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Abstract

The aim of this study is to establish a method for quantitative measurement of histamine H, receptor (HIR) in human brain by PET and
['"Cldoxepin ((*'CIDOX). The estimated parameters with a two-compartment model were stable for the initial values for parameter
estimation but those with a three-compartment model were not. This finding suggests that the HIR measured by the [''CIDOX and PET
can be evaluated with a two-compartment model. © 2004 Elsevier Inc. All rights reserved.

Keywords: Compartment model; Histamine H, receptor; PET; (''C]doxepin

1. Introduction

Histamine neurons are exclusively located in the tube-
romammillary nucleus of hypothalamus, and diffusely
project their fibers to almost all areas of brain. They are
thought to be involved in the regulation of various physio-
logical functions such as wakefulness and cognition through
at least four histamine receptor subtypes: G protein coupled
H, {(Gy1)s Ha (Gg), Hy (Gy) and H, (G [8,23,27,28]. H,
and H, receptors are located at the postsynaptic sites of the
histamine neurons, and H, receptors are functioning as an
autoreceptor. H; receptor-activation inhibits the release of
neural histamine. It was reported that impairments of cog-
nition and motor functions and sedation were caused by H,
antagonists [8]. Histamine H, receptors (H1R) are important
for cortical activation as well as H, receptors [17,21). The
precise functions of H, receptor in brains have been
scarcely understood since it was found recently. Antihista-
minic drugs are often used to relieve allergies, coughs and
colds, but they elicit sedation and affect cognition and
behavior through the cortical inactivation [1,20,22]. There-
fore, many studies have been carried out to develop anti-

* Correspending author. Tel.: +81-3-3964-3241 ex.3506; fax: +81-3-
3964-2188.
E-mail address: ukimura@ieee.org (Y. Kimura).

0969-8051/04/$ - see front matter & 2004 Elsevier Inc. All rights reserved.

doi: 10.1016/.nucmedbio.2003.08.010

histaminic drugs that do not penetrate the blood brain bar-
rier (BBB). The blockade of HIRs in brains is cause of
sedation. Therefore, it is important to evalnate the occu-
pancy of H1Rs by antihistamine in order to verify the side
effects of antihistaminic drugs on the central nervous sys-
temn (CNS). In vivo imaging techniques such as single pho-
ton emission computed tomography (SPECT) and positron
emission tomography (PET) can provide a clear understand-
ing of physiological processes in the human brain. There-
fore, the therapeutic efficacies of drugs on the CNS have
been extensively investigated in term of the receptor occu-
pancy in the living human brain [4,24]. As for the HIR
occupancy by antihistaminic drugs, PET with {''C]doxepin
({"'C)DOX) has been used to evaluate objectively their
possible side effects due to the penetration through BBB
[26].

For quantitative PET measurement of receptor density,
an appropriate model to describe the underlying kinetic of
the individual radioligand should be developed because the
model is different among the ligands used, even though their
target receptor is the same {6,9]. Most of receptor imaging
studies underwent the compartment model analysis with a
nonlinear curve fitting algorithm to evaluate receptor den-
sity [7,9]). So far the evaluation of HIR density by
[''CIDOX and PET was performed by usually established
methods such a graphical analysis with a three-compartment
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Fig. |. The ROI placements: Several circles were placed to cover the cerebellum, frontal, parietal, temporal, occipital and cingulate cortices; and the thalamus,

caudate, putamen and midbrain.

model [10] and a static image at the later phase [31].
However, the rationale of these analyses has not been ver-
ified yet. Thus, in this paper we investigated the applicabil-
ity of two- and three-compartment models to the quantita-
tive evaluation of HIRs in human brains by using
["'CIDOX and PET.

2. Materials and methods

2.1, Subjects

Five healthy male volunteers, 2127 years old, partici-
pated in this study. No subjects had any previous history of
psychiatric disorders, No anatomical abnormalities were
found in the MRI images. They were asked to abstain from
medication a week before the study, and from tobacco,
caffeine, grapefruit and beverages including grapefruit that
modulate the concentration of antihistamines in plasma [15]
on the experimental day. Written informed consent was
obtained from the subjects. The study was approved by the
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respective Ethics Committees of the Tokyo Metropolitan
Institute of Gerontology and of Tohoku University School
of Medicine, and performed in compliance with relevant laws.

2.2. Radiosynthesis of ['!CIDOX

[1'C]DOX was synthesized by [''Clmethylation of the
demethyl doxepin with [''C]methyl triflate [11] with some
modifications. Briefly, [''C)methy] wiflate was prepared as
reported previously [12], then it was bubbled in 0.25 ml of
acetone containing 0.25 mg of demethyl doxepin and 10 ul
of 1 M NaOH at room temperature. Then, 1.3 mi of 0.1 M
HCI/CH,CN/50 mM CH,CO,NH, (50/22.5/27.5, viv) was
added to the reaction mixture and the solution was applied
to high-performance liquid chromatography (HPLC): col-
umn, YMC-Pack ODS-A (10 mm inner diameter X 250 mm
length, YMC Co., Kyoto, Japan); etuent, CH;CN/50 mM

. CH,CO,NH, (45/55, v/v); and flow rate, 5 ml/min. A frac-

tion containing the [''CJDOX was collected. After adding
50 ul of 250 mg/ml ascorbate, the fraction was evaporated
to dryness, and the residue was dissolved in a physiological
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Fig. 2. Typical time-activity curves of whole-brain ({ITAC) after intravenous injection of ['*C]doxepin into a subject: circle, {TAC measured, solid line,
{TACS estimated with the two-compartment model; and dashed line, tTAC estimated with three-compartment model (A) and time-activity curves of plasma

(pTAC): square. pTAC measured; and star, pTAC metabolite-corrected (B),

saline solution. The [''C]DOX solution was filtered through
a 0.22 pm membrane filter. The radiochemical yields was
1930 = 620 MBqg, and the specific activity was 84 * 43
TBg/mmol. The radiochemical purity was over 99%, and
neither ''C-methylated DOX [11] nor starting materials
were included. '

2.3. Pet measurements

Dynamic scans in two-dimensional mode were per-
formed using Headtome-V (Shimadzu Co., Kyoto, Japan),
which acquires 63 slices having 128-by-128 voxels each at
transverse resolutions of 4.5 mm full width of half maxi-
mum (FWHM) and at axial resolution of 5.8 mm FWHM.
PET images were reconstructed with a filtered backprojec-
tion algorithm. Corrections were applied to dead time, de-
tector uniformity and photon attenuation. The frame ar-
rangement was: 10 sec X 6 frames, 30 sec X 3 frames, 60
sec X 5 frames, 2.5 min X 5 frames and 5 min X 14 frames,
totally 90 min. The injected radioactivity dose of [''C]DOX
was 493 = 109 MBq and the cold mass 23 = [6 (nmol)
(mean = SD). Arterial blood was sampled every 10 sec for
the first 150 sec post-injection, and afterward at 3, 5, 7, 10,
15, 20, 30, 40, 50, 60, 75 and 90 min post-injection.

2.4. Measurement of labeled metabolites in plasma

Metabolite analysis was carried out using six plasma
samples obtained 3, 10, 20, 30, 40 and 60 min after the
injection [13] with a slight modification. The plasma sam-
ples were treated with CH,CN containing trichloroacetic
acid, and divided into the acid-soluble and acid-precipitable
fractions. Over 96% of the total activity was recovered in
the acid-soluble fraction. The acid-soluble fraction was an-

alyzed by HPLC: column, Nova-pak C18 equipped with an
RCM & x 10 compression module (Waters); eluent,
CH,CN/50 mM CH,CO,NH, (45/55, v/v); flow rate, 2
ml/min. The recovery of the radioactivity in the HPLC
analysis was essentially quantitative. Percentages of the
unchanged ['"C]IDOX were 98.9 * 0.5, 97.9 * 1.5,92.0 =
3.9,79.5 + 8.6, 71.3 = 7.6 and 51.6 = 8.9 at 3, 10, 20, 30,
40 and 60 min, respectively.

2.5. Data analysis

Regions of interest (ROls) were drawn on the frontal,
temporal, occipital, parietal and cingulate cortices and the
thalamus, candate nucleus, putamen, cerebellum and mid-
brain to derive average time activity curves in the tissues
(tTACs) (Fig. 1).

Usually, the receptor density can be evaluated as binding
potential (BP = ks/k,) in the kinetic analysis using a three-
compartment model proposed by Mintun [19]. If an equi-
librium state is accomplished quickly, the receptor density
can be represented using a distribution volume (DV =
K\ fky) [16]. Dynamics of the ligands are different individ-
ually [26]. That is, an appropriate model for the evaluation
of the receptor density depends on not only the receptor but
also the ligand used. Therefore, two- and three- compart-
ment models were applied to the kinetic analysis for
[''C]DOX in terms of stability of estimates against the
initial values for parameter estimation because non-linear
curve fittings could require the stability. To investigate the
stability of model estimation, initial values of K, k2, k3, and
k, were varied from 0.1 to 0.4, respectively. Bv was fixed 0.

The models were estimated with ordinary nonlinear
curve fitting algorithm of Newton’s method [3]. Delay be-
tween (TAC and the plasma time activity curve (PTAC) was
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Fig. 3. Stability between initial value for parameter estimation and estimate. Upper (A and B) and lower (C and D) denote the dependency in the three- and
two:compartment model, respectively. The left column (A and C) originated from the right cingulate cortex being rich in histamine H, receptor (HIRs), and
the right column (B and D) from the right cerebellum being poor in HIRs. Results of all five subjects were supesimposed.

estimated using an averaged tTAC of the whole-brain and it
was assumed to be common among subjects. In addition,
Akaike information criterion (AIC) was used to identify which
modet fit better for the averaged tTAC in the whole brain {2].

3. Results

3.1. Comparison of two- and three-compartment models
Fig. 2 shows the estimated TAC in a whole-brain in the

two- and three-compartment model (Fig. 2A) and pTACs

for total radioactivity and unmetabolized [''C]DOX (Fig, 2B).
The dependency of BP or DV for an initial value is
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shown in Fig. 3. In a three-compartment model, BP is
largely altered in both the HIR-rich cingulate cortex and
HIR-poor cerebellum. In the two-compartment model, DV
is much more stable regardless of the initial guess. These
findings were common for all of parameters. In addition,
AICs in the two-compartment model were smaller in all
regions than those in the three-compartment model. A typ-
ical AIC was 421 for a two-compartment model and 603 for
a three-compartment model.

3.2. Distribution volume in each brain region

DV in 10 brain regions was estimated with a two-com-
partment model. DV in each brain region is summarized in
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Table |
Distribution volume (DV) observed in the present study and histamine,
H, receptor (H1R) density in autopsied human brains

Brain areas Present PET Post-mortem brain studies Histamine
study DV H, receptor density (pmol/g)
(ml/g) Chang (5] Kanba [14]* Yanai (30)
frontal cortex 37 43 19.1 3.6
temporal cortex 40 34 23.5 33
parietal cortex 37 4 16.6
occipital cortex 32 1.8 13.2 1.8
cingulate cortex 37 3.3 223
thalanus 3s 0.9 4.3 l
caudate nucleus 34 1.3 53
putamen 36 0.9 4.4
midbrain 27 2.2
cerebellum 26 04 1.6 0.3

* Fourth column: we calculated HLR density with the HIR density in the
hypothalamus (7 nmol/g) and % of hypothalamus in each brain region
reported by Kanba et al.

Table 1 with the previous reports of HIR density in autopsy
studies of the human brain [5,14,29]. :

The DV had a good correlation with the HIR densities in
the cortical regions (r = 0.91), while a less correlation was
found when taking account of data in all brain regions (r =
0.73) (Fig. 4).

Since the cerebellum has a very low density of HIRs
(Table 1), it is reasonably considered that the DV in the
cerebeilum corresponds to that reflecting the non-specific
binding of (' 'C]JDOX in the brain. Therefore, the difference
between each DV and cerebellar DV reflects the specific

40 ]

laudale nucleus

thalamus
L] putamen
]

DV (ml/ g)

0o 10 20
H1R denisty ( pmol / g)

Fig. 4. The relationship between the DV of [''CJDOX obtained in the
present PET study and HIR density measured by using [*H]DOX in the
autopsy study [14]. Circles show five cortical regions. Squares show the
thalamus, caudate nucleus, patamen, midbrain and cerebeltum. Dashed line
is the linear regression with all brain regions (Y = 0.4*X + 30, r = 0.74),
Solid line is the linear regression with the five cortical regions (Y = 0.6*X
+ 25, r = 0.91). The discrepancy between the cortical and subcortical
regions would be probably due to the unevenness of the non-specific
bindings among these structures.

frontal cortex
temporal cortex
cingulate cortex
parietal cortex
occlpltal cortex
caudate nucleaus
putamen
thalamus
midbrain

— T T y

0 4 8 12 16 20
Subtracted DV (ml/ g)

Fig. 5. The specific distribution volume (DV) of [''C] DOX in the human
brain. The specific DV was determined by the difference between DV in
each brain region and that in the cerebellum, and expressed the mean +5D
(n=235)

binding of [''C)DOX in each region. The subtracted DVs in
the other regions are shown in Fig. 5.

4, Discussion

4.1. Determination of compartment model

A compartment model for receptor analysis should be
determined according to the behavior of radiopharmaceuti-
cal in the target organs. Usually the behavior is described
with a three-compartment model and a binding potential
[19]. If there is only a low level of free and non-specifically
bound ligands in tissue and if rapid equilibration occurs
between a free and non-specifically bound compartment and
a specifically bound compartment, a two-compartment
model is suitable for kinetic analysis [16]. In this study, the
selection was settled on the point of view of stability in the
parameter estimation and from the information available in
the measured {TAC. In this case, the three-compartment
model did not give stable estimates. BP fluctuated greatly
with the change of initial values for K1, k2, k3 and k4 (Figs.
3A and 3B). On the other hand, a stable DV could be
obtained regardless of the initial values in the two-compart-
ment model (Figs. 3C and 3D). It means that the free
["'CIDOX pool is negligible and the free radioligand is
indistinguishable from the bound radioligand pool in the
three-compartment model..

The validity of the two models was also evaluated by
AIC. The AIC of the two-compartment model was always
smaller than that of the three-compartment model. The
mode! with the smaller AIC value is more valid to describe
the behavior of radioligand in the brain. Thus, our statistical
criterion also indicates that the two-compartment model is
more suitable than the three-compartment model for quan-
titative analysis of the [''C]DOX binding to HIRs if non-
linear curve fitting is used for calculation. :

For quantitative analysis we used the metabolite-cor-
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