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The aim of the present study was to explore the applicability of an
extracersbral reference region for the quantification of cerabral
receptors with PET. Methods: Male squirrel monkeys underwent
quantitative PET studies of cerebral nicotinic acetylcholine re-
ceptors (nAChRS) with 2-""F-fluoro-A-85380 (2-FA). Data from
dynamic PET scans were analyred with vanous compartment-
and non—compartment-based models, including a simplified refer-
(VDind) values were determined in regions of interest after the
blockade of 2-FA—specific binding by nicotine infusion. Binding
potential values, estimated with the cerebellum and muscle
as reference regions, were comparad and the reproducibility of
measurements was determined. Resulis: One- and 2-tissue-
compartment modeling and linear graphic analysis provided
similar total volume-of-distribution (VD) values for sach studied
region. VD values were high in the thalamus, intermediats in the
cortex and midbrain, and low in the cereballum and muscle, con-
sistent with the distibution pattermn of NACHhR containing . and
B recaptor subuwnits (of."). The administration of nicotine at
2 mg'kg/d via an aosmotic pump resulted in a nearly complete
saturation of 2-FA—specific binding and led tovery amall changes
in volumes of distribution in the cersbellum and muscle [ 99 1
4% [mean * SEM] and 0% ! 6%, respectively), suggesting lim-
ited specific binding of the radicgand in these areas. VD mea-
sured in muscle in 15 monkeys was reasonably constant (3.0
022, with a coefficient of varation of 8%). VOnd in studied brain
regions exceaded VDY inmuscles by a factor of 1.3. With this fac-
tor and with muscle as a reference region, BP* values calculated
for studied brain regions with the SHTM were in good agresment
with those obtained with the cerebellum as a reference region.
Significant correlations were observed betwean BP* values esti-
mated with these 2 approaches. The reproducibilities of BP*
mieasurements obtained with the 2 methods were comparable,
with coefficients of vaniation of less than 11% and 13% for the

Heoeved Jane 18, SNKG revsion accepbod Moy 200, S008.

fFor comespondence of repints contact: Alewey G Mukhin, MO, PhiD,
Center for Nicotine and Smokng Cessation Heseoech, Department of
w.mmm:iﬁﬂiﬁ.ﬂﬂmmm,hﬂl.
Db, MG 20706,

E-mait xmukhin@iduke sdo

mmﬂllﬂMIWHE--EﬂrﬁjﬂmmIMrﬁ.lm.

1492

Toe Joumrsal oF Muciear Mebicane = Vol 48 +

thalamus and the cortex, respectively. Conclusion: These re-
sults suggest that the accurate quantification of nAChRs can
be performed with 2-FA and a reference region outside the brain,
providing a novel approach for the quantification of brain recep-
tors when no suitable cerebral reference region is available.
Key Words: PET; nonhuman primates; radicligand; in vivo bind-
ing; nicotinic acaetyicholine receptors
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Cum:m methods for the guanbhcabion of cercbral
receptors by PET use either a blood mput function (invasive
approach) or a reference bssue approach (noninvasee
approach) (). However, the use of an arienal mput func-
tiom 15 it always practical because of the invasveness of
this approach amd the Iimoted quantity of blood that can be
drawn in small ammals. Addibonally, the relerence issue
approach 1z also not always feasible becanse relercnce
tissue cither may not be availlable or may not be useful be-
cause of msufhcwent sze, redioactive spillover from adjacent
arcas, or a patholomc condition chanmng the brain receptor
expression in the reference remon. “To develop an alternate
approach, we evaluated the potential of using an extracere-
bral reference hxswe approach for receptor guantihication. For
thas purpose, we performed a senes of PET studies m o sgquimmel
monkeys with 2-"*E-fluorno-3-( 2( 5 axctidinylmethoxy Jpyr-
idine (2-"*E-fluoro-A-85380; 2-FA), a PET radiolizand snt-
able for the guantithcation of o B-* mcobmc acetylcholine
receptors (nACRRS) in vivo (2—7).

The volume of disinbution (VD) of a specahc bmdimg com-
partment {V1sh), dehined as the rato of the concentrabon of
specihcally bound radwheand i bssue o the concentrabion
of free rcbolizand o bMood plasma at equiibum, 15 ofien
used for receptor quanbhcation in vivo, Al concentrabions
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of radhioh gand (F) lower than the dssocaton constant (K ),
Yiksb can be expressed as follows:

S5H Bna
Vi, = T K,
In thas equation, 5B 1= specihc hindimg of rediohgand and
Baus 15 the density of receptons availlable for radvohizand
banding. If receptor athmty and the percentage of occupancy
by an endopenous neurotransmitier ane the same, then Y Dsh
can be used o evaluate the densities of receptors. VIDsb can be
obtamed as the difference between the total VD (YD) and the
nondisplaceable VI (Y Dnd). ¥ Dnd can be measured winbe
receptors are saturated with a dose of unlabeled heand or by
measurement of Y yvin arelference region, if avairlable. These
Y1 values can also be used to calculate the inding potential
(BP*). BP*, detined as the rato of VIDsb to W0nd (&), 15 a
measure of the density of receptors availlable for radvohizand
binding and also charactenzes the specihcity of radvoheand
banding in vivo: it 15 expressed as folloaes:

Eg. 1
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Unhke Vb, BP* = not sensabve to possible emmors from
assaymg the radiohgand concentratton m blood plasma
(1e., eshrmabion of free, unbound radiohgand). In addition,
BP* may be calculated wathout blood sampling when a
reference regon 15 available.

Here, we explored the use of muscle as an extracercbral
reference remon for the guantibcabon of central receptors.
ldeally, a reference remon should not express the receptor
under investigabion and should allow an esiimation of ¥ Dnd
in the tarpet reoon n the bramm. However, it 15 hkely that
Ynd m bramm tssue will not be equal to VI n muosche
(VY Dmsl). In thas sibwaton, 1f the rato of VDnd in brain tessae
to %W Dmsl s constant, the term o, reflecting the relabonship
between the 2 values, can be introduced, as follows:

Vind = aVDmsl. Eg. 3

Equation 2 can be rewntten by substituting oV Dmsl for
VDnd (Eq. 3), as follows:

VI — aVimsl Wi )
B = — NDmal  ~— avDmai - B4
Consistent with Eguation 4, 1f @ 15 known and constant,
BP* can be calculated on the bases of Vg in the brain and
Y Imsl. With Egquation 2, BP* calculated with muscle as a
reference regon (BPmisl) can be expressed as follows:

VI
BPmsl = Sy

Eag. 5
VIdms=l =
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By substitutng Egquation 5 for YDy in Eguation 4, BP*
can be expressed as follows:

_BPmsl +1
B L1

Bp' kg, 6

To explore the possibahity of uwsing muscle as an exira-
cerchral reference region for the guantthcaton of cercbral
receptors, wie hirst evaluated VDmsl and VD values in var-
1ous braon arcas. The vanabihty of YDmsl values was cor-
related wath 2-FA metabohsm. To determane VE0nd valoes
in varous bram arcas and to assess the specibc hnding of
2-FA 1n muscle and the cerebellum, blocking and displace-
ment studhes with micotine were conducted. In blocking
siihes, PET messurements were oblained in monkeys chmon-
ically exposed to meotine. In displacement studhes, a bolus
infusion paradigm was used, wath mcobine bemng infused
intravenously dunng PET once the equihbriom of the radwn-
tracer was reached. The BP* values obtained with musche
and the cerebellum as reference regions were then companesd.
The reproducibility of BP* messurements wias assessed by
performing 2 or 3 PET scans on the same amimal. Fimally,
2 additional senes of PET expenments were performed to
investigate the possible influences of the mjected mass of
2-FA and of the scanmimg durabon on the observed BP* values.

MATERIALS AND METHODS

Radiochemistry

*E-Fluonde was produced by wse of an RDS111 megative-ion
cyclotron, and 2-FA was synthesized by omse of a modificd
semiautomated method (9 The final prodect was formuolated as
a sicnbe and pyrogen-frec molonic soluiion. The radiochemical
purity of the peoduct was preater than 98%, and the specific
activity was in the range of 120-1, 100 GBg/femal (mean & S0,
A0 = 200 GBgfpmol).

PET and MRI

The adult male squirre] monkeys (Saimin seiwreus, TH0-1, 100
£) uscd in the prescal stedy were maintained in facilities fally
accrediled by the Amencan Assoctalion for the Accroditation of
Labosatory Animal Care (AAALAC), and all experimentation was
comducted in scoordance with the guidelines of the Tnstitutional
Carc and Use Commatice of the Intramweral Rescarch Prosram,
Mational Institute on Dvug Abuse, Matomal Institutes of Health,
and the Guidelines for the Care and Use of Mammals in Newno-
sevence and Behavioral Besearch (10).

Owerall, 43 PET scans were oblained for 20 animals. Data wene
acquired with a Sicmens Exact BCAT HR+ tonwegraph (Sicowcns
Medscal Solotions: 63 slices, center-to-cenier spacing of 2.4
i-planc roconstrected resolution, fall width st kall maximom of
A7 mim al the center of the ficld of view, and roconstrected axial
spatial resolution of 4.2 mm in 3-dimcnsional mode). Before cach
radicdigand administratson, ransmission scans wene oblained with
3 rotating *Ge-"Ga sources and were used o correct for photon
attenuation. PET images woere reconstrocted from the raw dats
with a stamdard filered-backprojection algorithm and a ramp filicr

Becawse the siec of the PET scanmer ficld of view could accom-
mwsdate 2 squirrel monkcy heads, most PET studics wene per-
formsd with simuliancous acquisition of data from 2 ammals. To
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avond polenial complexity n atfcmsation and scafier comoctions, ani-
mials woene positioned bead o head in the scanmer in the same z-ais
Monkcys were imtially ancsthoetiaod with alfadolone amd alfaxobomn:
accislc {15 mgkg: Saffan; Arnolds Velcrninary Products), given indra-
miscularly. Ancsbesia was then mantained with 19%-2.5% isofle-
ranc. An indivedully molded thermoplastic face mask was socuned
o a custom-made monkey head holder attached o a backboand.

Anatoimic MR brain images were acguined with a3 .0-T Sicmens
Magnciom Allcgra MET unid (Sicmens Medical Solutions). Esch MR
scan was performed on a single animal with a conlinsous inlrave-
mows infusion of alfadolone and alfazolene soctate (811 makeh)
Lo maintain ancstihesia

Vital signs, inclading hean rate, cloctrocandiogram (during PET
studics only), respiration rate, OO0 levels, and oayeen saluralion
i the blood (always maintaimed abose 95%), were conbinuously
meoiitored during the studies.

A total of 38 PET studics with a bolus administration of 2-FA
(3 * IR MEg'ke injecied intravenously in approximaiely 1 ml.
of saline owver 20 %, followed by a 1-ml. saline fush) were per-
Formed; 6 of these sfudics were designed (o saturale the reocplons.
In control studics, the mass of the administered radsoligand ranged
froam 0.03 o 032 amolke (average, 013 2 006 nmol'kg). For
poceplor saturalion studics, a known amount of nonrsdicolabeled
2-FA was added to the radsoactive compound bo achicye 3 mass in
the range of (LUG-6.1 nmolke. The scquisition of dymamic PET
scans starbed with the injection of 2-FA and continucd for 5 h in
st of the cxperiments. Five PET caperiments were performed
with 7 h of scanming tUme. Five additional PET studics were per-
Formed with £ h of scanning Gime and with a bolus-plus-infusion
admimistration of 2-FA

Coregistration and Placement of Regions of Interest
(ROIs)

Rz were drawn on the T'1-weighicd MR images {(voxel siec,
057 = 057 = 1.22 mm) of onc monkcy by refeming o a sie-
reolsctic atlas (7). To reduce spallover cffecis, ROIs for the
thalamus and the cerchbellum (the regions with the highest and the
kst radicactivity accumalations, respectively ) were reduced in
sz by factors of 1.8 and &, respectively, and placed in the maddle
of cach structur:. ROIs for the muscles were placed on the back of
the meck, in the aica of the semispinalis corvicis, splenius capitis,
and oblsquus capaiis muscles.

The ROI volumes (numiber of voxcls) and the number of plancs
were (L15 mL (378 voxcls) and 4 plancs, 0012 ml. (304 voxcls)
and 4 plancs, (0L28 mL (705 voxels) and 6 plancs, 0,13 mL (316
woxels) and 3 plancs, and 0.4 ml (1,002 voxels) and 6 plancs for
the thalamus, cerchellum, empoeal coriex, midbrain, and muscle,
respectively. This standard ROT template was copied to the MR
images for cach monkey, and the positions of the ROE were
adjusted, il necessary, withouwl changing the siecs of the RO The
final RONs for cach monkey were copicd o the corcgistered PET
images. Por concgistration, dymamic PET images for cach monkey
were resliced o the MRI voxel saze (057 x 057 x 1.22 mm), and
average PET images woere mamsally aligned with the correspoimnd-
g Tl-weightod MR imEees by wse of the feson mode of PMOD
w. 275 sofitware (PMOD Technologics Lid.). The obtained trans-
formation paramciers wore applicd o the fespective  resliced
dymamic PET images.

Artenial Plasma Analysis
Artcrial bood samgldes for the measuremcnl of monmctabol izcd
2-FA were taken from cather saphenowus o Gail ancres by repeated
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puncture. Twelve o 20 blood samples (001003 ml. cach) were
colbecied at predetermincd intervals that progressod from 2 min o
60 min over the durstion of the stedy. Tmmediately after collec-
Lo, samples were dispensed inbo heparin-lithiam Deonde costed
tuwhes and placed on ec. The plasiea was separabed by centrifu-
gation for 5 min at 3000, and radiosctivity was measuncd with a
Cobea y-counicr (Packard Instroments). Scparation of noonmctab-
olized 2-FA from the radicactive mclabolites was acoomplished
by solid-phase cxiraction as described cleewhere (12). The radsoe-
activity of the parcal compound frsction, comocted for decay and
profein binding, was wsed as an ingul function in PET data analysis

The binding of 2-FA to plasma prolcing was determined with 9
plasmea samples oblained from 9 monkeys. The anbownd (fnec)
radicligand was scparalcd by ulirafiliration with a Cemtricon YM-
10 filiration device (Millipore Corp).

Analysis of PET Data

Tor obain standardized uptake vabees (SUVs), (13) radioactivity
comcentrations (KBgfcm) woere normalized o the injectad dose
(EBq) por gram of body weight: SUY — Gssoe radiosciivitydose
radicactivity. Ome- and 2-lissuc-compantment  Kinctic modcls
(ITCM and 2TCM, respectively) were applicd for the calculation
of ¥y valoucs in target and reference regions. Monlincar least-
sapuancs fitting of unweightcd Gne-activily curves was porformed
with the Marquardi algorithm (/4) and an aricnal plasma inpual
function. The contribution of fractional bood volume in the beain
wias fixed st 5% for all brain ROLs (75) and 3% (or muscle RO
(16} In sddition, 2-FA VD valucs were quantified by lincar graphic
analysis (Logan analysis) (I7). A 4-paramcter efercmes Lissoe
ol (18 19) and a simyplificd refercnce tssee model (1) were
used for BP* calculations with cither the cerchellem or muscle as a
refefence neg .

Blocking and Displacement Studies with Nicotine

Blocking and displacement studics were porformed o deter-
mine Ynd valees and (o assess for 2-FA-specific binding siles in
thee corche lum and muscle. PET studics wene perfonmsd st baseline
and during continsal cxposure o meotine at 2 ket (n — 4) Fod
micodine cxposure, 2 ALZET osmotic pumps (model 2004; DURBCT
Conp.; delivering 0025 pldh for 4 wk), cach delivering micotine al
I mgfkgid, were implanted under the skinon the back of cach aningal
under ketamane—isofluranc ancsthesia, The punps were i lamted
| wk aparl. PET cxperinecnis were comdoctod 1-2 wk aficr imglan-
Latuon of the scoond pump.

For the displacenscnl studscs (e — 5), 2-FA—specific binding was
dizplaced by an intfavenous mcoline infuson. A bolus infasion
parsdigm (Koo — 380 min) was used, with 2 ml. of radsoligand
silluticn being adminstered over 5 min, follosed by conimeous
infusion over the rest of the stedy (8 h) 3l a constant rale of L3016
mlh. The average rate (mean * S0y of 2-FA continuous infusson
wiag (U 2 000 nmolAkeh. AL 5SS b aficr the beginning of 2-FA
administration, displaccment of the specifically bound radioligand
was initiated by the inbravenous sdminsiration of nicodine al @ rale
of 01.24 mgfkgh for the first 15 min, followed by 0,12 mgfkah for
thee et of the PET study. Micotine doscs were always given as the
froc base.

Parametric BP* Maps

Paramctric BP* maps woere constrocted by the method of Gunn
el al. (2() with PMOD v. 275 sofiware. Two types of maps werne
comstructsd, onc with muscle and another with the ceochellum as
a meforence region. In both cases, timc—activily curves for the
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