LT > v MR AR

FOME AHRA | b g5 £EM 5 S0 ;;*ME* 19 (I 1D) | 199 2008
FIMCER, LR, )
ASEM, AR5, | REMMWREOTRELEWE | WRREEE (o 2008
ROtES, ElEE, | o nEEt: B
RGN
[7 U EeF5 Y —LoBhE]
WmIFE, KAREN | TIVETF/—NOEHE iR 13(5) 401-405 2008
Abi-Dargham @ PET #4575
wor, xagmy | HAOHREE] ABAO gpmmms | a70) 33-30 | 2008
R LMD BRBREOELY | | ..
i FARE sy prcanakomn | 77 P leaz) 1789-1793 | 2008
bl
FIFES, BFIELRL,
Filky, MmimRE, (S, 5)-[18F]FMeNER-D2 IZ X %
MR EFEl ek, BETFIT, (IS I = S ) B S el BEEE 45(3) 8227 2008
KAGRE, #RY AR— & —miER
i
FHR, KN, ™ HEOHIE =% L ECT DA T
AEELYR, WEHE & | BARBBRLERTRSOTE — .
B, FEE, e L & B o d i L fRiaRe | 2350 SEGAEEN: ([ kit
KOAFEH 3 25O —{H
o IRER7 1 roving eye movement
iiﬁgglﬁ? PRI SUE L 72 < FEICE - e 50(11) 1103-1106 | 2008
H ' 7= 2fEfH BAENEROR
{E A HE BR T
: BohL70 iigms -
;gﬁf&ﬁﬂﬁ;-ﬁ (=%t % sulpiridel00mg/ H
po %#_%# o 5CHRE 2 ERE % 4 U ADL i ES: 50(10) 1021-1024 | 2008
ﬁ} i [ AR e m Y
Y/ SEBTORES
EEDERA b 3F—piEk o
FHE, KAEEE | ELV LESE~OBRET *@;meﬁ-r— 19(84%1 11) | 160 2008
i L7 2 iR )
NI B aEa, (PRGHE,
s, THRH, MRERT TORBRBERDY | oo o
SAME, WAES, | HEHTH SBBREy— | o ey 17(1) 134 2008
MBAEF, KARE | (a9 B e

]




NS #dn, e,
FiEwE, KARE

AECEB LURABITAICT

W, MEEE T | dAsmicEy Yol | BAmEKe | o 959 5008
A, AGEARH, ENTEFOEERYE ER | BEEsNE 3 B
MR BEHT, | WA L HER A
LA
RO FHEH £ 52 5 "
KRB Eﬁﬁﬁ%?»-:?-rW%ngWﬂ** 5-265 2008
= 2 AEDEYVE
_ E BRI LR
s e | m b= R AGEEE | AAKEEME | " -—
e PRETHRET SHAY | B -
9 TMRT BF%E
BATY, —EHR .
FREH, KREsFA | HOUMEECT B8 LAWnE | Mdse
. LE®, TER | 55RO 2 £ i s 9% A
B, KAREN
W85, EVRA,
BN, B, I —
mﬁfm.k&ﬁ# ;ﬁ?@giﬁ“kﬂb&ﬁ“ TAPAHE | 26(3) 103-410 | 2009
0, HHE 0K '
B, AW
§Ef§;fm;;ﬁg;};n T A A = — TIPS 35
b E Dbt g | 1 DFINTR & AR - (70 | BERWABEE | o7 315-320 | 2008
B R sy & Bz T
HuE S (PR © AR NE
ﬁegﬁ‘ﬂﬁmm ﬁ%;ﬁfggggggﬁﬂ IR | 28 (4) 383-391 | 2008
AR ISV T~
FSC, MR~
2::;;2#F;: ;;;;;;;g;iﬁtt WO | 28() 392-403 | 2008
it
. T {0 AT I O 5 L R L 7
o Enice. | forced gazing (MMIMEND) |- | MOWIRAERTR | 20 (1)  |40-48 | 2009
el ST
AT — 85 ;E;;g;;ﬁm%ﬁ_ﬂ A ABl gﬁﬁmw 264-269 | 2008
A 7T — 8 i;;;;;&ﬁmwﬁﬁﬂ F ACEIE gsg—rﬁfq 383-386 | 2008




T A H—EGERE L ek

MR W WRE | mameycsg oMELR | HERERE |23 173-181 | 2008
R L T R
I — AR Pkl g o) = S AORE lézmh 3 | 78-84 2008
MM RULR | i e, a0 L Rk | O 26 413415 | 2008
f Neuroscience
WEAZE & B {RHEORE —FFic
fRUlnEEE, AR —BE | FRHITTRD & MRS RNz | S TRIRES 8 (2) 125-131 2008
T
; S ey ) = - o Monthly Book
RN, S, | BIEEBRE—TAINAT | o) 91 34-40 2008
g —Re —R/izonT T .
Rehabilitation
R LA AE A B RN
W BE TR TR & A KED
B A0 D ERACT A H—EE | BARRES 13(3) 249-255 | 2008
o BRI HENHERIEDIC
DNT
k515 RTINS L £ OB AR b (Suppl | 253531 | 2008
PORETE—RR NG T OB T PRFR LB 24 96-108 2008
IO TE—RR il L 2 oMk o iR ERF S | 28 206-213 | 2008
P R E?ﬁ;g;;kﬁﬁ&ﬂ“ BARIN and NERVE | 60 861-869 | 2008
P E TAA=MEIFEOBIER | b s |7 563-565 | 2008

Lix?

_57_




S m R,

Mot

JomOEEBRICSITA K

B PR BEER O0ifE

fi, Jnfg T—RE A3 DRE # 29 226-231 2008
ENED S KBRS A K i
m oa ar o | AT XA D
?ﬁﬂﬁfﬁk f:l[ .!.:; Fe WS FEOME ST — N B PR R b e R 11(10) 1846-1850 2008
WERRREE [ET% SSRI, SNRI [Z§—i®iR Sl
O
A b2 Ly MEEREEICEHT b Ly REFSE
Ikt —RE. mEEE | SRR, HERREEIG. dp | S28E 1 4R (3A10H 2008
FEARIZ BT SR oL a
T AL A —E R ORI
hinggE o —ap A4, MEieAT B, RUMEHEY | B 29 287-296 2008
DRI ST
Jpn J Neurosurg
1 . 2 NE N T — okvo i -
I8 5 — B il &5k Y B U T (Tokyo) (RFHEE | o 277-285 | 2009

= i g

AR r—TF
W)




IV. BtERROTIITY - BRI




Quantitative Analysis of Norepinephrine
Transporter in the Human Brain Using PET with

(S,S)-18F-FMeNER-D,

Ryosuke Arakawa'?, Masaki Okumura'=, Hiroshi Ito!, Chie Seki’,

Hidehiko Takahashi!, Harumasa Takano',

Ryuji Nakao?, Kazutoshi Suzuki®, Yoshiro Okubo?, Christer Halldin®, and Tetsuya Suhara'

'Molecular Neuroimaging Group, Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Japan; *Department of
Neuropsychiatry, Nippon Medical School, Tokyo, Japan; *Molecular Probe Group, Molecular Imaging Center, National Institute of
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(S,5)-"¥F-FMeNER-D, was recently developed as a radioligand
for the measurement of norepinephrine transporter imaging
with PET. In this study, a norepinephrine transporter was visual-
ized in the human brain using this radioligand with PET and quan-
tified by several methods. Methods: PET scans were performed
on 10 healthy men after intravenous Injection of (S,S)-'*F-
FMeNER-D.. Binding potential relative to nondisplaceable
binding (BPyg) was guantified by the indirect kinetic, simplified
reference-tissue model (SRTM), multilinear reference-tissue
model (MRTM), and ratio methods. The indirect kinetic method
was used as the gold standard and was compared with the
SRATM method with scan times of 240 and 180 min, the MRTM
method with a scan time of 240 min, and the ratio method with
a time integration interval of 120-180 min. The caudate was
used as reference brain region. Results: Regional radioactivity
was highest in the thalamus and lowest in the caudate during
PET scanning. BPy values by the indirect kinetic method were
0.54 + 0.19 and 0.35 * 0.25 in the thalamus and locus coeruleus,
respectively. BPyg values found by the SRTM, MRTM, and ratio
meathods agreed with the values demaonstrated by the indirect
kinetic method (r = 0.81-0.92), Conclusion: The regional distri-
bution of (S,S)-'®F-FMeNER-D; in our study agreed with that
demonstrated by previous PET and postmortem studies of nor-
epinephrine transporter in the human brain. The ratio method
with a time integration interval of 120-180 min will be useful for
clinical research of psychiatric disorders for estimation of norepi-
nephrine transporter occupancy by antidepressants without re-
quiring arterial blood sampling and dynamic PET.

Key Words: norepinephrine transporter; (S,5)-'*F-FMeNER-D3;
positron emission tomography; human brain; thalamus
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Norepinephrinc. one of the monoamine neurotransmit-
ters in the central nervous system, has been reported 10 be
related to several functions such as memory, cognition,
consciousness, and emotion and to play important roles in
psychiatric disorders (/—4). Norepinephrine transporter is
responsible for the reuptake of norepinephrine into presyn-
aptic nerves. Norepinephrine reuptake inhibitors are used for
the treatment of depression and attention deficit hyperactiv-
ity disorder (ADHD) (4-7). Thus, changes in norepinephrine
transporter functions in several psychiatric disorders can be
expected, but in vivo estimation has not been performed
because of a lack of suitable radioligands for norepinephrine
transporters.

(S.S)-'*F-FMeNER-D; has recently been developed as a
radioligand for the measurement of norepinephrine trans-
porter for PET (&). (S,5)-'*F-FMeNER-D; is a reboxctine
analog and has high affinity for norepinephrine transporter
and high selectivity from other monoamine transporters.
Tracer distribution and dosimetry of (S,S)-'*F-FMeNER-D»
were reported in monkey (8,9) and human studies (J0.11).
Another monkey study showed that (S.S)-'*F-FMeNER-D-
binding decreased by the administration of atomoxetine, a
selective norepinephrine reuptake inhibitor (72). However,
quantitative analyses of (S.5)-'*F-FMeNER-D; bindings
using an arterial input function have not yet, to our knowl-
edge, been performed.

In this study, we aimed to quantify the norepincphrine
transporter bindings in the human brain using (S.S)-'*F-
FMeNER-D; with arterial blood sampling and also to vali-
date noninvasive methods for quantification without arterial
blood sampling.

MATERIALS AND METHODS

Subjects

Ten healthy men (age range, 21-26 y; mean = SD, 22.7 =
1.6 y) participated in this study. All subjects were free of any
somatic, neurologic, or psychiatric disorders, and they had no
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history of current or previous drug abuse. Wntten informed con-
sent was obtained from all subjects following a complete descrip
tion of this study. The study was approved by the Ethics and
Radiation Safety Committee of the National Institute of Radio-
logic Sciences, Chiba, Japan

PET Procedure

(5.5)-"*F-FMeNER-D; was synthesized by fluoromethylation of
nor-cthyl-reboxetine with "*F-bromofluoromethane-d; as previ-
ously described (8). A PET scanner system (ECAT EXACT HR+;
CTI-Siemens) was used for all subjects, with a head holder used 10
minimize head movement
correction was performed using a ®*Ge-*%Ga source. Dynamic PET
scans were performed after a |-min intravenous slow bolus injection
of 353.4-382.7 MBq (mean = SD, 368.1 = 9.1 MBq) of (§,8)-'*F
FMeNER-D,. The specific radioactivity of (8,5)-'%F-FMeNER-D,
was 144.8-390.2 GBg/pmol (312.8 £ 76.2 GBg/umol). Brain
radivactivities were measured from 0 to 90 min (1 min x 10, 2 min x
15, and 5 min x 10), from 120 to 180 min ( 10 min % 6), and from 210
10 240 min ( 10 min x 3). MR images of the brain were acquired with
a 1.5-T MRI scanner (Gyroscan NT; Philips). T1-weighted images
were obtained at 1-mm slices

A transmission scan {or attenuation

Arterial Blood Sampling and Metabolite Analysis

To obtain the artenal mput function, arterial blood samples
were taken manually 42 times during the PET scan. Each blood
sample was centrifuged 1o obtain plasma and blood cell fractions,
and the concentrations of radioactivity in whole blood and in
plasma were measured

The percentage of unchanged (8,5)-'*F-FMeNER-D; in plasma
was determined by high-performance liquid chromatography in
22 of the blood samples. Acetonitrile was added 1o each plasma
sample, and samples were centrifuged. The supematant was
subjected o high-performance hguid chromatography radiode-
tection analysis (column: XBridge Prep CI18, mobile phase, 90%
acetonitrile/50 mM ammonium acetate = 48/52; Waters). Plasma
input function was defined as radioactivily of plasma multiplied by
the percentage of unchanged radioligand

Regions of Interest
All MR images were coregistered to the PET images using a
statistical parametric mapping system (SPM2: The Wellcome Trust

120-180 min

QuanmiFication oF (8,5)-'*F-FMeENER-D, * Arakawa el al.

Centre for Neuroimaging, University College London). Regions of
interest were drawn manually on summed PET images, with
reference o coregistered MR images, and were defined for the
thalamus, locus coeruleus, hippocampus, anterior cingulate gyrus,
and caudate head. Regional radioactivity was calculated for each
frame, corrected for decay, and plotted versus time

Kinetic Model of '*F-FMeNER-D.

To describe the kinetics of (8,5)-'*F-FMeNER-D; in the brain, the
J-companment model with 4 first-order rate constants was used. The
3 compariments were defined as follows: Cp was the radioactivity
concentration of unchanged radioligand in plasma (artenal inpul
function), Cpypy, was the radicactivity concentration of nondisplace
able radioligand in the brain, including nonspecifically bound and
free radioligand, and Cg was the radioactivity concentration of
radioligand specifically bound to transporters. The rate constanis
K; and k; represent the influx and efflux rates, respectively, for
radioligand difTusion through the blood-brain barrier, and the rate
constants ky and ky are the radioligand transfers between the com-
partments for nondisplaceable and specifically bound radioligand,
respectively. This model can be described by the following equations:

dCup(t)

K, Calt
dt 1=

(ka+ky)Cnplt) + kyCglt)

= kiCnp(t) — ksCy(t), and

Cr(1) = Cupl(t)+Csl1)

Cy{t) is the total radioactivity concentration in any brain region
measured by PET.

Calculation of (S,S)-'8F-FMeNER-D; Binding Potential
(5,5)-'""F-FMeNER-D, binding was quantified by the indirect
kinetic, simplified reference-tissue model (SRTM), multilinear
reference-tissue model (MRTM), and ratio methods.
methods, (5,5)-"*F-FMeNER-D; bindings were expressed as bind-
ing potentials relative 1o nondisplaceable binding (BPyp) (/3), We
used the caudate as the reference bruin region because of its

In these

FIGURE 1. Typical summed PET im-
ages of (S,5)'®F-FMeNER-D, and T1-
waeighted MR Images. Upper panel shows
slice of caudate and thalamus, and lower
panel shows slice of locus coeruleus

210-240 min
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negligible norepinephrine transporter density (/4-76). Software
(PMOD: PMOD Technologies) was used for these analyses.

Indirect Kinetic Method
With the caudate as reference region, BPyp can be expressed as:

“"T- Fegions |

BPNU = =1

Vr{coadate)

WhETE Vorycagiom) 15 the total distribution volume (= [K,/q)[ks/ky +
11) of target regions and Vo uiue 16 the total distribution volume
of the caudate. The K, ky, ks, and ky values were determined by
nonlinear least-squares curve fitting to the regional tme-activity
curves. In this analysis, blood volume (V,,), which depends on the
first-pass extraction fraction of the tracer, was also estimated using
the radioactivity of whole blood to diminish the influence of the
tracer remaining in the blood. In this study, the indirect kinetic
method was used as the standard method (/7).

SATM Method

Assuming that both target and reference regions have the same
level of nondisplaceable binding, the SRTM method can be used
to describe time—activity data in the target region as follows (/8):
- kz

k2 )(‘.g [l}@c:p(w——-

. = C, 3 — Ryjm——— 3
Oy =Mk "““("' T+ BPw T+ BPwo ‘)

where R, is the ratio of K/K," (K, influx rate constant for the
brain region; K,", influx rate constant for the reference region),
Cpft) is the radioactvity concentration in the reference region
(caudate), and ® denotes the convolution integral. Using this
model, 3 parameters (R;, ki, and BPyp) were estimated by a
nonlinear curve-fitting procedure. Scan data up to 180 or 240 min
were used.

MRTM Method

The MRTM method is one of the variations of the graphical
approaches (/9). After a certain equilibrium time (1%), the follow-
ing multilinear regression is obtained:

1 T
L7
/CR{t)dl + B fC1 (t)dt
(1]

(1]

Vi regions
CiTM = — — Tivgions)
T{caudate )

vT[I’lgmﬂL.
-——F=——Cg(T),
Vi (cawate k2D

where k' is the efflux rate constant for the reference region. In
this analysis, t* was determined so that the maximum error from
the regression within the linear segment would be 10% for each
time—activity curve. BPyp for the MRTM method was calculated
using the same equation as described previously for the indirect
kinetic method (= Viycpions/Vricasdae) — 1)- Scan data up 1o 240
min were used.

Ratio Method
In the ratio method, BPyp can be expressed as:
i\UC, regions )
BPHD =——— -1,
Aucitaudllr.

where AUC.,‘.‘.M_, is the area under the time—activity curve of the
target regions and AUC,_,uuu, 15 the area under the tme—activity
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FIGURE 2. Typical time-activity curves of (S,S)-'*F-FMeNER-
Dy in brain. Time-activity curves of all regions could be
described by 3-compartment model (3CM). Time-activity curve
of caudate could also be described by 2-compartment model
(2CM).

curve of the caudate. The integration interval of 120-180 min was
used in this method.

Simulation Study

A simulation study was performed lo estimate errors in BPnp
calculated by the SRTM and ratio methods. Tissue tume—activity
curves for the thalamus were generated using the 3-compariment
model. The rate constant values K, kz, and ky of the thalamus
were assumed to be 0,157, 0.037, and 0.016, respectively, The
value of ky ranged from 0.019 to 0.039 in 6 steps. Tissue time-
activity curves for the caudate were also generated using the
3-compartment model, assuming that the rate constant values K,
ks, ki, and ky were 0,124, 0,032, 0.010, and 0.010, respectively.
These assumed values were taken from the results obtained by the
kinetic approach. The average of arterial input function for all

Unchanged radioligand (%)

100 150 200 250

Time (min)

FIGURE 3. Average percentage of unchanged (S,S)-"8F-
FMeNER-D; in plasma. Bars indicate 1 SD.
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TABLE 1
Data for Each Brain Region Determined by Kinetic Approach Using 3-Compartment Model with Arterial Input Function

Rate constant
Region Vi K, (mL/mL/min) ka (min~7) k3 (min~") Ka (min=7) Vo Vq

Thalamus 0,045 = 0.016 0,157 = 0,025 0,037 = 0.005 0.027 = 0.007 0.016 = 0.002 4.36 = 0.90 1145+ 229
Locus coeruleus  0.032 « 0.00B 0.154 = 0.026 0.040 = 0,009 0.020 + 0.008 0.013 = 0.004 4.06 = 1.01 9.89 + 1.78
Hippocampus 0.038 = 0.010 0.119 = 0.013 0.035 = 0.011 0.022 + 0.016 0.015 = 0,005 3.73 = 0.83 B.d4B * 1.14
Anterior cingulate 0.053 = 0.011 0.144 = 0.019 0.032 = 0.005 0.010 = 0.005 0.012 = 0.004 461 = 1.04 833 =170
Caudate 0.031 + 0.008 0.124 + 0.018 0.032 = 0.005 0.010 = 0.005 0.010 = 0.004 3.92 + 080 7.51 £ 1.51

(3-compartment

maodel)
Caudate 0,045 = 0.010 0,109 = 0,017 0.019 = 0.001 577 = 088

(2-compartment

model)

Values are mean = SD. Vip Is defined as K;/k; and Vy as (Ki/kg)(ka/ks + 1).

subjects was used to generate the time—activity curves. With these
generated time-activity curves, BPyy, values were calculated by
the SRTM (scan time of 240 min), MRTM. and ratio methods. The
calculated BPyp, values for the simulation study were compared
with those calculated by the indirect Kinetic method.

RESULTS

Typical summed PET images of 3 time periods and
T1-weighted MR images are shown in Figure 1. Typical
time-activity curves in the brain showed that regional
radioactivity was highest in the thalamus and lowest in
the caudate (Fig. 2). Time-activity curves for all regions
could be described by the 3-compartment model. The time—
activity curve for the caudate could also be described by
the 2-compartment model. The average percentage of un-
changed (8,5)-'"*F-FMeNER-D; in plasma was 84.4% *
3.9% at 3 min, 35.1% * 3.7% at 10 min, 10.0% * 14%
at 90 min, 6.1% £ 1.3% at 180 min, and 4.5% £ 0.9% at
240 min (Fig. 3).

The blood volume, rate constants, nondisplaceable dis-
tribution volume (Vyp), and total distribution volume (V)
for each brain region determined by the kinetic approach
using the 3-compartment model with artenial input function
are shown in Table 1. For the caudate, the 2-compartment
model without a specific binding compartment was also
applied. Akaike information criteria of the 3-compartment
model were lower than those of the 2-compartment model
(143 + 16 vs. 227 * 6, P < 0.0001; paired r statistics).

The BPyp values of the thalamus calculated by all
methods are shown in Table 2. BPyy, values in the thalamus
by the MRTM method showed the best correlation with
those by the indirect kinetic method (r = 0.92) (Fig. 4C).
The SRTM method with scan times of 180 and 240 min and
the ratio method also agreed with the BPyp, values by the
indirect kinetic method (r = 0.81-0.91) (Figs. 4A, 4B, and
4D). However, BPyy, values in brain regions other than the
thalamus could not be estimated by the SRTM and MRTM
methods because of failed curve fitting, showing no con-

QuanmiFication oF (S,8)-'*F-FMeNER-D; = Arakawa et al.

vergence. The BPyp values of cach brain region by the
indirect kinetic and ratio methods are shown in Table 3.
The correlation of BPyp values in all target regions be-
tween the indirect kinetic and the ratio methods is shown in
Figure SA. The Bland—-Altman plot of BPyp values by these
2 methods is shown in Figure 5B.

In the simulation study, estimated BPyp values. com-
pared with assumed BPyp values, by the SRTM (scan time
of 240 min), MRTM, and ratio methods were slightly
overestimated (Fig. 6).

DISCUSSION

After intravenous injection of (S,5)-'®F-FMeNER-D,,
radioactivity was highest in the thalamus and lowest in the
caudate. BPyp, in the thalamus using the ratio method was
0.67 %= 0.15, almost the same value as found in a previous
human PET swdy (/0). The locus coeruleus showed rela-
tively high uptake, and the hippocampus and anterior
cingulate cortex showed relatively low uptake. This result
was in agreement with previous reports that the thalamus and
locus coeruleus showed high densities of norepinephrine
transporters (/4-16,20). Previous autoradiographic studies
with human postmortem brains reported that norepinephrine
transporter density in the locus coeruleus was higher by
about 10 times than that in the thalamus (/4,15). However,

TABLE 2
BPyp Values in Thalamus by All Methods
"~ Method BPrno
Indirect kinetic 0.54 = 0.19
SRTM (240 min) 0.61 = 0.14
SHATM (180 min) 0.64 + 0.14
MRTM 0.61 « 0.14
Ratio 0.67 = 0.15

Values are mean + SD.
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previous and present PET swdies reported almost the same
values between the locus coeruleus and thalamus (10, 76).
One possible reason for the discrepancy was the partial-
volume effect due to the limited spatial resolution of the PET
scanner, the locus coeruleus being a very small structure.
In the current study, the indirect Kinetic method with
arterial blood sampling was used as the standard method
(17). The BPypy values in the thalamus by the other 3
methods—the SRTM with scan times of 240 and 180 min,
MRTM, and ratio methods—were in agreement with those
found by the indirect kinetic method. Although the indirect
kinetic method was considered the standard method, it
required a long PET time as well as arterial blood sampling,
an invasive procedure particularly unsuitable for patients
with psychiatric disorders. Because the ratio method does
not require long PET and arterial blood sampling, this
method would be preferable for clinical investigation. The
SRTM and MRTM methods can estimate only the thala-
mus, as curve fitting failed in other brain regions. The
MRTM2 method (/9) may be able to estimate BPyp in
regions other than thalamus: however, weighted k,' value
among brain regions could not be calculated in this tracer.
The possible reasons of failed curve fitting might be the
small differences of time-activity curves between target
and reference regions and the noise in time-activity curves.
The ratio method could reveal BPyp, values in brain regions
other than the thalamus. The BPyp values by the ratio
method were in agreement with those by the indirect ki-
netic method for all brain regions (Fig. 5A). Although bias

1274

was observed by the ratio method, this bias did not change
according to the BPyypy values (Fig. 5B). The ratio method
could estimate norepinephrine transporter binding in the
thalamus and also other brain regions.

The time-activity curves in the caudate were bet-
ter described by the 3-compartment model than the
2-compartment model. Similar results were reported for
several PET radioligands; the kinetics in the reference
region were also evaluated using the 3-compartment model
(17,21,22). The results could be explained if the caudate
contained specific binding for norepinephrine transporters.
However, previous autoradiographic studies showed that
the density of norepinephrine transporters in the caudate
was very low (/4-16). Another possible explanation is that
the compartments of free and nonspecific binding could be
separated by the kinctic analysis. Moreover, spillover from

TABLE 3
BPyp Values for Each Brain Region by Indirect Kinetic
and Ratio Methods

Region Indirect kinetic method  Ratio method
Thalamus 0.54 = 0.19 0.67 = 0.15
Locus coeruleus 0.35 = 0.25 042 - 0.13
Hippocampus 0.13 = 0.14 0.23 + 0.09
Anterior cingulate 0.13 = 0.16 0.15 = D.09

Values are mean = SD.
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other brain regions to the caudate may affect the results
because the caudate is a small structure and 1s surrounded
by regions with specific binding.

In this study, we investigated norepinephrine transporter
binding in only limited regions. Other brain regions such as
the cerebral cortex and cerebellum are also considered to
possess norepinephrine neurons and norepinephrine trans-
porters (/4-16). However, (5.S)-'*F-FMeNER-D: showed
that defluorination and uptake of '®F in the skull influenced
cerebral radioactivity (8). Although (S.5)-"*F-FMeNER-D,
had reduced defluorination by the dideuteration, compared
with (S,5)-"*F-FMeNER, estimation in the cerebral cortex
or cerebellum adjacent to the skull was considered difficult.

In this study. occupancy of norepinephrine transporter by
antidepressants was not evaluated. Previous animal studies
showed dose-dependent norepinephrine transporter occu-
pancy by atomoxetine (72), However, a human study using
[''C1(5.5)-MRB reported no differences in occupancy be-
tween different doses of atomoxetine (/6). Further, occu-
pancy studies in humans to estimate the clinical effects of
antidepressants, similar to occupancy studies for dopamine
D, receptor and serotonin transporters (23,24), will be
needed.

In the simulation study, BPnp values by the SRTM with a
scan time of 240 min, MRTM, and the ratio methods were
overestimated, compared with assumed BPyp (Fig. 6).
Such overestimation was also observed in measured PET
data, especially in regions with low specific binding (Figs.
4A, 4C, and 4D). The degree of overestimation of BPyp
was larger in measured data than that in the simulation,
especially in regions with low specific binding. Noise in
measured data might cause such discrepancy, and therefore
further studies using simulated data with added noise may
be required. Although linear correlation was observed in
BPyp values between the ratio and indirect Kinetic
methods, this overeslimation may cause errors in the
calculation of occupancy by antidepressants. When base-
line BPyp, 15 0.6, estimated occupancy by the ratio method
is 22%, 43%, and 65%, comesponding to the assumed
occupancy of 25%, 50%. and 75%, respectively (Fig. 6).

Quanminication of (5,5)-'"F-FMeNER-D, « Arakawa et al.

0.50 0rs 100
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FIGURE 5. Comelation between BPyg
values in all target regions estimated by
indirect kinetic method and ratio method
{A) and Bland-Altman plot (B).

The SRTM and MRTM methods also showed the underes-
umation of occupancy, 21%, 43%, and 64% by the former
and 21%, 42%. and 63% by the later.

CONCLUSION

(S.5)-"*F-FMeNER-D; is a suitable radioligand for PET
measurement of norepinephrine transporters in the human
brain. The 3-compartment model could well describe the
brain kinetics of (5.5)-'*F-FMeNER-D;. Because the ratio
method does not require long PET imaging times and
arterial blood sampling, this method would be useful for
clinical research of psychiatric disorders.
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Quantitative Analysis of NK; Receptor in the
Human Brain Using PET with '8F-FE-SPA-RQ

!, Hidehiko Takahashi', Harumasa Takano',

Masaki Okumura'-*, Ryosuke Arakawa'? Hiroshi Ito!, Chie Seki

Eisuke Haneda'-. Ryuji Nakao®, Hidenori Suzuki?,

Kazutoshi Suzuki®,

Yoshiro Okubo?, and Tetsuya Suhara'

!Molecular Neuroimaging Group, Molecular Imaging Center, National Instinute of Radiological Sciences, Chiba, Japan; *Department of

Newropsychiatry, Nippon Medical School, Tokyo, Japan;

*Department of Pharmacology, Nippon Medical School, Tokyo, Japan; and

‘Molecular Probe Group, Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Japan

'8F-fluoroethyl-SPA-RQ ("8F-FE-SPA-RQ) was recently devel-
oped as a radioligand for the measurement of neurokinin 1 (NK) re-
ceptor with PET, In this study, we used "8F-FE-SPA-RQ with PET to
visualize and quantify NK, receptor in the human brain. Methods:
PET scans were performed on 7 healthy men after intravenous injec-
tion of '8F-FE-SPA-RQ. Binding potential (BP,) was calculated by
the indirect kinetic, simplified reference tissue model (SRTM), and ra-
tio methods. The indirect kinetic method was used as the gold stan-
dard method and was compared with the SRTM method, with scan
times of 180, 270, and 330 min, and with the ratio method, with time
integration intervals of 120-180, 210-270, and 300-330 min. The
cerebellum was used as the reference brain region. Results: Re-
gional radioactivity was highest in the caudate head and putamen;
mid level in the parahippocampus, cerebral cortex, and thalamus;
and lowest in the cerebellum. BPyg values by the indirect kinetic
method were 3.15 = 0.36, 3.11 = 0.66, 1.17 = 0.25, and 0.46 ~
0.14 in the caudate, putamen, parahippocampal region, and thala-
mus, respectively. For cerebral cortical regions, BPyp, values by the
indirect kinetic method were 0.94 = 0.23,0.82 = 0.15,0.76 = 0.15,
and 0.69 = 0.16 in the occipital, temporal, frontal, and anterior cin-
gulate cortices, respectively. BPyp values by the SRTM and ratio
methods were in good agreement with those by the indirect kinetic
method (r = 0.94-0.98). Conclusion: The regional distribution of
18F-FE-SPA-RQ was in agreement with previous PET studies and
postmortem studies of NK, receptor in the human brain. The ratio
method will be useful for clinical research of psychiatric disorders,
for the estimation of NK; receptor without arterial blood sampling
and long dynamic PET.

Key Words: NK, receptor; substance P, 'F-FE-SPA-RQ; PET;
human brain
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Tm:hykinins are a family of neuropeptides that serve as
neurotransmitters in the central nervous system (CNS) and
peripheral nervous system (PNS). Three major mammalian
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tachykinins—substance P (SP), neurokinin A, and neuro-
kinin B—are known, and they share a consensus amino
acid sequence (-Phe-X-Gly-Leu-Met-NH;) in their car-
boxyl terminals (/-<4). SP is a well-characterized neuro-
peptide. participating in neurotransmission by itself or
synergistically with other neurotransmitters such as mono-
amines, acetylcholine, and glutamate in nerve terminals.
Receptors for tachykinins—termed neurokinin 1 (NK,),
NK,, and NK; receptors—have been identified (all are G
protein—coupled 7-transmembrane receptors) and demon-
strated to selectively show high affinity for SP, neurokinin
A, and neurokinin B, respectively (5.6). NK, receptors are
expressed in both CNS and PNS, whereas NK; and NK;
receptors are expressed in PNS and CNS, respectively (7,8).
SP and NK,; receptors have been shown to play significant
roles in pain (), emesis (/0), neuroinflammation (/1,12),
vasomotor control, and many gastrointestinal functions.
Because the SP-NK, system is localized in brain regions
(such as the striatum, amygdala, hypothalamus, raphe
nucleus, and periaqueductal gray matter) that are involved
in the regulation of affective behavior (7,8), the activity of
the central tachykinergic pathway mediated by SP and NK,
receptors 15 conceived to be mechanistically related to
psychiatric conditions such as depression and anxiety dis-
order. Recent clinical trials of the NK; receptor antagonist
aprepitant have shown that the blockade of SP is a highly
effective strategy for the prevention of chemotherapy-
induced nausea and vomiting (/3-/5). Aprepitant was
recently registered worldwide, and it represents an im-
provement for antiemetic control during chemotherapy.
Early clinical studies also suggested that aprepitant may
have antidepressant activity, implicating SP in the modu-
lation of mood and anxicty in humans (/6,/7). However,
recent results from phase 111 clinical trials indicate
that aprepitant is not effective for the treatment of
depression (/8).

A recently developed nonpeptide PET tracer that can
permeate the blood-brain barrier, ['*F-2-fluoromethoxy-5-
(5-trifiuoromethyl-tetrazol- 1-yl)-benzyl |([28,35]2-phenyl-
piperidin-3-yl)-amine) ('*F-SPA-RQ) (19), has been proven
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to bind to NK; receptors with high affinity and selectivity
and applied 1o in vivo imaging of human brains (20-22).

"*F-fluoroethyl-SPA-RQ ('*F-FE-SPA-RQ) was recently
developed as a radioligand for the measurement of NK,
receptors (23). It is the fluoroethyl analog of '*F-SPA-RQ
and was designed for brain imaging with reduced radioac-
tive accumulation in bone by slowing the rate of defluo-
rination. 'SF-FE-SPA-RQ has higher affinity for NK,
receptors than does '"F-SPA-RQ (human NK,; inhibitory
concentration of 50% [ICsy] = 17 and 67 pM for '*F-FE-
SPA-RQ and '*F-SPA-RQ, respectively), and a small-animal
PET study has been performed using '*F-FE-SPA-RQ (24).
In the present study. we aimed to quantify NK, receptor
binding in the human brain using 'F-FE-SPA-RQ with
arterial blood sampling and also to validate noninvasive
methods for the quantification without arterial blood
sampling.

MATERIALS AND METHODS

A total of 7 healthy male subjects (age range, 20-31 y: mean =
SD, 24.6 = 4.0 y) participated in this study. All subjects were free
of any somatic, neurologic, or psychiatric disorders, and they had
no history of current or previous drug abuse. Afler we described
the study to the participants, written informed consent was
obtained. The study was approved by the Ethics and Radiation
Safety Commitiee of the National Institute of Radiologic Sci-
ences, Chiba, Japan.

Radioligand

The NK, receptor antagonist SPA-RQ (molecular weight,
450M) was labeled with the positron emitter '*F (half-life,
109.8 min). Details of the precursor compound, radiosynthesis,
and quality control were described previously (23,25). Briefly,
*F.FCH,CHsBr was prepared from 'SF-F~ and 2-bromocthyl
triflate and purified by distillation. '"F-Fluoroalkylation of the
deprotonated phenolic hydroxyl group in the precursor with
FCHyCH;Br in dimethyl formamide was performed at 120°C for
10 min. The resultant '*F-FE-SPA-RQ was purified by preparative
high-performance liquid chromatography (HPLC). The final prod-
uct was formulated in saline solution (10 mL) containing poly-
sorbate 80 (75 pL).

PET Procedure

A PET scanner system (ECAT EXACT HR+; CTI-Siemens)
was used for all subjects, and a head restraint was used to
minimize head Alr jon scan for i
correction was performed using a **Ge-"*Ga source, and a
dynamic PET scan was performed after a |-min intravenous
slow-bolus injection of 210.2-228.8 MBq (221.6 = 6.7 MBqg) of
'SF-FE-SPA-RQ. Specific radioactivity of 'F-FE-SPA-RQ was
281.8-487.7 GBg/pmol (355.6 = 68.7 GBg/pmol). Brain radio-
activity was measured from 0 to 90 min (1 min % 10, 2 min % 15, 5
min x 10), from 120 to 180 min (5 min x 12), from 210 to 270 min
{5 min x 12), and from 300 to 330 min (5 min x 6). MR images of
the brain were acquired with a 1.5-T MRI scanner (Gyroscan NT;
Philips). Tl-weighted images were obtained at 1-mm slices.
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Arterial Blood Sampling and Metabolite Analysis

To obtain the arterial input function, arterial blood samples
were laken manually 49 umes during PET. Each of the blood
samples was centrifuged to obtain plasma and blood cell fractions,
and the concentrations of radioactivity in whole blood and in
plasma were measured.

The percentage of unchanged '"F-FE-SPA-RQ in plasma was
determined by HPLC in 29 of the total blood samples. Acetonitrile
was added to each plasma sample, and samples were centrifuged.
The supernatant was subjected to radio-HPLC analysis using an
XBridge Prep C18 column (Waters) (mobile phase, 6:4 90%
acetonitrile:50 mM phosphoric acid). The plasma input function
was defined as the radioactivity of plasma multiplied by the
p ge of unchanged radioligand. Plasma protein binding was
not determined in the present study.

Regions of Interest

All MR images were coregistered to the PET images using a
statistical parametric mapping (SPM2) system. Regions of interest
were drawn manually on summated PET images with reference to
coregistered MRI and were defined for the caudate head; putamen;
parahippocampal region; occipital, temporal, frontal, and anterior
cingulate cortices; thal ; and cerebel according 1o our
previous study (26). The parahippocampal region included the
hippocampus, posterior pant of the parahippocampal gyrus, and
uncus including the amygdala. Regional radioactivity was calcu-
lated for each frame, corrected for decay, and plotted versus time.

Kinetics Model of '®F-FE-SPA-RQ

The 3-compartment model (3CM) with 4 first-order rate con-
stants was used o describe the kinetics of '*F-FE-SPA-RQ in the
brain. The 3 compartments were defined as follows: Cp, the ra-
dioactivity e ation of unch d radioligand in plasma
(arterial input function); Cup. the radioactivity concentration of
nondisplaceable radioligand in the brain, including nonspecifically
bound and free radioligand; and Cy, the radioactivity concentra-
tion of radioligand specifically bound to receptors. The rate
constants K; and k; represent the influx and efflux rates for
radioligand diffusion through the blood-brain barrier, respectively.
The rate constams ky and k, are the radioligand transfers be-
tween the compar for eable and specifically
bound radioligand. This model can be described by the following
equations:

Tl
L3

dCpp(t)/dt = K Cp(t) — (k2 + k3)Cup(t) + keCslt),

dCs(t)/dt = kyCnp(t) = ksCs(t), and

Cr(t) = Crn(t)+Cs(t).

Cy(t) is the 1o1al radioactivity concentration in a brain region
measured by PET.

Calculation of 1®F-FE-SPA-RQ Binding Potential (BPyp)

I®*F-FE-SPA-R() binding was quantified by the indirect kinetic,
simplified reference tissue model (SRTM), and ratio methods. In
these methods, "*F-FE-SPA-RQ bindings were expressed as BPypy
relative 1o nondisplaceable bindings (27). We used the cercbellum
as reference brain region because of its negligible NK, receptor
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T1 image 0-80 min 120-180 min

density (20,22,28). For these analyses, the software package
PMOD (PMOD Technologies) was used

Indirect Kinetic Method. With the cerebellum as reference
region, BPyp can be expressed as:

BPyxp = \"’I:w,:.un. /¥ (cerchetium) = |,

where Vyjegions 15 the total distribution volume (= [K,/k;][kaks +
1]) of target regions and Ve erebelium) 15 that of the cerebellum. K,
Kz, ks, and ky values were determined by nonlinear least-squares
curve fitting to the regional time—activity curves, In this analysis,
blood volume (V). which depends on the firsi-pass extraction
fraction of the tracer. was assumed to be 0.04 mL/mL. with use of
the rudioactivity of whole blood 1o diminish the influence of the
tracer remaining in the blood. In this study, the indirect kinetic
method was used as the gold standard method (29).

SRTM Method. Assuming that both target and reference regions
have the same level of nondisplaceable binding, the SRTM can
be used 1o describe time—activity data in the target region as
follows {30): ;

Cy(t) = RyCglt) + (kz = Ryka/[1+BPxp|)Cr(t)+
\‘.‘lp[—ﬁ:h’“ "‘BI’N“:J.

Radioactivity (Bgiem?)

210-270 min

FIGURE 1. Typical summated PET
images of '®F-FE-SPA-RQ and T1-
weighted MR images. Upper row shows
slice of cerebellum, and lower row shows
slice of caudate, putamen, and cerebral

300-330 min cortex

where R, is the ratio of K/K;' (K,, influx rate constant for the
brain region; K,', influx rate constant for the reference region),
Cgit) is the radioactivity concentration in the reference region
(cerebellum), and * denotes the convolution integral, Using this
method, 3 parameters (Ry, ki, and BPyp) were estimated by a
nonlinear curve-fitting procedure. Scan data up to 180, 270, and
330 min were used.

Ratio Method., In the ratio method, BPyp can be expressed as:

BPwup = AUC jpegpion) / AUC jcersheltum) — |

where AUC cgiom,; is the area under the time-activity curve of
target regions and AUC, ., cciium; 15 the ime—activity curve of the
cerebellum. The integration intervals of 120-180, 210-270, and
300-330 min were used.

RESULTS

Typical summated PET images of 4 time periods and
T1-weighted MR images are shown in Figure 1. Typical
time-activity curves in the brain showed that regional ra-
dioactivity was highest in the putamen and caudate (Fig. 2)
The next highest region was the parahippocampus, followed
by the cerebral cortices and thalamus. Among cerebral

O Putamen

® Caudate

O Anterior cingulate
# Thalamus
X_Cerababum

FIGURE 2. Typical time-activity curves
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350

] of "#F-FE-SPA-RQ in brain. Time-activity
curves of all regions could be described
by 3CM.
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FIGURE 3. Average percentage of unchanged '%F-FE-SPA-RQ
in plasma. Bars indicate 1 SD.

cortices, the occipital cortex showed the highest radioactiv-
ity. Lowest radioactivity was shown in the cerebellum.

In this study. the fraction of unchanged '*F-FE-SPA-RQ
in plasma could not be measured by HPLC analysis in 3 of
the 7 subjects because of low radicactivity in blood sam-
ples. So, the average of the fractions of unchanged 'SF-FE-
SPA-RQ in plasma of the other 4 subjects was used for
these 3 subjects for the indirect kinetic method, The
average percentage fraction of unchanged '"F-FE-SPA-
RQ in plasma of the 4 subjects was 90.0% = 2.9% al
3 min, 80.9% * 6.1% at 10 min, 32.0% * 3.9% at 90 min,
23.9% %= 5.3% at 180 min. 14.6% = 5.9% at 270 min, and
14.4% * 7.3% at 330 min (Fig. 3).

The rate constants for the 9 regions determined by the
kinetic approach using the 3CM with artenial input function
are shown in Table 1. For the cerebellum, the 2-compartment
model (2CM) without specific binding compartment was also
used. Akaike information critena of the 3CM were signifi-

cantly lower than those of the 2CM in the cerebellum (290 £
28 vs. 409 = 25, P < 0.0001; paired r statistics).

The BPyy, values of all brain regions calculated by all
methods are shown in Table 2. BPyp values by the SRTM
method with a scan time of 330 min showed the best
correlation with those by the indirect kinetic method (r =
0.98) (Fig, 4A). The SRTM method with scan times of 270
and 180 min and the ratio method with time integration
intervals of 300-330, 210-270, and 120-180 min were also
in good agreement with the indirect kinetic method in
BPyp values (r = 0.94-0.97) (Figs. 4B and 4C; Fig. 5). The
BPyp values, except for the caudate and putamen by the
SRTM method with a scan time of 180 min and the ratio
method with a time integration interval of 120-180 min,
were also in good agreement with the indirect kinetic
method (SRTM, r = 0,94, y = 0.70x + 0.20; ratio method,
r= 0594, y = 0.69x + 0.20).

The BPnp values determined by the kinetic approach
(= ki/ky) were 4.39 = 393 and 5.94 % 3.44 in the caudate
and putamen. Those in the other regions were much smaller
and varied widely.

DISCUSSION

After the intravenous injection of '*F-FE-SPA-RQ, radio-
activity was highest in the caudate and putamen and lowest
in the cerebellum. BPyp, values in the caudate and putamen
by the indirect kinetic method were 3.15 = 036 and 3.11 =
0.66, respectively, almost the same as in the previous
human PET study with '"*F-SPA-RQ (3.08 * 048 in the
caudate and 3.71 * 1.00 in the putamen) (22). The
parahippocampal region and cerebral cortices showed mod-
erate uptake, and the occipital cortex showed the highest
uptake among the cerebral cortices. The thalamus showed
relatively low uptake. The uptake shown in these regions
was almost the same order of progression as the uptake in
previous human PET studies with 'SF-SPA-RQ and auto-
radiographic studies of the human postmortem brain

TABLE 1
Rate Constants for Each Brain Region Determined by Kinetic Approach Using 3CM with Arterial Input Function
Rate constant
Region Ky (mL/mi/min) kg (min~") k3 (min—") Ks (min=") Total distribution volume

Putamen 0111 = 0.019 0.036 = 0.016 0.081 £ 0.040 0014 = 0,003 213 2 34
Caudate 0.088 + 0.018 0.023 + 0.018 0.061 + 0.067 0.011 = 0.005 215 1.7
Parahippocampus 0.140 = 0.023 0.033 = 0.007 0.027 £ 0.020 0.015 = 0.006 11314
Occipital iobe 0.127 = 0.017 0.085 = 0.038 0.089 + 0.057 0.021 = 0.007 100 =11
Temporal lobe 0.106 + 0.050 0.050 + 0.025 0.067 + 0.038 0.020 + 0.003 85 09
Frontal lobe 0.108 = 0.011 0.041 = 0.011 0.052 + 0.023 0.021 = 0.002 91 %09
Anterior cingulate cortex 0.115 = 0.014 0.064 = 0,018 0.072 = 0.027 0.019 = 0.005 B8 =09
Thalamus 0.112 + 0.018 0.043 = 0.018 0.038 + 0.026 0.019 = 0.003 76 =08
Cerebellum

3CM 0.115 = 0.17 0.051 = 0.015 0.017 + 0.008 0.013 = 0.003 52=04

2CM 0.089 = 0.014 0.019 = 0.002 46 £ 03

Values are mean *+ SD. For cerebellum, both 2CM and 3CM were applied.
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TABLE 2
BPyo Values for Each Brain Region with All Methods

Method
SHTM (min) Ratio (min)

Region Indirect kinatic 330 270 180 300-330 210-270 120-180
Putamen 311 =066 2430033 233032 220+027 262+040 225+ 028 1.B1 +018
Caudate 315 + 0.36 214 024 202=022 191 =020 231 +040 198 =026 157 =017
Parahippocampus 117 = 0.25 104 £ 016 1.02+012 1.01=012 1.11+£022 1.05+016 103 =020
Occipital lobe 0.94 = 0.23 088 =014 092 =007 090=+013 097 =016 094 =016 095 =017
Temporal lobe 082+015 077=0.11 079=008 078=0.11 085+015 083 +015 079+ 015
Frontal lobe 0.76 = 015 0722012 074007 073011 079+017 076+ 015 0.75 %015
Anterior cingulate cortex 0.69 « 0.16 066 + 015 067 £013 071 =017 070+0.16 069 =013 067 =013
Thalamus 0.46 + 0.14 046 013 051 =010 049=014 045+012 045+013 049 =D.16

Values are mean * SD.

(20,22,28). In a previous autoradiographic study using *H-
GR205171, the maximum number of binding sites for NK,
receplor in the strialum was 6 limes as much as in the
cortex (31), a result in accordance with the BPyp values in
these regions in the present study.

In this study, the indirect kinetic method with arterial
blood sampling was used as the gold standard method,
because BPypy determined by the kinetic approach as kifky

showed wide variation. The BPyp values in all brain
regions determined by the SRTM method (with scan times
of 330, 270, and 180 min) and by the ratio method (with
time integration intervals of 300-330, 210-270, and 120-
180 min) were in good agreement with those determined by
the indirect kinetic method. Although good correlations
were observed in BPyp, values among the methods, BPyp
was underestimated in the caudate and putamen using the
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SRTM and ratio methods. The underestimations of BPyp
were 32% and 34% in the caudate and 22% and 16% n the
putamen for the SRTM method (with a scan time of 330
min) and the ratio method (with a time integration interval
of 300-330 min), respectively. More underestimation was
observed in the caudate and putamen with the shorter scan
time in the SRTM method and with the earlier time
integration interval in the ratio method. The reason might
be that striatal radioactivity in some subjects did not reach a
peak by 330 min. However, the BPyxp values of the other
regions calculated by the SRTM method (with a scan time
of 180 min) and the ratio method (with a time integration
interval of 120-180 min) were not greatly underestimated,
indicating that the scan time can be shortened to 180 min.
Although the indirect kinetic method was considered as the
gold standard method, it required a long PET time and
arterial blood sampling, an invasive procedure sometimes
difficult for patients with psychiatric disorders. The ratio
method, which does not require a long PET scanning time
and arterial blood sampling, would surely be preferable
for clinical investigations. The ratio method, with a time
integration interval of 300-330 min, scemed most suitable
because the correlation coefficient with the indirect kinetic
method was highest and the slope of the regression line was
nearest to 1.

The time-activity curves in the cerebellum were well
described by the 3CM rather than the 2CM. Similar results
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were reported for severnl PET radioligands, with the
kinetics in the reference region also being evaluated using
the 3CM (29.32,33). The results could be explained if the
cercbellum would contain specific bindings for NK, recep-
tors. However, previous autoradiographic studies showed
that the density of NK, receptors in the cerebellum was low
(22), and a previous PET study with '"*F-SPA-RQ showed
that there was no change in the cerebellar signal before and
after high blocking doses of the NK, receptor antagonist
aprepitant (20). Another possible explanation for the results
was that the compartments of free and nonspecific binding
might have been separated by the kinetic analysis. In
addition, '®F-FE-SPA-RQ showed defluorination during
the later scans, and bone uptake of 'SF might influence
the radioactivity in the cerebral cortex and cerebellum
adjacent to the skull (although '*F-FE-SPA-RQ showed
reduced radioactive accumulation in bone, compared with
8F-SPA-RQ (2)).

CONCLUSION

'*F-FE-SPA-RQ is a suitable radioligand for PET mea-
surement of NK,; receptors in the human brain. The 3CM
could well describe the brain kinetics of '*F-FE-SPA-RQ.
Because the ratio method does not require long scanning
times and arterial blood sampling, this method would be
useful for clinical research on psychiatric disorders.

No. 11 = November 2008
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Differential Contributions of Prefrontal and Hippocampal
Dopamine D, and D, Receptors in Human Cognitive
Functions

Hidehiko Takahashi,' Motoichiro Kato,” Harumasa Takano,' Ryosuke Arakawa,’ Masaki Okumura,' Tatsui Otsuka,’
Fumitoshi Kodaka,' Mika Hayashi,’ Yoshiro Okubo,’ Hiroshi Ito,' and Tetsuya Suhara!

"Malecular Imaging Center, Department of Molecular Neuroimaging. National Institute of Radiological Sciences, Inage, Chiba 263-8535, Japan,
"Department of Neuropsychiatry, Keio University School of Medicine. Shinjuku-ko,Tokyo 160-8582, Japan, and "Department of Neuropsychiatry, Nippon
Medical School, Bunkyo-ku, Tokyo 113-8603, Japan

Dopamine D, receptors in the prefrontal cortex (PFC) are important for prefrontal functions, and it is suggested that stimulation of
prefrontal D, receptors induces an inverted U-shaped response, such that too little or too much D, receptor stimulation impairs prefron-
tal functions. Less is known of the role of I, receptors in cognition, but previous studies showed that D, receptors in the hippocampus
(1IPC) might play some roles via HPC-PFC interactions. We measured both D, and D, receptors in PFC and HPC using positron emission
tomagraphy in healthy subjects, with the aim of elucidating how regional D, and D, receptors are differentially involved in frontal lobe
functions and memory. We found an inverted U-shaped relation between prefrontal D, receptor binding and Wisconsin Card Sorting Test
performance. However, prefrontal D, binding has nao relation with any neuropsychological measures. Hippocampal D, receptor binding
showed pasitive lincar correlations not only with memory function but also with frontal lobe functions, but hippocampal D, receptor
binding had no association with any memory and prefrontal functions, Hippocampal D, receptors seem to contribute to local hippocam-
pal functions (long-term memory) and to modulation of brain functions outside HPC (“frontal lobe functions™), which are mainly
subserved by PFC, via the HPC-PFC pathway. Our findings suggest that orchestration of prefrontal D, receptors and hippocampal D,

receptors might be necessary for human executive function including working memory.

Key words: dopamine; D, receptors: D, receptors; prefrontal cortex: hippocampus; positron emission tomography

Introduction

Because dopamine D, receptors in the prefrontal cortex (PFC)
are several limes more abundant than D, receptors (Hall et al.,
1994), the relationship between D receptors and PFC functions
have been widely investigated. Sawaguchi and Goldman-Rakic
(1994) demonstrated that local administration of 1), receptor
antagonists into PFC induced impairment in working memory
task in nonhuman primate. In human, Miiller et al. (1998) re-
ported that systemic administration of a mixed D /D, agonist
facilitated working memory, whereas the selective 1, agonist had
no effect, indicating that the dopaminergic modulation of work-
ing memory processes is mediated primarily via 1), receptors.
The use of positron emission tomography (PET) allows us to
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quantify dopamine receptors in vive, and previous studies re-
ported that altered prefrontal D, receptors in schizophrenia were
associated with working memory deficits (Okubo et al,, 1997;
Abi-Dargham et al,, 2002).

In contrast to 1), receptors, relatively less attention has been
paid to the role of prefrontal D, receptors in cognitive functions,
It was reported that blockade of D, receptors in PFC did not
impair working memory in nonhuman primate ( Sawaguchi and
Goldman-Rakic, 1994), but some human studies reported that
systemic administration of D, agonist or antagonist modulated
cognitive functions that are subserved by the prefrontal cortex
{McDowell et al., 1998; Mehta etal., 1999), Because the density of
D). receptors in extrastriatal regions is very low (Suhara et al,
1999), PET studies investigating the involvement of extrastriatal
[)., receptors in cognition have been limited. With the introduc-
tion of high-affinity PET radioligands such as | "'C]FLB457, it has
become possible to quantify extrastriatal D, receprors by PET
(Halldin et al., 19953), Using | ""C]FLB457, Kemppainen et al.
(2003) reported that a reduction of D, receptors in the hip-
pocampus (HPC) in Alzheimer's disease patients was correlated
with memory impairments. Our recent PET study also showed
that D, receptors in HPC were associated not only with memory
function but also with frontal lobe functions (Takahashi et al,,
20071, suggesting dopaminergic modulation on HPC-PFC inter-
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