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ABSTRACT =~ The purpose of this study was to evaluate the mechanisms of age-
related decline of dopamine transporter (DAT) and dopamine Dg-like receptor (DgR)
densities in the human striatum by focusing on regional difference. Methods: Positron
emission tomography (PET) with [**CJCFT and [*'Clraclopride for measuring DATs and
DyRs; respectively, was performed on 16 healthy volunteers ranging from 21 to 74 years
in age. To evaluate in detail the regional difference within the striatum, in addition to
the conventional region-of-interest-based analysis, we created a parametric image that
enabled us to visualize the regional decline rate on a voxel-by-voxel basis, mapping the
slope of the regression line between the age and uptake index of each tracer. Results:
The decreasing rates corresponded to 6.1, 5.5, and 5.6% per decade for DATs and 5.8,
4.9, and 4.8% per decade for D;Rs in the caudate nucleus, anterior putamen, and poste-
rior putamen, respectively. The caudate nucleus for both DATs and DoRs were the fast-
est among the striatum, and the regional difference of the decreasing rate for DATs was
consistently associated with that for D;Rs. Meanwhile, previous histological studies
have shown that age-related cell loss in the substantia nigra is likely to preferentially
affect its dorsomedial part, which projects to the caudate nucleus. Conclusions: These
results suggested that neuronal cell loss in the substantia nigra may be associated with
the age-related DAT decline, and DAT decline may be associated functionally with age-

aging; dopamine; PET; CFT; raclopride

related DgR decline. Synapse 63:282-290, 2009.

INTRODUCTION

Numerous neuroimaging studies in vivo (Ishikawa
et al., 1996; Kazumata et al., 1998; Pirker et al., 2000;
Pohjalainen et al., 1998; Rinne et al, 1993; Rinne
et al., 1998; van Dyck et al., 1995; Volkow et al., 1994;
Volkow et al.,, 1996a; Volkow et al., 1996b; Volkow
et al., 1998; Wong et al., 1988; Wong et al., 1997) and
neurobiological studies in vitro (Allard and Marcusson,
1989; De Keyser et al., 1990; Rinne, 1987; Rinne et al,,
1990; Seeman et al., 1987; Severson et al., 1982; Zelnik
et al,, 1986) have consistently demonstrated a signifi-
cant age-related decrease in dopamine transporter
(DAT) density as a maker of presynaptic function and
dopamine Ds-like receptor (DoR) density as a marker
of postsynaptic function. The precise mechanism of the
decline is not clear yet; however, it is probably related
to neuronal cell loss and/or functional changes of the
remaining cells. Volkow et al. (1998) measured both
presynaptic and postsynaptic markers simultaneously

©2008 WILEY-LISS, INC.

©2008 Wiley-Liss, Inc.

in humans to evaluate age-related effects by PET.
They showed that the association between DATs and
DyRs was independent of age and suggested that the
expression of receptors and transporters with age may
be driven by functional changes in the synapse rather
than by neuronal cell loss. However, many histological
studies have shown a decrease in the number of neu-
rons in the substantia nigra (Fearnley and Lees, 1991;
Gibb and Lees, 1991; Stark and Pakkenberg, 2004).
From these reports, we speculated that neuronal cell
loss in the substantia nigra was significantly related to
the age-related decline of DAT density, in addition to
the association between DATs and DyRs. Thus, we
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postulated that if neuronal cell loss in the substantia
nigra is associated with age-related DAT decline in the
striatum, the regional distribution of cell loss in the
substantia nigra should be associated with the regional
distribution of age-related DAT decline in the stria-
tum. This is because cells in the substantia nigra pro-
ject to the striatum with a regionally corresponding
arrangement. Further, if age-related DAT decline is
associated functionally with age-related DoR decline,
the regional distribution of the age-related decreasing
rate of DATs should be associated with that of DoRs in
the striatum, because presynaptic terminals are adja-
cent to postsynaptic neurons.

To examine this hypothesis, we focused on investi-
gating the regional difference in the age-related
deceasing rates. We divided the striatum into three
regions-caudate nucleus, anterior putamen, and pos-
terior putamen. We then investigated the age-related
changes and the association between DATs and DoRs
for each region in the same subject by PET. Addition-
ally, to visually evaluate the detailed regional differ-
ences in the deceasing rate of each marker, we devel-
oped a new imaging technique to create a decay
image that maps the slope of the regression line on a
voxel-by-voxel basis.

: MATERIALS AND METHODS
Subjects

A total of 16 healthy volunteers (15 men and: 3
women), ages 21-74 years (mean age = 42.3; SD =
21.1); participated in this study. All subjects were
right-hanided. They  were deemed healthy based ‘on
their - medical history;  physical ‘and neurological
examinations by - neurologists, ‘and  magnetic ' reso-
nance imaging (MRI) of the brain evaluated by radiol-
ogists. None of them was on medication-at the time of
the study- This  study protocol:was: approved by the
Ethics Committee of the Tokyo Metropolitan Institute
of - Gerontology. - ~Written - informed consent was
obtained from all participants.

PET imaging

PET studies were performed at.the Positron Medical
Center,  Tokyo Metropolitan Institute of Gerontology
using a SET' 2400W scanner (Shimadzu, Kyoto; Japan)
in. the three-dimensional scanning mode (Fujiwara
et al., 1997). Carbon-11-1abeled 28-carbomethoxy-3p-(4-
fluorophenyl)-tropane ([*!CICFT) and Carbon-11-labeled
raclopride ([*'Clraclopride). were prepared as described
previously (Kawamura et al, 2003; Langer O, 1999).
All subjects. underwent the two PET studies on. the
same day. Each subject received an intravenous bolus
injection of 352 * 49 (mean + SD) MBq of [''CICFT.
Then, 2.5-3 h after the injection of ['*CICFT, each sub-
ject received an intravenous bolus injection of 322 + 48
(mean *+ SD) MBq of [!Clraclopride. To estimate the
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binding potentials, for 5 of 16 subjects, dynamic scans
were performed for 90 min with ["C]JCFT and for
60 min with ["'Clraclopride. To measure the uptake of
these two tracers; for the remaining 11 subjects, static
scans were performed for 75-90 min after the injection
of ['CICFT and for 40-55 min after the injection of
[*'Clraclopride, respectively. The specific activity at the
time of injection ranged from 12.4 to 119.6 GBg/umol
for [M'CICFT and from 14.0 to 188.0 GBg/pmol for
[*'Clraclopride. The transmission data were acquired
using a rotating *®Ga/®®Ge rod source for attenuation
correction. The images consist of 2 X 2 X 3.125 mm®
voxels with a 128 X 128 matrix and 50 slices.

MR imaging
High-resolution MRI was obtained using a 1.5-Tesla
Signa EXCITE HD scanner (GE, Milwaukee, WI) in the
three-dimensional mode (3DSPGR; echo time: 2.3 ms,
repetition’ time: 18 ms), which provided 124 contiguous
slices with a matrix size of 256 X 256, pixel size of
0.9375 X 0.9375 mm?, and slice thickness of 1.3 mm.

Data analysis
Uptake ratio index on region-of-interest basis

Image manipulations were carried out by using a
medical image processing application package “Dr
View/LINUX” version R2.0 (AJS, Tokyo, Japan) and
SPM2 (The Wellcome Department of Imaging Neuro-
science, Institute of Neurology, University College
London, London, UK) implemented in MATLAB ver-
sion 7.0.1 (MathWorks,. Natick, MA).

Circular regions of interest (ROIs) were placed with
reference to the brain-atlas and individually coregistered
MRI by SPM2: one region of interest (ROI) with' 6-mm
diameter was placed on the'caudate, two ROIs on the
anterior putamen and two ROIs on' the  posterior puta-
men to contain the most intense activity on both the left
and“right sides in ‘each of the two contiguous slices.
Each ROF'in the striatum was estimated smaller enough
based on ‘the actual structure ‘of MRI to minimize reso-
lution-induced problem with ill-defined edges. A total of
50 ROIs with 10-mm diameter were placed throughout
the cerebellar cortex in five contiguous slices:

To' evaluate ' the - uptake: “of  [*'CICFT and
[ Clraclopride, we calculated the uptake ratio index
by the following formula (Antonini et ‘al., 1993; Frost
et al., 1993; Worig et al.; 1993).

(Activity Region ™ ACtiVity Cerebelluin)
ACtiVityCerebellum :

Uptake RatioIndex =

Individual .uptake ratio index was calculated not
only for the static scanned 11 subjects but also for
the dynamic scanned five subjects using the data
obtained from an equivalent time-frame.
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Fig. 1. Correlations between the binding potentials and uptake ratio indexes for [*'CICFT (left)
and ['Clraclopride (right) in the striatum. Solid lines represent the regression lines, Linear correla-
tion was significant for [*ICICFT (- = 0.95; P < 0.001) and [*'Clraclopride (r = 0.95; P < 0.001).

Uptake ratio index and binding potential

To validate adopting the uptake ratio index, we
examined the correlation between the binding poten-
tial (BP) and the uptake ratio index. Six ROIs were
placed on the striatum of each dynamic scanned sub-
ject. The BP of each ROI for each tracer was esti-
mated by a simplified reference region model using
the cerebellum as a reference (Gunn et al., 1997). The
cerebellum was selected as a reference region in the
analysis, because it contains negligible levels of
DATs, and DyRs. The uptake ratio index of each ROI
was also estimated,’ as described earlier. Then, we
compared the BPs of total 30 ROIs with the uptake
ratio indexes of those.

Image processing of age-related decline on a
voxel-by-voxel basis

To . acquire:: the. voxel-by-voxel regression. images
representing: the slope of decline, we. used:SPM2 for
the anatomical standardization and coregistration.of
the image. Individual [**CICFT and ['!C]raclopride
uptake index images normalized to cerebellar activity,
as. described: earlier, and MRI images were. coregis-
tered. Then, individual [*'CJCFT uptake index images
were anatomically  transformed into standard brain
images using the in-house-developed [*'CICFT image
template, which . was_built in accordance. with: the
strategy descried elsewhere (Meyer. et al.,.1999). The
same transformation parameters were applied to:the
individual coregistered ['!Clraclopride uptake index
images and MRI images. Additionally, we obtained
the average MRI image from:the transformed MRI
images of 16 subjects.

To evaluate visually. and statistically the regional
differences in the aging effect within the striatum, we
developed a software that could perform a linear
regression analysis on'a voxel-by-voxel basis between
the age and uptake ratio index of [“CICFT and
(*Clraclopride. We also created parametric images

Synapse

mapping the slope of the regression line and the cor-
relation coefficient (r) for each tracer. We called the
former images age-related slope-of-decline images. We
clipped the voxels with significant decline (P < 0.01)
from the new images and superimposed them on the
average MRI of 16 subjects.

Statistics

ROI-based analyses were performed by using the
average of the right and the left uptake ratio indexes
because of the following reasons. First, for each sub-
region of each tracer, neither: the two-tailed. paired
t-test with. Bonferroni. correction nor analysis of var-
iance with Levene’s test revealed significant correla-
tion: between : the right.and.the left uptake ratio
indexes. Second, for each. subregion of each tracer, the
left-right difference in regression slope between the
age and uptake ratio indexes was not statistically sig-
nificant by using analysis of covariance: All statistical
analyses. were performed by using the software pack-
age: JMP version 5.1:1 (SAS Institute, Cary, NC). P
values: less than 0.01 were considered to be statisti-
cally significant.

RESULTS

There - were  significant - positive liner correlations
between the BP and the uptake ‘ratio index for both
[MCICFT (» = 0.95; P < 0.001 ) and [*C]raclopride
(r'=0.95; P < 0.001 ), as shown in Figure 1. There-
fore, we adopted the uptake ratio index for the
further analysis.

ROI:based ‘regression “analysis revealed a highly
significant ‘age-related linear decline in the uptake
ratio index of ['CICFT in the caudate nucleus (» =
0.84; P < 0.001), anterior putamen (r = 0.75; P <
0.001), and posterior putamen (r = 0.79; P < 0.001),
and in that of [*'Clraclopride in the caudate nucleus
(r = 0.81; P < 0.001), anterior putamen (r = 0.80;

118



REGIONAL MAPPING OF DOPAMINE AGING 285

caudate anterior putamen posterior putamen

uptake ratio index
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Fig. 2. Correlations betwéen the age and uptake ratio indexes
for [V'CICFT (filled circles) and [*'Clraclopride (open circles) in the
caudate (left), anterior putamen (middle), and posterior. putamen
(right). Solid lines represent the regression lines for ["'CICFT and
dotted lines, those for [*!Clraclopride. Linear correlation was signifi-

cant for [**'CICET in the caudate (+ = 0.84; P < 0.001), anterior
putamen (r = 0.751; P < 0.001), and posterior putamen (r = 0.79; P
< 0.001), and for [*Clraclopride in the caudate nucleus (r = 0.81; P
< 0.001), anterior: putamen: (r = 0.80; P < 0.001), and posterior
putamen (r = 0.77; P < 0.001).

caudate anterior putamen

posterior putamen

[“C]raclopride (D,R)

~

¥
¥

[

HCICFL(DAT) JMCICFT (DAT) TUCICET(DAT)
Fig. 3.  Correlations between the uptake ratio indexes for ["'CICFT and [**CJraclopride in the cau-

date (left), anterior putamen (middle), and posterior putamen (right). Solid lines represent the regres-

sion lines. Linear correlation was significant for the caudate (» = 0.73; P = 0.001), anterior putamen

(r = 0.64; P = 0.008), and posterior putamen (r = 0.70; P. = 0.003).

P < 0.001), and posterior putamen (r = 0.77; P < decline rates in the anterior and posterior putamen

0.001), .as. shown in. Figure 2. This decline corre-
sponded to 6.1, 5.5, and 5.6% reduction per decade for
[MCICET uptake in. the. caudate nucleus, anterior
putamen, and. posterior putamen, respectively, and
5.8, .49, .. and 4.8%. . reduction. .per .decade for
[*!Clraclopride uptake in the caudate nucleus, ante-
rior putamen, and posterior putamen. The
[*Clraclopride uptake was significantly correlated
with the ["!C]CFT uptake in the caudate nucleus (r =
0.73;..P. = 0.001), anterior putamen (r = 0.64; P =
0.008), and. posterior putamen (r = .0.70; P = 0.003),
irrespective of age (Fig: 3).

For both [YCICET and [Clraclopride, the age-
related slope-of-decline images in Figure 4 showed
that the significant decline was almost comparable to
the results of ROI-based analysis, and we. confirmed
that'most voxels in the striatum were included in the
images. The decline rates in the caudate nucleus
tended to be slightly higher than those in the subdivi-
sions of the putamen. The difference between the
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was not_obvious in both images. Moreover, two age-
related slope-of-decline images were almost the same.
Briefly, voxels with a high slope of decline in the age-
related slope-of-decline image for [**CICFT also had a
high slope of decline in the images for [**C]raclopride.
On the other hand; voxels with a low slope of decline
in the images for ["'CJCFT also had a low slope of
decline. in the images for - [!Clraclopride. And
although in ROI-based analysis there was no. left-
right statistically significant difference, in the image
(shown in Finger 4) the decline rates in the left side
tended to be higher than those in the right side in
the striatum.

DISCUSSION

In this study, we simultaneously investigated the
age-related change in DAT density and DR density,
by particularly focusing on the regional difference. In
addition to a conventional ROI-based analysis, in
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[MCICFT (DAT)

Fig. 4. The age-related slope-of-decline images superimposed on
MRI for [M'CICFT deft) and [“'Clraclopride (right). in-transversal
planes (top) at the level of the basal ganglia, and coronal: planes
(bottom) at the level of the white arrows marked in: transversal
planes. Voxels with significant decline (P < 0.01) were superimposed

which the striatum was divided into three regions, we
developed a novel method to create-images mapping
the. slope of decline on: a voxel-by-voxel basis so'that
we could investigate in detail the regional difference
within: the striatum: in the aging effect on the: nigro-

striatal . dopaminergic: system.. -These images. are

equivalent to those made by ‘visualizing the: slope of
the regression. line between the age and uptake ratio
index obtained: by placing ROlIs-on every:voxel. This
new. imaging technique superimposed - on. MRI can
provide anatomical information in detail with -high
objectivity.. This technique also completely eliminates
arbitrariness and subjective elements, both of which
are disadvantages of conventional ROI-based analy-
sis. By reconfirming the result of the ROI-based anal-
ysis with the new imaging technique, the reliability
of the research greatly improved. A possible limita-
tion of this'method is that the caudate nucleus could
be influenced by the individual size of the lateral ven-
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[''C|raclopride (D,R)
0

on MRIimages: The degree of color scale represents the slope of the
regression line between the age and uptake'ratio index of each
tracer o a voxel-by-voxel basis in the striatum and the scale value
of —0.010 is equivalent to 2.6% reduction per decade. The images
show the age-related regional rate of decline.

tricles in'the process of spatial- normalization: per-
formed by SPM: methods (Reig et ‘al., 2007). There-
fore, the caudate nucleus adjacent to: the ventricles
should be assessed carefully. Also; we should consider
that the edge of the ‘actual structure is:susceptible to
partial - volume - effects “derived  from -original :PET
images.

In the process of creating the new imaging, the
main-problem: was which template we should use for
spatial- normalization; because the use of different
normalization’ strategies *may . alter noticeably the
SPM map (Gispert et al., 2003). Two approaches to
spatial normalization were considered. First-was the
ligand template ‘approach,: which- was used in this
study. Second was' the MRI template approach: the
coregistered MRI images to- the PET images were spa-
tially normalized: to the 'SPM MRI template and the
same transformations were  applied to the PET
images. On the basis of the study by Meyer et al.
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TABLE I. In vivo human data: Age-related changes of dopamine transporter (DAT) and dopamine Dy-like receptor (D,R)

) . Age range Decreasing )
In vivo Name Year Type Ligand n (years) rate (% per decade) Site
DAT van Dyck et al. 1394 SPECT [:féI]BCIT 28 18-83 8.0 Striatum
Volkow et al. 1994 PET *'CiCocaine 26 21-63 7.0 Striatum
Ishikawa et al. 1996 SPECT  {'*IIBCIT-FP 15 455 + 22,12 33 Striatum
6.4 Putamen
Volkow et al. 1996a  PET *!Cld-Threo- 23 20-74 6.6 Striatum
methyphenidate
Kazumta et al. 1998 PET [*®FFPCIT 7 23-73 7 Caudate
. 6.4 Putamen
Rinne et al. 1998 PET [M'CIBCFT 9 23-70 4.7 Caudate
4.4 Putamen
Volkow et al. 1998 PET {*'Cld-Threo- 21 24-86 5® Striatum
methyphenidate
Pirker et al. 2000 SPECT  [*®I]gCIT 16 21-75 6.6 Striatum
Present data 2008 PET {*'CICFT 16 21-74 6.1 Caudate
5.5 Anterior putamen
5.6 Posterior putamen
D.R Wong et al. 1988 PET [MICINMSP 36 19-71 8.3 Caudate
Rinne et al. 1993 PET [MCIRaclopride 21 20-81 4.6 Striatum
Volkow e:l al. 19931; SEE%‘ %iic%lléaﬁlsoppﬁde 24 24-73 7.9 %tri::}tum
Wong et al. 199 C 24 13-79 8.4 audate
Pohjlinen et al. 1998 PET [*'ClRaclopride 54 19-82 5.0 Right striatum
4.0 Left striatum
Volkow et al. 1998 PET {(**C]Raclopride 21 24-86 5° Striatum
Present data 2008 PET [**C]Raclopride 16 21-74 5.8 Caudate .-
4.9 Anterior putamen
4.8 Posterior putamen
“Mean * SD.

“Estimated by us with the chart in original article.

TABLE II. In vitro post-mortem human data: Age-related changes of dopamine transporter (DAT) and dopamine Dy-like receptor (DzR)

Age range Decreasing rate
In vitro Name Year Ligand n (years) (% per decade) Site
DAT Zelnik et al. 1986 [*HIGBR-12935 13 0-82 9 Caudate
Allard et al. 1989 (®HIGBR-12935 20 19-100 8.8 Putamen
De Keyser et al. 1990 [°HIGBR-12935 32 19-88 9° Putamen
D;R Severson et al. 1982 [*H]Spiroperon 44 2-94 2.5 Caudate
CHIADTN 75 Caudate
Rinne et al. 1987 . [®*H]Spiroperidol 78 4-93 6.3 Putamen
Seeman et al. 1987 [*HISpiroperon 247 0-94 2.2 Striatum
Rinne et al. 1990 [°H]Spiroperidol 65 6-93 3.8 Caudate
; 3.7 Putamen

*Estimated by us with the chart in original article.

(1999), in which they suggested that the ligand tem-
plate. method provides a more. reliable approach. for
spatial normalization of PET ligand-receptor:images
than the MRI. template - method, we. chose . the
[*'CICFT ligand template approach.

On_the basis of the findings obtained from: ROI-
based. analysis and the new imaging technique, we
verified our hypothesis. In the ROI-based analysis,
DAT density measured by [''CICFT PET was lost at
rates of 6.1, 5.5, and 5.6% per decade in the caudate
nucleus, anterior. putamen, and. posterior putamen,
respectively. The corresponding rates for D,R. density
measured by [*'Clraclopride PET were 5.8, 4.9, and
4.8% per. decade, respectively. These results were
comparable. to previous. neuroimaging studies that
have shown the linear decline in DAT density ranging
from 3.3 to 8.0% per decade (Ishikawa et al., 1996;
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Kazumata: et al., 1998; Pirker et al., 2000; Rinne
et al., 1998; van. Dyck et al.; 1995; Volkow et al.,
1994, 1996a, 1998) and in DyR density ranging from
4.6 _to 8.4% (Pohjalainen et al., 1998; Rinne et al.,
1993; Volkow et al., 1996b; 1998; Wong .et al., 1988,
1997),-as shown Table 1. Despite sampling and meth-
odological  differences,. previous in vitro postmortem
studies using ligand binding techniques have . also
shown a significant’ age-related decline in DAT den-
sity (Allard and Marcusson, 1989; De. Keyser et al.,
1990; Zelnik et al,; 1986) and D.R density (Rinne,
1987; Rinne et al., 1990; Seeman et al., 1987; Sever-
son et al., 1982), as shown Table 1L In this study, the
decline rates for both DAT and D,R densities in the
caudate nucleus were slightly higher than those in
the putamen, as in the previous studies (Kazumata
et al., 1998; Rinne et al., 1990, 1998). Meanwhile, the
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decline rates for both DATs and DyRs in the anterior
and posterior putamen were approximately the same.
By using the age-related slope-of-decline images, we
could reaffirm these tendencies.

However, despite of no left-right statistically signifi-
cant deference in ROI-based analysis, the left side
tended to be higher rate than the right side in the
age-related slope-of-decline images. This might be
because we placed relatively-small ROIs on the stria-
tum to minimize partial volume effects. Actually
small regions which include voxel with higher
decreasing rate might be investigated preferentially.
But with the age-related slope-of-decline images we
could recognize the tendency by viewing the striatum
macroscopically. Asymmetries of human cerebral
functions have been revealed by neuroanatomy and
neuroimaging studies (Laakso et al,, 2000; Larisch
et al., 1998; Toga and Thompson, 2003; Volkow et al.,
1996a). There is also evidence from an animal study
and a human study that the dopamine receptor asym-
metry decreases with age (Giardino, 1996; Vernaleken
et al., 2007). They indicated that the loss of asymme-
try during normal aging may cause the left-right dif-
ference in the decreasing rate.

It has been confirmed that with an increase in age,
neuronal loss occurs at a rate of 4.7-6.0% per decade
in the substantia nigra (Fearnley and Lees, 1991;
Gibb and Lees, 1991). Interestingly, this rate is
almost same as the decliné rate in DATSs. The regional
pattern of cell loss in the substantia nigra under nor-
mal aging is likely to preferentially affect the heavily
pigmented neurons-that are situated in the dorsome-
dial' part of the substantia nigra (Gibb and Lees,
1991), an area where neuronal cells project preferen-
tially- to the caudate nucleus (Szabo, 1980). Our
result, that the decline rate of DATs in the caudate
nucleus was the fastest within the striatum, agreed
with previous pathological studies. These findings
indicate that the neuronal loss in the substantia
nigra is strongly related to a significant decline of
DATs during normal aging, and this supports our hy-
pothesis. In other words, a decrease in DATs is likely
to preferentially reflect neuronal loss in the substan-
tia nigra.

In- terms  of "‘the association between DATs" and
DsRs, our ROI-based analysis has shown significant
correlation, irrespective of age in all three regions of
the striatum. These results are comparable ‘to those
reported by Volkow et al. (1998). They evaluated DAT
and D,R densities by PET using [*'Clmethylphenidate
and ["Clraclopride, respectively. They showed that
DAT and D,R densities decreased with age and that
the “association between DATs and DyRs was inde-
pendent of age. And they suggested that a common
mechanism regulates the expression of receptors and
transporters. Furthermore, with the -age-related
slope-of-decline images, we could understand that the
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tendency of gradient distribution of the decreasing
rate of DATSs is almost same as that of DyRs through-
out the striatum, not only along with the antero-pos-
terior direction, but also along the ventro-dorsal and
medio-lateral directions. These findings also sup-
ported our hypothesis. In other words, our results, in
addition to the results presented by Volkow et al.
(1998), suggested that a decrease in DyRs is likely to
preferentially reflect the functional change in presyn-
aptic and postsynaptic neurons, rather than neuronal
loss in the striatum.

But actually the uptake of [''Clraclopride reflects
the total amount of dopamine Ds-like receptors, which
include dopamine Dy, D3, and D4 receptor. Dopamine
Dy receptor has two isoforms, Do and DS, by a
mechanism of alternative splicing (Picetti et al.,
1997). DL acts mainly at postsynaptic sites and D,S
serves presynaptic autoreceptor functions (L'Hirondel
et al., 1998; Mercuri et al.,, 1997). Therefore, the
uptake of [MClraclopride could reflect presynaptic
function corresponding to D, autoreceptor to some
degree. But DyS is less abundant than DoL in the
striatum (Giros et al., 1989; Guivarch et al., 1995;
Monsma et al., 1989) and numerous DyR imaging
studies for parkinsonian disorders have indicated no
discrepancy in the assumption that D;R imaging
could show mainly postsynaptic function (Piccini and
Whone, 2004; Thobois et al., 2004). Then, we consid-
ered that the uptake of [*!Clraclopride reflects mainly
postsynaptic function.

Considering our results, we could speculate that
the age-related neuronal loss in the substantia nigra
may trigger the structural change of presynaptic neu-
rons (loss.of DATSs) in the striatum and this change
may result in the functional change of postsynaptic
neurons (loss of DyRs) in the striatum. Of course,
the structural change of presynaptic neurons should
also provoke the functional change of presynaptic
neurons.

These functional changes include several presynap-
tic processes such as neurotransmitter synthesis, stor-
age; metabolism; release, and reuptake/uptake, and
postsynaptic processes such as receptor functioning,
metabolism; and interactions with other neuromodu-
lators* (Reeves et-al:, 2002; Stanford et al., 2001).
Functional changes such as the decrease in DAT
mRNA (Bannon and Whitty, 1997) and changes in
D;R posttranscriptional regulation in striatal neurons
(Sakata et al.; 1992) have been reported.

The numbers of neurons and DyR-containing cells
in striatum also decrease during normal aging (Han
et al., 1989; Meng et al., 1999); however, there exist
no detailed histological reports on the regional differ-
ences in the decreasing rate. Future histological stud-
ies ‘evaluating detailed regional differences in age-
related decline of the numbers of DyR-containing cells
in the striatum are required. Such studies will help
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to clarify the existence or nonexistence of the associa-
tion between DR decline and cell loss in the striatum
with aging. If such an association does not exist, our
hypothesis will be supported more strongly.

In conclusion, we confirmed age-related decline in
the striatal DAT and D3R densities in normal subjects
by conventional ROI-based analysis and by using age-
related slope-of-decline images. The decreasing rate of
DAT density in the caudate nucleus was the fastest
within the striatum. The finding suggests that neuro-
nal cell loss in the substantia nigra may be associated
with age-related DAT decline in the striatum. The
consistent association of the regional change in the
decreasing rate between DATs and DyRs clearly
demonstrated that the age-related DAT decline is
associated functionally with the age-related D,R
decline. For investigating detailed regional mecha-
nisms, the age-related slope-of-decline images were
very useful.
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Mapping of brain acetylcholinesterase

alterations in Lewy body disease by PET

A (1}

ABSTRACT

Objective: To characterize brain cholinergic deficits in Parkinson disease (PD), PD with dementia
(PDD), and dementia with Lewy bodies (DLB});

Metheds: Participants included 18 patients with PD, 21 patients with PDD/DLB, and 26 healthy
controls. The PD group consisted of nine patients with early PD, each with a disease duration of
less than 3 years, five of whom were de novo PD patients, and nine patients with advanced PD,
each with a disease duration greater than or equal to 3 years. The PDD/DLB group consisted of
10 patients with PDD and 11 patients with DLB. All subjects underwent PET scans with N-[11CJ-
methyl-4-piperidy! acetate to measure brain acetylcholinesterase (AChE) activity. Brain AChE
activity levels were estimated voxel-by-voxel in a three-compartment analysis using the arterial
input function, and compared among our subject groups through both voxel-based analysis using
the statistical parametric mapping software SPM5 and volume-of-interest analysis.

Results: Among patients with PD, AChE activity was significantly decreased in the cerebral cortex
and especially in the medial occipital cortex {% reduction compared with the normal mean =
~12%) (false discovery rate-corrected p value <0.01). Patients with PDD/DLB, however, had
even lower AChE activity in the cerebral cortex (% reduction = —27%!} (p < 0.01). There was no
significant difference between early PD and advanced PD groups or between DLB and PDD
groups in the amount by which regional AChE activity in the brain was reduced.

Conclusions: Brain cholinergic dysfunction occurs in the cerebral cortex, especially in the medial
occipital cortex. It begins in early Parkinson disease, and is more widespread and profound in both
Parkinson disease with dementia and dementia with Lewy bodies. Neurology™ 2009;73:273-278

GLOSSARY

AChE = acetylcholinesterase; ANOVA = analysis of variance; BA = Brodmann area; DLB = dementia with Lewy bodies;
DSM-1V = Diagnostic and Statistical Manual of Mental Disorders, 4th edition; FDR = false discovery rate; FWE = family-
wise error; HC = healthy controls; LBD = Lewy body disease; MMSE = Mini-Mental State Examination; MNI = Montreal
Neurological Institute; PD = Parkinson disease; PDD = Parkinson disease with dementia; VOI = volume of interest.

Parkinson disease (PD) is frequently associated with cognitive deficits which can range from subtle
deficiencies to dementia.’ These cognitive deficits are attributed mainly to Lewy body pathology in
the cerebral cortex and limbic structures, but also partly to Alzheimer disease (AD)-type pathology
and to nigral and brainstem pathology associated with PD.! Alterations of dopaminergic, serotoner-
gic, and noradrenergic systems may also underlie the cognitive disturbances that are seen in PD,?3
along with alterations of ascending cholinergic systems from the basal forebrain and the brainstem,
which have been implicated as pivotal players in cognitive function and especially in attention and
consciousness.*¢ Loss of cholinergic neurons in the nucleus basalis of Mynert has been observed in
postmortem PD brains, and has been thought to contribute to cognitive decline in PD.’

Dementia with Lewy bodies (DLB) is the second most frequent neurodegenerative dementia,
after AD. DLB is diagnosed when dementia occurs before or concurrently with parkinsonism, while
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Table 1 Clinical profiles of patients with Parkinson disease (PD), PD with
dementia (PDD), and dementia with Lewy bodies (DLB)

No.ohdhjam
Malefemale 14
Age.y 638 :101 654:107 688:62

Dissaseduretiony  — s

Hosfm 8 Yahr ;{agg : k

Levodopa equivalente,

% ’

MMSE 204+10 276221 277:23

Values are mean = SD.

The PD group consists of early stage PD (early PD: disease duration <3 years) and ad-
vanced stage PD {advanced PD: disease duration =3 years).

MMSE = Mini-Mental State Examination.

PD with dementia (PDD) is diagnosed when
dementia occurs in the context of well-
established PD.® PD and DLB are regarded as
two ends of a spectrum of Lewy body disease
(LBD). Cholinergic systems also may play a role
in these diseases: widespread and profound re-
duction of choline acetyltransferase activity has
been observed in postmortem brains with
DLB.>0

Brain cholinergic function can be esti-
mated by measuring acetylcholinesterase
(AChE) activity in the brain with PET and
the radiolabeled acetylcholine analogues N-
[ Cl-methyl-4-piperidyl acetate (MP4A)!!
and N-[''C]-methyl-4-piperidyl propionate
(MP4P).1? Previous PET studies showed a
significant reduction in cortical AChE ac-
tivity in PD,'>' and a more sizeable de-
crease in cortical AChE activity in PDD
and DLB than in AD." It is not well
known, however, when brain cholinergic
deficits occur or how they develop in PD.
Furthermore, the possibility of a difference
in brain cholinergic deficits between PDD
and DLB has not been explored in detail.

To elucidate these questions, we used PET
to investigate alterations in brain AChE activ-
ity in early PD, advanced PD, PDD, and
DLB.

METHODS Subjects. Participants were 18 patients with
PD, 21 patients with PDD/DLB, and 26 healthy controls (HC;
table 1). The PD group consisted of nine patients with early PD,
each with a disease duration of less than 3 years, five of whom
were de novo PD patients, and nine patients with advanced PD,
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each with a disease duration greater than or equal to 3 years, The
patients with PD were also divided into six stubjects with age at
onset less than 60 years and 12 subjects with age at onset older
than 60 years to determine whether patients with younger onset
PD have less cholinergic denervation compared to the patients
with older onset PD. The PDD/DLB group consisted of 10
patients with PDD and 11 patients with DLB: The patients with
DLB were also divided into six younger subjects with age less
than 78.2 years (median age of all DLB subjects) (73.9 *+ 4.7
years) and five subjects with age older than 78.2 years (82.4 =
3.4 years), and HC subjects were divided into 13 younger sub-
jects with age less than 63.7 years (median age of all HC sub-
jects) (56.3 % 6.1 years) and 13 older subjects with age older
than 63.7 years (71.2 * 7.3 years) to confirm whether there are
age effects. HC had no histery of neurologic disorders and no
abnormalities assessed in a general physical and neurologic exam-
ination. Diagnoses of PD were made according to the diagnostic
criteria of the UK Brain Bank's; DLB diagnoses were made ac-
cording to the DLB Consortium criteria.® In subjects with PDD,
dementia was diagnosed according to the criteria found in the
DSM-1V. 7 PDD and DLB could be distinguished from one
another if at least 1 year had passed between the onset of demen-
tia and that of parkinsonism, or vice versa.?

Levodopa equivalents were estimated as follows: 100 mg of
levodopa with a dopa-decarboxylase inhibitor (Menesit®, Banyu
Pharmaceutical Co., Ltd.,, Tokyo, Japan; EC-dopal®, Kyowa
Haldeo Kirin Co., Lid,, Tokyo, Japan) = 1 mg of pergolide
(Permax®, Eli Lilly Japan K.K.,, Hyogo, Japan) = 1.5 mg of
cabergoline (Cabaser®, Pfizer Japan Inc., Tokyo, Japan) = 10
mg of bromacriptine (Parodel®, NOVARTIS Pharma K.K., To-
kyo, Japan) = 1 mg of pramipexole (Bi-Sifrol®, Nippon Boehr-
inger Ingelheim Co., Lid., Tokyo, Japan)."*"* None of the
patients was treated with anticholinergic agents or choline ester-
ase inhibitors. Medications were discontinued at least 15 hours
before each PET scan. All patients were assessed using the Uni-
fied Parkinson’s Disease Rating Scale and the Mini-Mental State
Examination (MMSE).” HC subjects were cognitively unim-
paired and free from medications having central nervous action.
The PET study was approved by the Institutional Review Board
of the National Institute of Radiologic Sciences, Written in-
formed consent was obtained from all subjects or from their
spouses or other close family members,

PET scan, PET images were acquired with an ECAT Exact-47
scanner or an HR+ scanner (CTI PET Systems, Inc., Knoxville,
TN). We scanned two HC subjects using the two types of PET
scanner and directly compared the results to confirm that the
choice of PET scanner made no difference in our results on a
voxel level (false discovery rate [FDR]-cluster-corrected p value
>0.05). Subjects were examined with their eyes closed and their
ears unplugged in a quiet room; their heads were restrained with
a band extending across the forehead attached to the headrest.
An examiner carefully monitored head movement during each
scan with laser beams, and corrected the head position if the
subject moved. A dose (about 740 MBq) of {''CIMP4A was [V
injected for 60 seconds, and sequential PET scans were per-
formed for 40 minutes with arterial blood sampling,"

All imaging data were preprocessed and analyzed with statis-
tical parametric mapping software (SPM5; hutp://www.fil.ion.
uclac.uk/spm), operating in the Matlab software environment
(version 7.4; MathWorks, Natick, MA). Each PET image was
normalized to a novel [''C]MP4A PET template, which we cre-
ated using PET and MRI from 11 HC subjects according to the
standard method.?" Briefly, T1-weighted MRI scans were coreg-
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Figure 1 Cortical k; declines in each group compared with healthy controls l

Sagittal Right lateral Left iateral

b. Early PD

¢. Advanced PD

d. PDD

e. DLB

B
PD>PDD/DLB

(A) Regions where a reduction in k3 (acetylcholinesterase activity) was observed in de novo
Parkinson disease (PD) (n = 5), early stage PD (n = 9}, advanced stage PD (n = 8), Parkinson
disease with dementia (PDD} {n = 10), and dementia with Lewy bodies {DLB) {n = 11), com-
pared with healthy controls (FDR-corrected p < 0.01, k > 26, age as a covariate). (B) Re-
gions where a greater reduction in k3 was observed in the PDD/DLB group than in the PD
group (FDR-corrected p < 0.01, k > 26, age as a covariate). The red-to-yellow color gradi-
ent indicates the locations of the voxels with reduced k5 values and the amount by which
these values were reduced. Note that the color bars indicating t score are different among
the different analyses.

istered to the PET incegral images, and the spatial normalization
of the MR images to the SPM2 T1 MRI template was applied to
the integral images, These integral images were averaged and
smoothed with an isotropic 8-mm Gaussian kernel to form our
["'CIMP4A template.

PET images were smoothed with an isotropic 12-mm Gauss-
ian kernel after normalization. Then we estimated X value, an
index of blood flow, and ; value, an index of AChE activity, for
each image with a nonlinear least square analysis in a three-
compartment model using the metabolite corrected arterial in-
put function.!! We used custom software designed by IDL
(version 6.0; Jicoux Datasystems, Inc., Tokyo, Japan) to calcu-
late a voxel-based K, value and £; value from each image. Voxel-
based analysis of K values and #, values among groups was
performed ‘using SPM5 with age as a covariate. The 45 values
were also compared between younger onset and older onset PD
groups, and between younger DLB and older DLB groups by

both voxel-based analysis and volume-of-interest analysis. We
proceeded with statistical analyses when the FDR-cluster-
corrected p value was less than 0.01. All results were expressed in
the Montreal Neurological Institute coordinate space.

Volumes of interest (VOIs) were identified on £, images in
each subject’s frontal lobe, temporal lobe, parietal lobe, occipital
lobe, hippocampus, amygdala, and Brodmann areas (BAs), using
the Wake Forest University Pick Atlas (hetp://fmri.wfubmc.edu/
cms/software).

Cortical 4, values were calculated for each subject as the
mean of the 45 values for that subject’s frontal, temporal, pari-
etal, and occipital cortices in both hemispheres. The correlation
between cortical £, values and MMSE scores, and that between
cortical k5 values and disease duration, and that between corrical
k5 values and voxel-by-voxel K| values with age as a covariate
were analyzed in LBD patients.

RESULTS There was no significant difference in
gender ratios among the HC, PD, PDD, and DLB
groups. Both patients with DLB and patients with
PDD were older than HC subjects [F(4,64) = 7.0,
» < 0.05, one-way analysis of variance (ANOVA)],
and patients with DLB were older than patients with
early PD [F(4,64) = 7.0, p < 0.05, one-way
ANOVA]. Patients with PDD/DLB were older than
both HC subjects and patients with PD [F(2,64) =
13.5, p < 0.01, one-way ANOVA]. Older DLB sub-
jects were older than younger DLB subjects (un-
paired ¢ test, p << 0.01). There was no significant
difference in age or gender ratios among the older
HC, de novo early PD, early PD, advanced PD,
PDD, and younger DLB groups. There was no dif-
ference in disease duration between the PD and
PDD/DLB groups {p = 0.10, unpaired ¢ test).
MMSE scores in the PDD/DLB group were lower
than those in the HC and PD groups [F(2,64) =
78.8, p < 0.01, one-way ANOVA].

SPM analysis showed clusters of voxels with re-
duced £, values in the cerebral cortices of de novo
early PD, early PD, and advanced PD patients, com-
pared with those seen in HC subjects (FDR-cluster-
corrected p < 0.01; figure 1A, a, b, ¢; table 2). The
most significant reduction in cerebral cortical £; was
detected in BA 18, in the de novo early PD (table 2),
early PD ([28, —82, —4], Z_,. = 5.04, family-wise
error [FWE]-corrected p < 0.01), and advanced PD
groups ([12, =70, 4], Z_ . = 4.60, FWE-corrected
2 < 0.01). SPM analysis between the early PD and
advanced PD groups revealed no cluster with differ-
ent k; values (FDR-cluster-corrected p > 0.01).
There was not any significant difference in brain
AChE activity between patients with younger onset
PD and patients with older onset PD (FDR-cluster-
corrected p > 0.05).

The , values in the PDD and DLB groups were
reduced compared to those in the HC group in al-
most all cortical areas and especially in the posterior
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Table 2

Regions with significant reduction in cortical MP4A k3 in the de novo

early Parkinson diseasa group compared with the healthy controls
group (de novo early Parkinson disease < healthy control}

Regions

R middie accipital gyrus (BA18)

Leuneus(BA19)

L superior temporal gyrus (BA39)

R precuned‘s;(BA?)

R posterior cingulate (BA30)
Rprecentral gyrus (BAS)
Madial frontal gyrus (§A32}

R middie temporal gyrus (BAZ2)
Rinferior temporalgyrus (BA37)

{ fusiformayrus (BA37)
L precentral gyrus {BA4)

5.08°
447
497
481 2% e
359
iz B
438
373
371
423 o
405

Coordinates at which a significant reduction in k3 was observed in the de novo early Parkin-
son disease group compared with the HC group (FDR-corrected p < 0.01, k> 26).
*Family-wise error-corrected p < 0.005, k > 26.

MNI = Montreal Neurological institute; BA = Brodmann area; FOR = false discovery rate.
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cortical regions (FDR-cluster-corrected p. < 0.01,
figure 1A, d, €). The most significant reduction was
observed in the left lateral temporal lobe in the PDD
([-56, —46, —12], Z,.. = 6.99, FWE-corrected
p < 0.001) and DLB groups ([—56, —24, —2],
Zux = 7.18, FWE-corrected, p. < 0.001). There
was no significant reduction in #; values in the me-
dial temporal cortex including the hippocampus and
amygdala (figure 1A, d, €). SPM analysis revealed no
cluster with altered £, values between the PDD and
DLB groups (FDR-cluster-corrected p > 0.01), al-
though the decline in cortical £; values tended to be
greater in the DLB group (% reduction compared
with the normal mean = —27.1%) than in the PDD
group (—23.4%).

Cortical £, values were lower in both the PD
group (—11.8%) and the PDD/DLB group
(—26.8%) than in the HC group [#(2,64) = 44.7,
2 < 0.01, one-way ANOVA]. When the PDD/DLB
and PD groups were compared, SPM analysis
showed a reduction of #; values in the inferior tem-
poral gyrus (BA20), the supramarginal gyrus (BA40)
(EWE-corrected p < 0.005), and the posterior cin-
gulate gyrus (BA31) (FWE-corrected p < 0.01) in
the PDD/DLB group, compared with the equivalent
values in the PD group (figure 1B, table 3).

There was not any significant difference in brain
AChE activity between younger patients with DLB
(% reduction compared with the age-matched older
normal mean = —28.5%) and older'patiems with
DLB (—28.9%) (FDR-cluster-corrected p > '0.05).

“Results of SPM analysis among older HC, de novo
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early PD, early PD, advanced PD, PDD, and
younger DLB groups did not differ from those
among HC, de novo early PD, advanced PD, PDD,
and DLB groups (figure e-1 on the Neurology® Web
site at www.neurology.org).

There was a correlation between cortical £, values
and MMSE scores in patients with PD and patients
with PDD/DLB (r = 0.47, p < 0.01, figure 2B).
VOI analysis revealed that the strongest correlation
between £, values and MMSE scores occurred in the
posterior cingulate gyrus (BA31) in patients with
LBD (r = 0.57, p < 0.0005).

SPM analysis did not show a cluster of voxels with
a significant reduction of K, values in the cerebral
cortices of the PD group compared with those seen
in " HC subjects (FDR-cluster-corrected p > 0.05).
The K values in the PDD and DLB groups were
reduced compared to those in the HC group in al-
most all cortical areas and especially in the occipital
cortical regions (FDR-cluster-corrected p < 0.05)
(figure e-2). There was no significant voxel with a
significant correlation between K and cortical 4,
value (FDR-clustet-corrected p > 0.01).

There were no significant correlations between
cortical £; values and disease duration or age (p >
0.21).

DISCUSSION Our study revealed four major find-
ings. First, the early PD group exhibited a reduction
in AChE activity in the cerebral cortex; and especially in
the medial occipital cortex (BA 18). Even de novo
early PD cases exhibited significant reductions in
ACHhE activity in the medial occipital cortex (BA 18),
suggesting that brain cholinergic dysfunction occurs
at a very early stage of PD and may precede the man-
ifestation of motor symptoms in PD. The ascending
cholinergic system from the basal forebrain may play
a role in the modulation of postsynaptic visual pro-
cessing,?? A SPECT study demonstrated that occipi-
tal hypoperfusion is associated with impairment of
visual perception in PD.? We did not, however, note
any significant reduction of X, values in the occipital
cortex in patients with PD nor any significant corre-
lation between K| and cortical &, in any brain region
in patients with' LBD, suggesting independent
changes of cerebral blood flow and AChE activity in
patients with LBD.

The second major finding of our study is that
there is no significant difference in brain AChE activ-
ity levels between patients with early PD and patients
with advanced PD. This observation suggests that
cholinergic deficits do not progress during the course
of PD without dementia, even at advanced stages.
Our results may suggest that cholinergic denervation
does not parallel the degree of dopaminergic dener-
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Table 3

Regions with significant reduction in cortical MP4A kgin the PDD

group compared with the PD group (PDD/DLB < PD)

Regions

L inferior temporal gyrus (BA20)
Lsupramarginal gyrus (BA40)
Posterlor cingulate {BA31)

Coordinates (MNI)
Leony o ‘kYk' ’ :‘ oz ‘ n uste
S40° 7 IB4  Tige 12 72548
509 =2...-38 . 40

Coordinates at which a significant reduction in k5 was observed in the PDD/DLB group
compared with the PD group {FDR-corrected p < 0.01, k > 26).

*Family-wise error-corrected p < 0.005, k > 26.

PDD = Parkinson disease with dementia; DLB = dementia with Lewy bodies; PD = Parkin-
son disease; MNI = Montreal Neurological Institute; BA = Brodmann area; FDR = false

discovery rate.

vation. Hilker and colleagues'® investigated possible
interdependence of dopaminergic and cholinergic
transmitter dysfunction in PD and PDD. The corti-
cal 4, in [''C]MP4A PET and striatal {**F}fluoro-
dopa uptake did not correlate with each other in the
patients, although the authors found a cluster with
significant covariance of striatal ['*F]fluorodopa up-
take and cortical £, reduction in the middle frontal
gyrus in PD and several clusters in frontal and
temporo-parietal cortices in PDD. The striatal
[*®Flfluorodopa uptake was significantly decreased
in PD and PDD without significant differences be-
tween the groups in their study. Therefore, our result
in PD is compatible with their result in PD. Interest-
ingly, according to our SPM analysis, there was a
tendency that AChE activity in the cerebral cortex
was decreased more in the early PD group than the

Figure 2

0.07 1

0.05

Mean cortical AChE (Min™)

Correlation between Mini-Mental State Examination (MMSE) scores
and cortical k; values

APD
B PDD/DLB

0.03

10 15 20 25 30
MMSE

Correlation between MMSE scores and cortical kg values in Parkinson disease (PD: open
triangles) and Parkinson disease with dementia/dementia with Lewy bodies (PDD/DLB:
filled squares) {r = 0.47, p < 0.0085), Cortical k3 values are lower in PD and PDD/DLB thanin

healthy controls.

advanced PD group, suggesting that the early PD
group might consist of some patients with PD who
will eventually develop PDD and others who will
develop advanced PD without dementia. The aver-
age disease duration in the advanced PD group was
6.7 years yet the average Hoehn and Yahr stage was
2.9. Taken together, the advanced PD group might
be a benign PD subtype in the present study.

Patients with older onset PD, even without de-
mentia, generally have significantly more cognitive
problems compared to patients with younger onset.
Therefore, it was interesting to compare patients
with older onset PD with patients with younger on-
set PD since older onset PD might be different from
younger onset PD in cholinergic pathology; how-
ever, we did not find any significant difference in
brain AChE activity between the two groups.

Our third major finding was the widespread and
profound reduction of AChE activity levels in the
cerebral cortices, and especially in the posterior corti-
cal regions, of patients with PDD and patients with
DLB. These results are in agreement with previous
PET studies on the same categories of patients,'*!*
and stand in contrast to our PET study on 14 pa-
tients with late-onset AD (age: 72 * 4, MMSE score:
17.9 £ 3.5), among whom, using the same tech-
nique used in this study, we observed that AChE
activity was reduced by only 13% on average.? Our
PET technique shows substantial differences in the
cholinergic profiles of AD and DLB, but it is prema-
ture to conclude that PET mapping of acetylcho-
linesterase could be used diagnostically.

We also directly compared the reduction in
AChE activity in the PDD group with that in the
DLB groups using SPMS5, and found that there was
no significant difference between them. Until now,
there has been debate over whether PDD and DLB
are one disease with different phenotypic expressions
or two different diseases.”® Our results suggest that
DLB and PDD are essentially the same disease in
terms of brain cholinergic dysfunction. The wide-
spread and profound cerebral cortical cholinergic
deficits associated with both may explain why cho-
linesterase inhibitors often bring about favorable re-
sponses in the treatment of dementia in both PDD
and DLB."#

Our fourth major finding was that the decline in
cerebral cortical AChE was more profound in pa-
tients with PDD/DLB than in patients with PD. Pa-
tients with PDD/DLB also exhibited a significant
correlation between AChE activity in the cerebral
cortex, especially in the posterior cingulate cortex
(BA 31), and MMSE scores. These results confirm
that brain cholinergic dysfunction significantly con-
tributes to cognitive dysfunction in LBD. The most
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significant difference in the degree of AChE acrivity
reduction between the PDD/DLB group and the PD
group occurred in the inferior temporal gyrus. In our
study, subjects in the PDD/DLB group were older
than those in the other two groups. We have previ-
ously reported, however, that £; values in the cere-
bral cortex, hippocampus, and amygdala are not
influenced by aging.?* As we expected, we did not
observe any age effect on cortical £, values in HC in
the present study, cither, even though we performed
SPM analysis with age as a covariate. Furthermore,
we also performed the same analysis among age-
matched groups (older HC, de novo early PD, early
PD, advanced PD, PDD, and younger DLB groups),
and we did not find any difference between results of
age-marched groups and that of non-age-matched
groups (HC, de novo early PD, early PD, advanced
PD, PDD, and DLB groups).
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Reduced perfusion in the anterior cingulate cortex of
patients with pure autonomic failure: an '2%|-IMP

SPECT study

S Hirano," M Asahina,' Y Uchida,? H Shimada,' R Sakakibara,23 H Shinotoh,* T Hattori’

ABSTRACT

Background: Pure autonomic failure (PAF) is a selective
peripheral disorder in which Lewy bodies form within the
autonomic ganglia. Patients with this disorder usually
have no central lesions; however, chronic autonomic
failure may secondarily affect the central nervous system.
This study evaluated brain perfusion in patients with PAF
by using N-isopropyl-p-'®l iodoamphetamine {%-IMP)
single photon emission computed tomography {SPECT).
Methads: Six patients with PAF (all men; mean (SD) age
68 45 years) who had experienced autonomic symptoms
for more than 5 years and six age-matched healthy
control subjects {all men; mean (SD) age 67 +5 years)
were included in this study. The regions of interest {ROI)
on spacially normalized '#I-IMP SPECT images were
automatically computed for both groups.

Results: Perfusion of the dorsal anterior cingulate cortex
was decreased in the PAF group compared with the
healthy control group (0.93 vs 1.01; p<<0.001). In the
other brain regions measured, there was no significant
difference in regional perfusion between the two groups.
Conclusions: The dorsal anterior cingulate cortex is poorly
perfused and may be functionally altered in patients with PAF.
The reduced perfusion in such individuals may be a secondary
change that results from chronic autonomic failure. *

Pure autonomic failure (PAF) is an idiopathic sporadic
neurodegenerative disorder that presents with clinical
symptoms of autonomic dysfunction (e.g. orthostatic
hypotension, defective sweating and urogenital
dysfunction) but no other neurological deficits (i.e.
motor, sensory, extrapyramidal or cerebellar symp-
toms)." The main autonomic symptom in patients
with PAF is orthostatic hypotension, which is the
result of an inability to activate sympathetic path-
ways to cause vasoconstriction during gravitational
challenges. The main structure affected in PAF is the
sympathetic ganglionic neurons, where Lewy body
pathology has been documented. Neurodegenerative
diseases with Lewy body pathology include not only
PAF but also Parkinson disease (PD) and dementia
with Lewy bodies (DLB).

Recently, automated voxel-by-voxel statistical
analysis using three-dimensional stereotactic surface
projection (3D-SSP) has made it possible to semi-
quantitatively evaluate regional cerebral blood flow
(rCBE) in single photon emission computed tomo-
graphy (SPECT) images? Studies that used this
technique have revealed that rCBF is decreased in
the occipital lobe both in PD patients with dementia®
and in patients with DLB," although rCBF studies
have been inconclusive in patients with PD who do
not have dementia. As far as we know, there has been
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no brain perfusion SPECT study of patients with PAF.
Although the main affected structure in patients with
PAF is the sympathetic autonomic ganglia, such
individuals may have reduced perfusion in the brain
similar to that seen in patients with PD or DLB,
diseases that share underlying Lewy body pathology.
Meanwhile, PD and DLB patients may also exhibit
autonomic failure, but it is often less severe than that
of PAF patients. Post-synaptic sympathetic denerva-
tion may influence the central autonomic nervous
system via afferent feedback and may modulate rCBE.
We used SPECT and N-isopropyl-p-'*1 iodoam-
phetamine (**I-IMP) followed by automated ROI
analysis with 3D-SSP to evaluate rCBF in patients
with PAF, which we then compared with that in
age-matched healthy volunteers in order to eluci-
date the brain region of hypoperfusion in PAF.

METHODS

Participants

This study included six patients with PAF (all
male; mean (SD) age 68+5 years; mean (SD)
disease duration 8.543.6 years). ¥L.IMP brain
SPECT data for these individuals were retrospec-
tively collected from a PAF database of 13 patients.
The six patients with PAF had all had orthostatic
hypotension and dysautonomia for over 5 years,
without clinical evidence of nonautonomic pathol-
ogy or central neurological degeneration (e.g.
cerebellar signs or parkinsonism). Brain MRI was
performed in all PAF patients and showed that
none had marked ischemic changes nor any specific
changes indicating the presence of a neurodegen-
erative disorder. Mild white matter changes,
however, were found in two of the six patients.
Control subjects were six age-matched healthy
volunteers (all male; mean (SD) age 67+5 years).
SPECT study of healthy volunteers was approved
by the Ethics Committee of Chiba University
Hospital, with written consent obtained from the
patient prior to the procedure. Autonomic function
tests were performed only in patients with PAF,

Autonemic tests

The 70° head-up tilt test was performed with blood
pressure and heart rate automatically recorded at
I-minuite intervals by a sphygmomanometer.
Electrocardiogram R-R intervals with an accuracy of
1 msec were recorded with the patient in the supine
position and breathing normally, and the coefficients
of variation of the R-R interval were calculated.
Venous blood was collected after at least 20 minutes
of rest in the supine position in order to measure
plasma norepinephrine levels (normal: >100 pg/ml).
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Table 1

The demography, autonomic test results and regional cerebral blood flow values of patients with

pure autonomic failure and age-matched healthy controls

Healthy controls

Patients with PAF .

Difference between

Mean (SD) Mean (SD) controls and PAF group (%)

Plasma noradrenaline (pg/mi} 121 {100}

Head-up tilt test -
Systolic BP change (mm Hg) 71 {20}
Diastolic BP change {mm Hg) 42 {12}
Heart rate change {(beats/min) 5 (11}

R-R interval coefficient of variance (%) 0.85 {0.22)

Postmicturition residual {mi} 109 (88)

'3L.|MP SPECT
Frontal cortex 1.01 (0.02) 1.00 {0.05) -1.75
Ventral anterior cingulate cortex 0.96 {0.06) 0.88 {0.03) -8.43
Dorsal anterior cingulate cortex 1.01 {0.01) 0,93 {0.01)* ~17.93
Posterior cingulate cortex 1.05 {0.06) 1.00 {0.06) -4.718
Parietal cortex 0.99 {0.02) 1.01 {0.06) +1.41
Temporal cortex 0.98 {0.02) 0.97 {0.08} ~0.72
Occipital cortex 1.02 {0.04) 1.02 {0.06) -0.26
Thalamus 1.17 {0.07) 1.10 (0.04) —6.06
Midbrain -+ 1.00 {0.04) 0.96 {0.06) -4.78
Pons 0.98 {0.04) 0.94 (0.10) -3.78
Cerebellum 0.99 {0.04) 0.99 (0.09) +0.08

Regional cerebral blood flow values are normalised to the whole cortex {reference region).
*p<0.001, compared with healthy controls. BP, blood pressure; PAF, pure autonomic failure.

The urodynamic tests performed comprised measurement of
postmicturition residuals, urethral pressure profilometry and
water cystometry. Twenty-four-hour blood pressure monitor-
ing was performed in five of the patients with PAF.

Single photon emission computed tomography All participants
received 111 MBq of "P[-IMP injected intravenously in resting
condition. Data acquisition was initiated 30 minutes after
injection using a three-headed gamma camera PRISM 3000 XP
(Shimadzu, Kyoto, Japan) equipped with fan-beam collimators.
Participants were scanned in the supine position in a calm place.
The SPECT data were obtained in a 128 x 128 matrix, slice
thickness 2.16 mm, in 24 steps with 60 seconds for each step. All
images were reconstructed with a Butterworth filter (cut-off
frequency 0.39 cycle/cm, order 4), resulting in a resolution of
approximately 13 mm at full width, which was half the maximum
at the centre of rotation. The reconstructed pixel size was
2.16 mm. Attenuation was corrected using Chang’s technique.’

The iSSP3 software (Nihon Medi-physics Co., Ltd, Hyogo,
Japan) and an Odyssey VP processing computer were used for
3D-SSP analysis. Methods for 3D-SSP analysis have been
previously described in detail by Minoshima et a/.* Each image
was evaluated by ROI analysis and placed on a normalised
template image by using stereotactic extraction estimation
software® on a Windows XP PC. The ROI identified were: the
frontal, temporal, parietal and occipital cortices; the midbrain;
the pons; the cerebellum; the ventral anterior cingulate cortex
(ACC); the dorsal ACC; and the posterior cingulate cortex.
rCBF values were normalised with respect to the whole cortex
(reference region). rCBF values were compared between healthy
subjects and the PAF group by unpaired Student t-tests. Using
Bonferroni’s correction, the p value was adjusted to 0.005 (two-
tailed), which was chosen as the significance threshold to avoid
errors due to the multiplicity of statistical analysis.

RESULTS
The demography and rCBEF ratio value of the six patients with PAF
is shown in Table 1. In the head-up tilt test, all six PAF patients
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exhibited severe orthostatic hypotension (minimum systolic/
diastolic blood pressure change: 46/25 mm Hg). The patients
with PAF showed reduced R-R interval coefficients of variation
{mean (SD): 0.95 4 0.22%; lower limit of healthy in seventh decade
Japanese controls: 1.25%),” suggesting cardiac parasympathetic
dysfunction. Plasma norepinephrine levels in the resting supine
state were low (<100 pg/ml) in four of the six patients with PAF.
Twenty-four-hour blood pressure monitoring revealed nocturnal
hypertension (systolic/diastolic blood pressure >140/110 mm Hg)
in all five patients with PAF who were examined. Four of the six
PAF patients showed detrusor hyperactivity, suggestive of central
dysregulation in those patients.

rCBF was significantly reduced in the dorsal ACC (~7.9%;
p<<0.001) and nonsignificantly reduced in the ventral ACC
{—8.43%; p<<0.05) in patients with PAF compared with healthy
control subjects. rCBF in no other evaluated region—including
the occipital cortex, brainstem and cerebellum—varied signifi-
cantly between patients with PAF and healthy controls. When
each region was assessed individually, the dorsal ACC was the
only region for which rCBF measurements from all PAF patients
were more than two standard deviations less than normal
mean. Figure 1 shows “IIMP SPECT images of each PAF
patient analysed with 3D-SSP. The coloured areas in the images
represent the regions where perfusion was decreased. Most
patients with PAF showed reduced perfusion in the ACC and
the medial frontal lobe compared with the healthy controls.

‘DISCUSSION

In this study, we were able to show reduced perfusion of the ACC
in patients with PAF. The 3D-SSP methodology we used does not
permit analysis of deep brain regions such as the striatum, globus
pallidum and insula. Nonetheless, this voxel-based automated
brain analysis provided clear objective data regarding most of the
cerebral cortex, the thalamus, the brain stem and the cerebellum.

Another study that used voxel-based morphometric analysis
in patients with PAF showed reduced grey matter volume in the
ACC and insular cortex.® The authors suggested that a poverty
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Figure 1 N-isopropyl-p-"*l iodoamphetamine single photon emission computed tomography images of six patients with pure autonomic failure. The
images were generated by three-dimensional stereotactic surface projection analysis (Z map) and were normalised using global scaling. Red regions
show the areas with the lowest perfusion. Individual images were compared with images from with age-matched healthy controls. Most PAF patients
show reduced perfusion in cingulate cortex and medial frontal lobe. L, left; R, right.

of afferent information in patients with PAF results in reduced
functional representation of autonomic states and the conse-
quent adaptation of the ACC. The 3D-SSP method minimises
partial volume effect by extracting brain cortex data tangen-
tially from the brain surface, although the atrophy effect can
not be excluded completely.” Nonetheless, we did not detect
overt brain atrophy in the PAF cohort.

The ACC has an important role in controlling cardiovascular
function.” Our PAF patients had severe cardiovascular auto-
nomic failure, manifest as orthostatic hypotension and noctur-
nal (recumbent) hypertension. Frequent hypoperfusion due to
orthostatic hypotension in the brain or other organs may have
influenced neural activities in the ACC in our patients via
peripheral and/or central feedback mechanisms. Alternatively,
chronic nocturnal hypertension may have contributed to the
reduced perfusion in ACC, which is vulnerable in hypertensive
subjects.'” On the other hand, the ACC is involved in the
perception of changes in bladder volume and is probably has a role
in the modulation of bladder control.”” ACC perfusion in patients
with PAF could be secondarily affected by the absence of neuronal
activity resulting from the perception of bladder filling.

PAF is considered to belong in the spectrum of Lewy body
diseases, which also includes PD and DLB. Lewy body pathology
has been observed in the cerebral cortex of patients with PAF,?
and some PAF cases evolve clinically into PD or DLB." 5 ACC
hypoperfusion in our patients might, therefore, reflect Lewy
body pathology. However, Lewy bodies are not restricted to the
cingulate cortex.” Patients with PD, as well as those with PAF,
frequently present with post-synaptic sympathetic lesions.
Matsui et al.** demonstrated using 3D-SSP analysis that PD
patients with orthostatic hypotension showed ACC hypoperfu-
sion compared with patients without orthostatic hypotension.
Their findings indicate that cingulate cortex hypoperfusion is
related to chronic sympathetic failure rather than to central
Lewy body pathology.

In conclusion, the ACC is poorly perfused and may be
functionally altered in patients with PAF. The ACC has a role in
highest-level autonomic control in humans and its reduced
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perfusion may reflect secondarily altered central autonomic
activity due to chronic autonomic failure.
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Estimation of Plasma ICsq of Donepezil for Cerebral
Acetylcholinesterase Inhibition in Patients With Alzheimer
Disease Using Positron Emission Tomography
Tsuneyoshi Ota, PhD, MD,*t Hitoshi Shinotoh, PhD, MD,*} Kiyoshi Fukushi, PhD,*
Tatsuya Kikuchi, PhD,* Koichi Sato, PhD, MD,*§ Noriko Tanaka, PhD, MD,*//

Hitoshi Shimada, PhD, MD,*q Shigeki Hirano, PhD, MD,*# Michie Miyoshi, MD,* Heii Arai, PhD, MD,}
Tetsuya Suhara, PhD, MD,* and Toshiaki Irie, PhD*

Objectives: Estimate the value of in vivo plasma ICsq of donepezil, the
concentration of donepezil in plasma that inhibits brain- acetylcholin=
esterase (AChE) activity by 50% at the steady-state conditions of don-
epezil between the plasma and the brain.

Methods: N-['!C] methylpiperidin-d-yl acetate (['\C]MP4A) position
emission tomography was performed in 16 patients with probable
Alzheimer disease (AD) before and during the treatment of donepezil
(5 mg/day) with a mean interval of 5.3 months. The plasma ICsq value
of donepezil was estimated from plasma donepezil concentrations and
cerebral cortical mean AChE inhibition rates measured by positron
emission tomography, using one-parameter model.

Results: Donepezil reduced AChE activity uniformly in the cerebral
cortex compared with the baseline in each AD patient, and the mean
reduction rate in the cerebral cortex was 34.6%. The donepezil con-
centrations in the plasma ranged from 18.5 to 43.9 ng/mL with a
mean of 28.9 + 7.3 ng/mL. The plasma ICs, value was estimated to be
53.6 £ 4.0 ng/mlL.

Conclusions: Once the plasma ICs of donepezil is determined, the
brain AChE inhibition rate could be estimated from the plasma con-
centration of donepezil in each subject based on the plasma'ICsy. Now
that the mean donepezil concentrations in the plasma, when the patients
took 5 mg/day, remained 28.9 ng/mL, approximately half of the plasma
ICsp, higher dose of donepezil might provide further benefits for patients
with AD. This technique can be also applied to measure the in vivo
plasma ICsq of other cholinesterase inhibitors such as rivastigmine
and galantamine.

Key Words: acetylcholinesterase, Alzheimer disease, donepezil, in vivo
plasma ICsq, positron emission tomography

(Clin Neuropharm 2009;00: 00-00)

onepezil vhydrochloride, a-specific acetylcholinesterase
(AChE) inhibitor, is widely used for the treatment of
Alzheimer disease (AD). Donepezil inhibits AChE and increases
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concentrations of acetylcholine in the synaptic cleft, This is be-
lieved to contribute to the cognitive improvement in patients
with AD during treatment with donepezil." Donepezil has also
come to be more expected as a disease-modifying drug.>™ Until
recently, patients with AD in Japan were treated with an identical
dose (5 mg/day). Now that 10'mg of donepezil is also permitted
in Japan, the decision of the appropriate clinical dosage of don-
epezil is necessary.

N-["'C]methylpiperidin-4-y! acetate ([''C]MP4A or AMP)
and N-[' 'Clmethylpiperidin-4-y! propionate ([''CJMP4P or
PMP) are both acetylcholine analogues which were developed
as positron emission tomography (PET) radiotracers for brain
AChE mapping™®; they have been applied to the quantification
of cortical AChE activity in healthy subjects”® and in patients
with AD and other neurodegenerative disorders.”!! Both radio-
tracers have also been used to evaluate the inhibitory effects of
donepezil on brain AChE activity in patients with AD*2"! and
in monkeys,*%17

Recently, the correlation between plasma galantamine con-
cenfrations and brain AChE inhibition rates was examined in
patients with AD using ['!CJMP4P.'® As for donepezil, however,
there has been no in vivo human study on the quantitative cor-
relation between the plasma donepezil concentrations and brain
ACHE inhibition rates. We investigated the correlation between
plasma donepezil concentrations and AChE inhibition rates in
the cerebral cortex using [''CJMP4A PET in patients with
probable AD before and during treatment. We also estimated in
vivo plasma ICsq of donepezil, on the premise that the inhibitory
effects of AChE inhibitors are dose dependent on AChE activ-
ity.!”! Subsequently, the ACE inhibition rates in the cerebral
cortex can be estimated from the plasma concentration of don-
epezil in each patient with AD at various doses. This is the first
report on the estimation of in vivo plasma ICsy of donepezil in
patients with AD. ~

This study is an extension of the previous study in which
we quantitatively measured cerebral cortical AChE activities in
3 patients with AD once before and once during donepezil treat-
ment by [''CIMP4A PET and showed that donepezil reduced
ACHE activity in the cerebral cortex by 39 £ 5%.13

PATIENTS AND METHODS

Subjects

Sixteen patients (5 men and 11 women ranging from 50 to
83 years old) with AD participated in this study. The patients’
mean age was 66.0 £ 10.2 years, and the mean duration of illness
was 2.7 + 1.4 years at the time of the baseline PET study. The
mean duration of treatment was 5.3 + 2.0 months, Three patients
with AD included in the previous report were also included in
this study.'® The patients had been taking neither anticholinergic
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