T, BETREIEFRIFDLV. EERETLEE

HHEEEEMIE

WEhhot TRYVNZE72/%4 71X E3/3T
Hoiz. .
FEELERE: 32 A7 V5 A b (Mini mental

state examination ; L T MMSE & BE§)24 &, ER
R A5 MEE A o — v (Hasegawa dementia scale-re-
vised : LT HDS-R & 889) 2]l ML EFIHTH Y, B
M, BFRLE EE E UeELE HENEH
EE EROMBMISHAEE THo 2. REMEEL
B5 A FOTIE, S5 - HERRE %LELEE’E
DEEVET, EENBEZRDI. TLD’) DHEmE T ER

ol ELIETHEESFZDHON, Natlonal
Institute of Neurological and Communicative Disor-
ders and Strokes-Alzheimer's Disease and Related
Disorders Association (2L F NINCDS-ADRDA & #&

4) @ probable AD & SS9,

EIMEGKRE Fig. 1) :MRI T3, EEMOHEE
L EEEAMICEEOMERE L ADL. ROEY V5
TR OETEE & A EMICEEECMIET % B0
7.

Rl © EREE 10Hz, 4508 60~80 1V, o BIIEHE
EEMN TR AR TEIIDEE, Waxing ® wan-
ing L, REMAIEe ZEERZL, BELR{,

EBRETHo /.

FEREA(Fig2) ( #EREA LTS YR Y050
WMEREHEBRTIANR VY LTETHEI AY
1} F(lmg/day), 4 YA ¥R, bLEA VR
DY REMEERT AT F A FAITHBERA b
ARV 3y (B00mg/day) S5 L, 6 # BRI
HbAic 7.3%, ZeiERinfE 110~140 mg/dl FRE\Z M4E
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O—VIiZESLL, 18 # B#ZIE HbAlc 7.9%, ZEfEks
ffE 130~ 160 mg/dl BEICHEE L. ADIZHLT
EEREFARYVOESEEToTWAD, 18 WA
5i MMSE 19 &, HDS-R 17 5 TOE/LE ZD /.
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Fig.1 Brain MRI - SPECT
a: Tl-weighted MRI, mid-brain level. Lt. dominant medial temporal cortex atrophy.
b: Tl-weighted MR, parietal lobe level
¢, e: IMP SPECT. Decreased blood flow in It. dominant temporal lobe.
d : IMP SPECT. Decreased blood flow in parietal lobe.
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Fig. 2 Clinical course
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