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Furthermore, an o4$'2 nAChR antagonist, dihydro-pi-
erythroidine (DHAE) completely blocked the neuroprotective
effect of 51A (Glu alone: 44£9%, 51A: 67£6%, 51A+ DHRE: 49+8%)
(Fig. 6A), while an o7 nAChR antagonist, a-bungarotoxin (a-BGT)
had no effect on 5IA-induced neuroprotection (Glu alone: 48+
9%, SIA: 6825%, SIA+a-BGT: 64+6%) (Fig. 6B).

2.3.  Effects of extracellular calcium ion on SIA-induced
neuroprotection

Finally, we studied the effects of extracellular Ca®™ on the
protective effect of 51A against Glu-induced neurotoxicity, Cul-
tures were preincubated with or without 51A in EMEM (including
Ca’*) or S-MEM (Ca’*-free EMEM) for 2 h, and then 10-min Glu
exposure and 2-h drug-free incubation were performed in
EMEM. As shown in Fig. 7, although the pretreatment of 5IA in
Ca’*-including medium attenuated Glu-induced neurotoxicity,
pretreatment in Ca’*-free medium could not block toxicity (Glu
alone: 4924%, 5IA with Ca™: 72=7%, SIA without Ca™: 51=4%).
The cultures incubated in Ca®*-free medium maintained high
viability under Glu-free conditions (91+4%) (Fig. 7).

3. Discussion

In the present study, we investigated the effects of 51A on Glu-
induced neurotoxicity using primary cultures of rat cortical
neurons. 5IA prevented Glu-induced neurotoxicity both in a
time- and concentration-dependent manner. 5lA-induced
neuroprotection required pretreatment of SIA prior to Glu
exposure. Treatment after Glu exposure could not rescue the
cultured cells. These results are consistent with previous
reports that investigated the neuroprotective effects of other
nAChR agonists against Glu-mediated toxicity (Akaike et al.,
1994; Donnelly-Roberts et al., 1996, Shimchama et al., 1996),
although the concentration of nAChR agonists used was quite
different. In our study, 10 nM of SIA showed comparable
neuroprotective effects to previous reports in which 10 uM of
nicotine or ABT-418 was used. Moreover, in an FLIPR assay
using HEK-293 cells stably expressing human a4§52 nAChRs,
51A showed about 50 times higher ECsq values than TC-2559
(Zwart et al., 2006), which showed similar efficacy and potency to
nicotine and ABT-418 on Rb" release from rat thalamic synapto-
somes (Bencherif et al., 2000). These results indicate that 51A has
much higher efficacy and potency on w422 nAChRs than other
nAChR agonists.

Next, we examined which subtype of acetylcholine receptor
was involved in the neuroprotective effect of SIA using nicotinic
and muscarinic antagonists, As expected, mecamylamine an-
tagonized the effect of 51A completely but scopolamine did not.
Moreover, DHRE also blocked 51A-induced neuroprotection com-
pletely, while «-BGT had no effect. This result suggests that the
neuroprotective effect of 51A is mediated only by a4132 nAChRs
and that neither «7 nAChRs nor muscarinic acetylcholine re-
ceptors are involved in the effect of 5IA. This result is in contrast
to many studies that have reported neuroprotection evoked by
nAChR stimulation against Glu-induced cytotoxicity mediated,
at least in part, by a7 nAChRs (Akaike et al, 1994; Donnelly-
Roberts et al,, 1996, Kaneko et al., 1997; Takada et al., 2003).
Muhkin et al. reported that the a7/a4:2 ratio calculated from the

on

Ki value of SIA was 25,000, whereas that of nicotine was only 170
{(Mukhin et al., 2000); that is to say, SIA had approximately 150
times greater selectivity for «4/32 nAChRs than nicotine. Because
of this selectivity, it is likely that 5IA, at the low concentration
used in this study, acted almost entirely on a4{:2 nAChRs. This
suggests that SIA could be useful to elucidate the mechanism of
a4{#2 nAChR-mediated neuroprotection.

Although excessive influx of Ca®* causes neurcnal death,
increases of intracellular Ca’* can trigger the activation of Ca®*-
dependent protein kinases involved in neuroprotective cell
signaling. a4{*2 nAChRs are reported to be to Ca’*-permeable
although less so than a7 nAChRs (Jensen et al., 2005), Moreover,
they are permeable to monovalent cations and the influx of Na*
could depolarize the cell thereby activating voltage-gated Ca®
channels (VGCCs) and increase Ca® entry (Nakayama et al.,
2001). Consequently, we investigated the effect of extracellular
Ca”* on 51A-mediated neuroprotective action. As shown in Fig. 7,
the protective effect of SIA was diminished by removing extra-
cellular Ca®*. This result demonstrates that extracellular Ca**
plays a critical role in neuroprotection mediated not only by a7
nAChRs (Donnelly-Roberts et al., 1996) but also by «4/32 nAChRs.
In fact, Dickinson et al. have recently demonstrated that the
primary route of Ca’* entry following 5IA treatment is via L-type
VGCC and that the resulting increases of intracellular Ca®* were
a-BGT-insensitive (Dickinson et al., 2007). Thus, the influx of Ca®*
through a4§52 nAChRs and/or through VGCCs induced by the
activation of a4{:2 nAChRs could play a role in the neuroprotec-
tive action of SIA.

Further mechanisms underlying 51A-induced neuroprotec-
tion have not yet been elucidated. The activation of Ca’/
calmodulin-dependent protein kinase I (CaMKI11), phosphatidy-
linositol 3-kinase (PI3-K) and the downstream PI3-K target Akt
have been reported to be important in the calcium-mediated
promotion of survival in neurons (lkegami and Koike, 2000).
Vaillant et al. reported that Ca®* influx via VGCCs was involved
in activation of the CaMKIl pathway and Ras-PI13-K-Akt path-
way (Vaillant et al,, 1999); therefore, SIA-induced neuroprotec-
tion potentially occurs through both of these pathways,

Neurotrophic factors may also be involved in SIA-induced
neuroprotection. It was reported that ABT-594, an analogue of
51A, increased fibroblast growth factor-2 (FGF-2) mRNA levels
(Belluardo etal,, 1999) and that FGF-2 protected cultured neurons
from NMDA-mediated excitotoxicity (Freese et al, 1992), More-
over, Roceri et al. reported that the expression of FGF-2 was
regulated in a Ca®*-dependent manner (Roceri et al., 2000). Thus,
itis possible that 51A shows neuroprotective effects by affecting
the expression of FGF-2,

In summary, we have revealed that S5IA has neuroprotective
effects against Glu-induced cytotoxicity at a much lower con-
centration than other nAChR agonists. These effects required
the treatment of 51A prior to Glu exposure and were mediated
not by a7 nAChRs but by o432 nAChRs. Moreover, extracellular
Ca’* was essential for 51A-induced neuroprotection. These
findings suggest that the neuroprotective effects of SIA are
produced by the activation of «4)2 nAChRs followed by the
influx of extracellular Ca®*. In conclusion, SIA is possibly more
useful for the treatment and prevention of neurodegenerative
diseases than other nAChR agonists because of its high efficacy
and selectivity, and should be a valuable tool for elucidating the
mechanism of neuroprotection associated with a4/32 nAChRs.
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4. Experimental procedures

4.1. Materials

Eagle's minimal essential salt medium (EMEM) was purchased
from Nissui Pharmaceutical (Tokyo, Japan). Ca®*-free EMEM (S-
MEM) was purchased from Invitrogen (Carlsbad, CA). Fetal
bovine serum and horse serum were purchased from JRH Bio-
sciences (Lenexa, KS) and Invitrogen, respectively. Drugs were
obtained from the following sources: p-(+)-glucose, sodium hy-
drogen carbonate (NaHCO4), HEPES, L-glutamic acid monoso-
dium salt and trypan blue (Nacalai Tesque, Kyoto, Japan),
cytosine-1-ji-p(+)-arabinofurancside (Ara-C) (Wako Pure Che-
mical Industries, Osaka, Japan), L-glutamine, mecamylamine hy-
drochloride and dihydro-f-erythroidine hydrobromide (Sigma-
Aldrich, St. Louis, MO), (-)-scopolamine hydrobromide (RBI,
Natick, MA), a-bungarotoxin and ionomycin (EMD Biosciences,
San Diego, CA). 5IA was synthesized according to the previously
published methods (Saji et al., 2002).

4.2.  Cell culture

Animals were treated in accordance with the guidelines of the
Kyoto University Animal Care Committee.

Primary cultures were obtained from the cerebral cortex of
fetal rats (17-18 days of gestation) using a modified method
described previously (Takada-Takatori et al., 2006) with a slight
modification. Briefly, single cells dissociated from the whole
cerebral cortex of fetal rats were plated on plastic coverslips
attached in 60 mm dishes (4.5 x 10° cells per dish). Cultures were
incubated in EMEM supplemented with 5% heat-inactivated fetal
bovine serum and 5% heat-inactivated horse serum (1-7 days
after plating) or 5% heat-inactivated horse serum (8-12 days after
plating), L-glutamine (2 mM]), p-(+)-glucose (11 mM), NaHCO;
{24 mM) and HEPES (10 mM). Cultures were maintained at 37 °C
ina humidified 5% CO, atmosphere. After 6 days of plating,
non-neuronal cells were removed by the addition of Ara-C
(10 pM). Only mature cultures (11-12 days in vitro) were used for
experiments.

4.3.  Drug treatment

Exposure to Glu (1 mM) was carried out in EMEM. The cultures
were exposed to Glu for 10 min and then incubated in drug-free
EMEM for 2 h. Unless otherwise indicated, 5IA was applied for2h
before and 10 min during Glu exposure. Cholinergic antagonists
(MEC, SCOP, DHAE and a-BGT) were added to EMEM concomitant
with SIA. All experiments were performed at 37 °C.

4.4, Measurement of neurotoxicity

Neurotoxicity induced by Glu was quantitatively assessed by
examining cultures under Hoffman modulation microscopy as
described previously (Kitamura et al,, 2006, Taguchi et al., 2003)
with a slight modification. Cell viability was assessed by the
trypan blue exclusion method, i.e, cell cultures were stained
with 1.5% trypan blue solution for 3 min at room temperature
and then rinsed with physiological saline. The stained cells were
regarded as non-viable. In each experiment, cells on five cov-
erslips were counted to obtain the means+s.d. of cell viability.

4.5.  Statistics

Data are expressed as the means+s.d. The statistical signifi-
cance of difference between groups was determined by one-way
analysis of variance (ANOVA) followed by Tukey-Kramer multi-
ple comparison tests, Differences were considered significant
when p<0.05.
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Nicotinic acetylcholine receptors (nAChRs) are of great interest
because they are implicated in various brain functions. They
also are thought to play an important role in nicotine addiction
of smokers. Chronic (—)-nicotine, a nAChR agonist, treatment
in mice and rats elicits a dose-dependent increase in nAChRs
in the brain. Upregulation of nAChRs in postmortem human
brains of smokers has also been reported. However, changes
in nAChRs after cigarette smoking cessation in humans are
poorly understood. The aim of this study was to detect the dy-
namic changes of nAChRs after smoking and smoking cessation
in the brains of living subjects. Methods: We performed 5-123-
iodo-A-85380 ('2%1-5lA) SPECT on nonsmokers and smokers
(n = 16) who had quit smoking for 4 h, 10 d, and 21 d and calcu-
lated and compared distribution volumes (V) of '#3-5|A. Re-
sults: The binding potential of nAChRs (Vt of '231-514) in the
brains of smokers decreased by 33.5% = 10.5% after 4 h of
smoking cessation, increased by 25.7% * 9.2% after 10 d of
smoking cessation, and decreased to the level of nonsmokers af-
ter 21 d of smoking cessation. Conclusion: Because the upregu-
lation of the nAChRs of the smokers after chronic exposure of the
nicotine was downregulated to the nonsmokers' level by around
21 d after smoking cessation, the upregulation is a temporary ef-
fect. The decrease in nicotinic receptors to nonsmoker levels
may be the breaking point during the nicotine withdrawal period.
Key Words: '|-5|A; SPECT; nicotinic acetylcholine receptors;
human brain; smoking withdrawal; quantitative measurement
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Nicolinic acetylcholine receptors (nAChRs) are a family
of ligand-gated ion channels that regulate neurotransmission
in the central and peripheral nervous systems. These
receptors are of great interest because they are implicated
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in various brain functions, including cognition and memory
(1,2) and in nicotine-induced neuroprotective (3) and anal-
gesic effects (4). In addition, these receptors are thought to
play an important role in nicotine addiction (5).

Chronic treatment with agonists for most neurotransmitter
receptor systems results in a decrease in receptor number.
However, it has been demonstrated that chronic treatment of
mice (6) and rats (7) with (—)-nicotine, an nAChR agonist,
clicits a dose-dependent increase in nAChRs. This upregu-
lation is not permanent, returning to conirol levels within
7-10 d in mice (6) and 15-20 d in rats (8,9) after cessation
of (—)-nicotine treatment, Previous efforts to demonstrate
nAChR upregulation in the human brain have also been
reported primarily in in vitro binding assays (/0,117). Kassiou
et al. reported the upregulation of nAChRs with chronic (- )-
nicotine treatment in the brain of a live baboon (/2). More
recently, Staley et al. described the upregulation of nAChRs
in human brains after early abstinence of tobacco smoking
using 5-'#l-iodo-A-85380 ('*I-51A) and SPECT images
(/3). However, changes in nAChRs in humans after cessation
of smoking are poorly understood. Breese et al. studied the
levels of *H-nicotine binding in humans postmortem for
changes in nicotinic receptor levels and reported that the
nAChR levels in smokers who had stopped smoking at least 2
mo before their death were similar to those in nonsmokers
(14); the effects of shorter-term smoking cessation are
unknown,

1231.51A is a nAChR imaging probe that has extremely
high selectivity and specificity for the 42 subunit of
nAChRs in rodent (inhibition constant = (.37 nM) (/5) and
primate brain in vivo (/6), with relatively low acute toxicity
(effective dose equivalent = 30 nSv/MBq) (/7,18). More-
over, we have developed the methodology for the quanti-
fication of nAChRs in human brain using 'I-SIA and
SPECT (19).

The aim of the present study was to detect the dynamic
changes of nAChRs in living human brain after smoking and
smoking cessation. We performed '>*I-5IA SPECT on non-
smokers and smokers who had quit smoking for4 h, 10d, and
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21 d and compared the distribution volumes (Vi) of '>[-51A
of each group and with nonsmokers. To our knowledge, this is
the first in vivo imaging study of nAChR upregulation and
recovery in response to short-term smoking cessation in
living subjects.

MATERIALS AND METHODS

Volunteers

Six male nonsmokers (23 = 6 y) and 10 healthy male smokers
(28 * 4 y) were included in this study. Five smokers in the 4-h
group were also included in either the 10-d or the 21-d group. In
total, 21 '2'I-5IA SPECT studies were acquired (Table 1), None of
the subjects had a history of neurologic or psychiatric illness or
the use of psychotropic or sleep-inducing drugs. The nonsmokers
had no history of smoking tobacco.

For the smoking withdrawal studies, the smokers were divided in
3 groups: 5 subjects (age, 28 = 4 y) for 4-h withdrawal, 5 subjects
(age, 27 = 6 y) for 10-d withdrawal, and 5 subjects (age, 28 = 3 y)
for 21 d of smoking withdrawal. The 4 groups were age-matched.

All subjects gave written informed consent to participate in this
study in compliance with the regulations of the Joint Committee
on Clinical Investigation of the Kyoto University Hospital,

Radiolabeling

Radiolabeling of the '*I-5IA followed the methods we reported
previously (/9). To a sodium '*I-iodide solution (1,110 MBq)
(Nihon Medi-Physics), 100 ug of (5)-5-(tri-n-butylstannyl)-3-([1-t-
butoxycarbonyl-2(S)-azetidinylJmethoxy )pyridine, 1.5% acetic acid,
3 mal/L HCI, and 5% H,0; solution were added, and the mixture
was stirred at 75°C for 15 min. Concentrated HCl was then added,
and the resulting solution was stirred for another 10 min at 75°C.
The mixture was made basic with NaOH and extracted with ethyl
acetate, and the organic layer was evaporated. The residue was
purified by reverse-phase high-performance liquid chromatogra-
phy ([HPLC] Cosmosil 5C18-AR-300, 10 x 250 mm; Nacalai
Tesque, 10 mmol/L. ammonium acetate/methanol/triethylamine =
752:750:2; 1.5 mL/min; retention time for SIA was 40 min). Afier
evaporation of the HPLC eluent, the residue was dissolved in 0.9%
saline and filtered through a 0.2-pm filter into a sterile vial. Radio-
chemical purity was =98%. and radiochemical yields were —42%.
The specific activity determined from the ultraviolet absorbance at
254 nm was > 169 GBg/pumol (the detection limit for this method).

SPECT

All subjects underwent a set of 5 SPECT dynamic scans (a 120-
min scan, followed by 4 sets of 20-min scans). All SPECT dynamic
scans were acquired with a triple-head rotating y-camera system

TABLE 1
Study Groups

Smokers: period of smoking cessation
Nonsmokers 4h 10d 21d
Subject 1 Subject 7 Subject 7 Subject 9
Subject 2 Subject 8 Subject 8 Subject 10
Subject 3 Subject 9 Subject 12 Subiject 11
Subject 4 Subject 10 Subject 13 Subject 15
Subject 5 Subject 11 Subject 14  Subject 16
Subject 6
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(PRISM 3000; Picker International) equipped with low-energy.
high-resolution, fanbeam collimators. Dara acquisition and image
reconstruction were performed as in our previous study (/9). The
data acquisition was alternately performed over 120 min after
intravenous injection of '*'I-5IA, followed by 4 sets of 20-min
scans (at 3, 4, 5, and 6 h after the injection). SPECT images were
reconstructed using a filtered backprojection algorithm with a ramp
filter. Attenuation correction was performed using ellipses outer line
approximation and Chang's method (coefficient of 0.06/cm), which
assumes that the attenuation process is homogeneous throughout
the brain and can be described by an exponential function. Scatter
correction was not applied.

A dose of ~150 MBq of '*'I-5IA was administered intrave-
nously over a period of 1 min at a constant rate with an infusion
pump, and the SPECT scan was started at the same time as the
injection.  Arterial blood sampling and metabolite correction
were also performed to estimate the arterial input function of
the '#[-51A for each volunteer by the same method as that used in
our earlier study (/9).

Arterial Input Function

Twenty-five arterial blood samples were obtained at the same
time points as described previously (79). From each sample, 100 pL
of plasma were removed and the radioactivity was measured in an
automatic well-type y-counter (Cobra 2; Packard Instruments).
Sixteen samples were analyzed by thin-layer chromatography
(TLC) (10% ammonium acetate and methanol [1:1], LK6DF Silica
Gel, 60 A; Whatman) for metabolite determination (R; = 0.55 for
18L.51A) (19). The measured unmetabolized fractions were fitted
with a dual exponential curve, and the input function was calculated
as all plasma sample counts were corrected for metabolites using
the fitted curve.

Data Analysis

Reconstructed SPECT images were automatically coregistered
using a coregistration algorism of statistical parametric mapping,
SPMY9 (Welcome Department of Cognitive Neurology, London,
U.K.), to minimize positional error caused by head movement
during the scans. Multiple circular regions of interest (ROls) (21
pixels per circle) were manually drawn in each brain region (basal
ganglia, thalamus, brain stem, cerebellum, frontal, parietal, tem-
poral. and occipital cortices) on both sides. ROI data were further
decay-corrected. SPECT data were calibrated to the well counter
used to measure the injected activity. Time-activity curves were
generated from the ROIs and the dynamic image datasets.

Kinetic analysis of the '"2I-5IA was performed using a 2-
compartment model including K and k; rate constants and a curve-
fitting method following our previous study (/9). Vi values of the
'1-51A were calculated and used as a quantitative index correlated
with the regional binding potential of the nAChRs. The Vr values
were further evaluated in terms of interval change after the smoking
withdrawal.

Statistical Analysis

All data are expressed as the mean = SD. The Vi values obtained
from the different regions in the brain were analyzed by l-way
ANOVA with the Bonferroni protected least significant difference
test. The interval changes of the '*I-51A Vi were analyzed between
the 3 phases after the smoking withdrawal using the Tukey — Kramer
multiple comparison test. All tests were 2-sided, and probability
values of P < 0,05 were considered significant.
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RESULTS

As in our previous study (/9), the characteristics of the
arterial input functions for all volunteers (nonsmokers and
smokers) were similar. The peak plasma activity occurred
between 70 and 80 s after injection in all subjects and de-
creased rapidly to 6.5%—9.0% of the peak level in 10 min.
Analysis of the unmetabolized compound by TLC demon-
strated a high parent fraction of 'I-5IA in the plasma
(87.7% * 6.3%) in the first minute. '**I-51A was rapidly
metabolized, and the unchanged fraction represented
50.9% * 8.8% and 32.4% * 12.6% of total plasma activity
at 20 and 60 min, respectively.

Figure | shows the representative standardized ime-activity
curve of '2*-51A in the frontal cortex. The concentrations of
radioactivity were slightly higher in the nonsmokers and in
the 4-h smoking-cessation group followed by the 10-d and
21-d smoking-cessation groups. The peaks of radioactivity
occurred ~50 min after injection of '2*I-5IA for nonsmokers
and for the 4-h and 21-d smoking-cessation groups, whereas
it was at ~70 min for the 10-d smoking-cessation group. A
differential dissociation of '**I-51A from the binding sites
was noted in the brain. The 4-h smoking-cessation group
showed a faster dissociation compared with that of the
nonsmokers. However, the 10-d and 21-d smoking-cessation
groups showed a slower dissociation than that of the non-
smokers (more pronounced in the 21-d group). These find-
ings reflected a temporal change of the nAChRs in the human
brain.

Packs per day and pack years of cigaretie smoking before
cessation were similar for the different groups of smokers
(Table 2). Only 2 subjects (subjects 7 and 11) had detectable
amounts of nicotine in their plasma after 4-h smoking
cessation (Table 2).

To validate the V values of the nonsmokers as a baseline
group, we compared (¢ test) our current data (nonsmokers)
with our published data (/9). No significant difference was
observed between these groups. Similar findings were also
seen for K, and k,. Therefore, we used the Vr values from
nonsmokers as a reference for further comparisons with
groups of smokers at several smoking-cessation intervals.
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FIGURE 1. Representative standardized time-activity curves
of '23-51A in frontal cortex from a nonsmoker and smokers.

Table 3 describes the Vr values of different groups of
volunteers (nonsmokers and smokers). There was a signifi-
cant difference among those groups (ANOVA; P < 0.001).
Individualized comparisons between 2 groups of volunteers
were also performed. After 4 h of smoking cessation, the Vi
values in all brain regions decreased significantly compared
with those of the nonsmoker group (P < 0.05, except for
frontal, parietal, and occipital cortices). On the other hand,
after 10 d of smoking cessation, the Vr values were signif-
icantly higher than those of nonsmokers (P < 0.05, except for
basal ganglia and thalamus). Then, after 21 d of smoking
cessation, the Vr values decreased significantly compared

TABLE 2
Characteristics of Volunteers and Plasma Concentration of Nicotine and Cotinine

Plasma concentration (ng/mL)

Group Age (y + SD) Packs/d Pack years Nicotine Cotinine
Nonsmokers 24+6 —_ — ND ND
Smokers

4-h withdrawal 28+ 4 0.8 =03 6.1+43 7.6,89" 282 + 189
10-d withdrawal 271 =6 0.8 = 0.2 63 +39 ND ND
21-d withdrawal 28=3 0.8 =03 63 =45 ND ND

*Results from only 2 subjects (3 other subjects had nondetectable values).
Packs/d = number of packs smoked per day; Pack years = number of packs per day while smoking multiplied by number of years
smoked; ND = not detected (detection limits for nicotine and cotinine were 5.0 and 100 ng/mL, respectively).

Values are expressed in mean + SD.

TemporAL CHANGE OF NACHR v SMOKERs = Mamede et al.
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TABLE 3
123|-5lA V; Estimates for 2-Compartment, 2-Parameter Model for Various Brain Regions from Nonsmokers and Smokers
After Withdrawal of Cigarette Smoking

Subject

Frontal Parietal Temporal Occipital BG Thalamus BS Cerebellum
Nonsmokers
1 143 13.2 13.2 .2 15.8 301 229 15.6
2 203 18.9 19.7 16.2 242 43.2 355 20.5
3 141 13.0 13.8 1.2 16.0 28.4 223 14.9
4 14.4 14.4 146 11.7 17.2 31a 253 184
5 1.3 10.7 10.7 9.5 129 19.3 17.7 14.4
6 13.2 122 12.2 114 135 209 18.7 13.7
Mean 1486 13.7 14.0 11.8 16.6 28.8 23.7 16.3
SD 3.0 28 31 23 40 8.6 6.4 27
Smokers
4-h withdrawal
7 6.1 6.3 6.4 59 65 7.0 7.0 59
8 126 13.0 12.2 11.4 128 16.1 14.0 1.3
] 149 14.0 197 12.5 15.0 21.3 194 14.4
10 8.7 B4 8.6 7.6 10.0 13.5 12.2 88
1 10.2 10.4 10.2 9.0 12 129 123 10.0
Mean 105 104 10.2 a3 11 141 13.0 1041
SO 3.4 3.2 29 2.7 3.2 52 44 31
10-d withdrawal
7 19.7 19.3 19.2 17.5 21.0 311 294 209
8 19.1 18.7 17.4 16.4 194 2B.7 253 207
12 18.0 17.6 17.4 16.1 202 28.9 30.3 224
13 18.1 16.2 16.4 15.2 18.7 28.9 293 208
14 19.2 181 17.8 15.8 215 36.5 328 239
Mean 18.4 18.0 17.6 16.2 202 30.8 294 217
SD 14 1.2 1.0 0.9 1.2 3.3 2.7 1.4
21-d withdrawal
9 153 14.6 14,6 12.2 176 28.4 236 19.7
10 14.4 14.3 13.8 12.1 175 31.3 249 7.2
1 17.0 16.6 15.9 13.6 18.5 27.0 26.1 20.1
14 141 14.0 13.6 12.8 15.5 21.8 21.0 18.7
15 144 144 13.6 12.2 15.7 27.0 227 15.7
Mean 15.1 14,7 14.3 126 17.0 27.0 237 17.7
SD 12 14 1.0 0.6 1.3 35 20 2.1

BG = basal ganglia; BS = brain stem.

Reported as mean for V; estimates from 2-compartment model. Values for V, are in mL/g.

with those of the 10-d group (P < 0.01, except for thalamus),
returning to the level in nonsmokers (Vr values did not show
any significant difference compared with those in the non-
smokers). Figure 2 shows the percentage of reduction and
increment in each group of smokers in comparison with the
nonsmoker group. In the Tukey—Kramer multiple compar-
ison test, the interval changes of the '#31-51A Vi between the 3
phases after the smoking cessation were significantly differ-
ent (P < 0.001).

The rate constant K, had some fluctuations among the
different groups of volunteers (nonsmokers and smokers):
however, these differences were not statistically significant
(ANOVA; not significant) (Fig. 3A). On the other hand, the
values of the rate constant k. were significantly different
among the groups of volunteers (ANOVA; P < 0.01) (Fig.
3B). This difference was due basically to the increase of k,
in the group with 4 h of smoking cessation.

1832  Tue JourNaL oF NUCLEAR MEDICINE ¢ Vol. 48 +

DISCUSSION

The present study described the effect of nicotine intake in
tobacco smokers and smoking cessation on the high-affinity
nicotinic receptors in humans using '**1-51A SPECT. To our
knowledge, this is the first in vivo imaging of nAChR up-
regulation and recovery in response to short-term smoking
cessation in living smokers.

Previous animal studies have shown that chronic nicotine
treatment induces an increase in high-affinity nicotinic recep-
tor binding (6-9), and human postmortem studies have found a
similar increase in *H-nicotine binding to high-affinity recep-
tors in the postmortem cortex, cerebellum, and hippocampus
of smokers compared with that in nonsmokers (/0-12).

The mechanism by which the chronic exposure of nicotine
evokes an increase in the density of the binding sites is not
fully understood. Marks et al. reported that the increase in
nicotinic receptor numbers in rodents is not caused by an
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FIGURE 2. Percentage of reduction and increment of Wt of
12315|A in smokers after smoking cessation comparad with non-
smokers. Eight brain regions are frontal, parietal, temporal,
occipital, basal ganglia, thalamus, brain stem, and cerebellum
from the left, respectively.

increase in messenger RNA levels (20). The lack of an effect
on nicolinic receptor transcription in mice suggests that
nicotine-induced increases in nicotinic receptor levels are
most likely related to a decrease in receptor turnover (217).
The increase in nicotinic receptor number and the decreased
rate of receptor turnover may be related to nicotinic receptor
channel desensitization, which appears to reflect the confor-
mational state of the receptor channel (2/,22). Once the
nicotinic receptor channels are desensitized and rendered
inactive, additional receptors would be recruited to maintain
the nicotinic response of the neuron, which results in an
overall increase in nicotine binding, possibly due to a con-
version of low-affinity receptors to a conformation with a
high affinity for agonists (23).

In this study, the '**I-5IA Vi measured at 4 h after smoking
cessation was significantly lower than that in nonsmokers.
The mean value of the calculated Vr of the smokers was
~33.5% * 10.5% lower than that of nonsmokers and was
more pronounced in the thalamus (51%) and brain stem
(45%). In this group of volunteers, the plasma nicotine level
4 h after smoking cessation was detectable in only 2 subjects
and was below the detection limit in the other subjects.
Nicotine is highly lipophilic and demonstrated high levels of
nonspecific uptake in brain (24,25). Rowell and Li have
reported that levels of nicotine in the brain were ~3-fold
higher than those in the plasma (7), which explains the lack of
plasma nicotine measurements in 3 subjects in this group of
volunteers. Because of high levels of nonspecific uptake of
nicotine in the brain, nicotine or its metabolites may accu-
mulate in nonspecific compartments in the brain (i.e., white
matter) and then diffuse slowly into areas with higher levels
of nAChRs, maintaining high levels of occupancy of the
nAChRs. In addition, Brody et al. have shown saturation of
the nicotinic receptors in human brain for up to 4 h in smokers
(26). Thus, we would expect some level of nicotine or
metabolites in the brain that would compete with '**I-5IA

TemporaL CHANGE OF NACHR v Smokers = Mamede et al.

and impair imaging of the upregulation of nAChRs, Also, we
believe that some level of nicotine in the brain resulted in a
high level of occupancy of the receptors, which reduced
specific tracer uptake (27). Because of competitive binding
between the radioligand and nicotine in the brain, imaging of
upregulation of nAChRs in vivo requires sufficient time for
nicotine clearance (>4-h smoking cessation).

After 10 d of smoking cessation, the Vr of '**[-51A was
significantly higher than that in nonsmokers, with a 25.7% £
9.2% increase among brain regions. The result of the in-
creased Vit of the '*I-5IA was in agreement with the up-
regulation of the nAChRs in the brains of smokers reported in
postmortem human studies (/0-12) and in animal studies (6—
9). Staley et al. have described similar findings in human
brain (/3). The authors noted that after 6.8 = 1.9 d of tobacco
abstinence, the uptake of 'I-51A increased significantly
throughout the cerebral cortex (26%~36%) in smokers (/3).
After 10 d of smoking cessation, nicotine and cotinine were
not detected in the plasma. Thus, blood nicotine levels were
negligible in the '**I-5IA SPECT scans of smokers as well as
nonsmokers.

After 21 d of smoking cessation, the Vr of '**[-51A was
significantly lower compared with that after 10 d of smok-
ing cessation and was not significantly different from that
in the nonsmokers. Breese et al. showed that smokers who
had quit at least 2 mo before death had nicotinic receptor
binding levels similar to those in nonsmokers (/4). In the
present study, the interval of 21 d was thought to be the
recovery time during which upregulated nAChRs return to
the level of the nonsmoker. This suggests that nicotine-
induced upregulation of receptor number is a temporary
effect, similar to that found in rodents (28,29).

The upregulation of the nAChRs was similar in almost all
brain regions, except the thalamus and basal ganglia, which
showed a slightly different pattern. In thalamus and basal
ganglia, after 10 d of smoking cessation the Vr was higher
than that of the nonsmokers, as in the other regions, but was
not significantly different. Staley et al. have shown similar
findings (/3). In addition, it has been reported in a study of
mice that nicotine-induced increases in nicotinic receptor
numbers do not increase to the same degree in all brain re-
gions (30). Moreover, the nicotinic receptor is more abundant
in the thalamus, with greater receptor heterogeneity, than in
other brain regions (/9). However, the characteristics of the
acute response of neuronal nAChRs to nicotine depend on
their subunit composition (3/,32). Nicotinic receptor subtypes
are affected differentially by chronic exposure to nicotine,
both in cell models (33-35) and in vivo (35). Multiple factors
are thought to be responsible for these differences.

This study should be interpreted in the context of several
limitations. (a) The number of subjects evaluated was
small, which reduced the statistical accuracy. (b) The study
design used did not allow us to deal with a within-subject
analysis of the whole group, as the variables were analyzed
independently. (c) The smokers varied in their rate and
depth of inhalation of smoke, and these interindividual
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differences could have affected our measurements. (d) The
detection limit of the plasma nicotine measurements was
not enough to evaluate all blood samples. Thus, we were
not able to correlate the plasma nicotine/cotinine levels
with Vi, (e) We have not coregistered SPECT images with
MRI, which would have been the most appropriate method
for placement of ROIls. (f) We have not evaluated the
smoker’s behavior during the smoking-cessation period. We
believe that the nicotine binding and desensitization of the
nAChRs in the brain alleviate the cigarette craving and that
craving will be the worst during the first 10 d of cessation
due to the upregulation of nAChRs. The craving process
should minimize after 21 d, as we observe similar levels of
occupancy as nonsmokers at that time. However, we cannot
exclude the possibility of other nAChR subtypes being
involved in the process of tobacco dependence.

CONCLUSION
We have described the in vivo imaging of nAChR up-
regulation and recovery in response to short-term smoking

1834
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cessation in smokers using '*'I-SIA SPECT. Our results
clearly suggest that tobacco smoking is associated with an
upregulation of nicotine binding sites in the brain. The up-
regulation of the nAChRs of the smokers after chronic
exposure to nicotine was downregulated to the level in non-
smokers after ~21 d of smoking cessation. Thus, the upreg-
ulation of receptor numbers is a temporary effect. Nicotine
dependence and difficulty in smoking cessation are also
interesting with regard to the findings of the '**1-5IA SPECT
study. The decrease in nicotinic receptors to nonsmoker
levels may be the breaking point during the nicotine with-
drawal period.
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Cardioprotective Effects of Erythropoietin in Rats
Subjected to Ischemia—Reperfusion Injury:
Assessment of Infarct Size with *°™Tc-Annexin V
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Administration of erythropoietin (EPO) during orimmediately after
myocardial ischemia can reduce subsequent myocardial apo-
ptosis, a key phenomenon in myocardial ischemia-reperfusion
injury. In this study, we assessed the effect of EPO on ®"Tc-
annexin V myocardial uptake and whether the accumulation of
S8mTe-annexin V can predict cardiac remodeling and functional
deterioration. Methods: Eighteen rats with left coronary artery
(LCA) occlusion were randomized to receive either an intrave-
nous injection of EPO (EPO group) or saline (nontherapy [nT]
group) immediately after release of the occlusion. After 20 min
of LCA occlusion and 30 min of reperfusion, the rats were injected
with #¥mTc-annexin V. One hour after **"Tc-annexin V injection,
the LCA was reoccluded and 20Tl was injected intravenously,
and the rats were sacrificed 1 min later. The heart was removed
and sectioned, and dual-tracer autoradiography was performed
to evaluate the distribution of the area at risk (defined on the thal-
lium autoradiograph) and the area of apoptosis (defined on the
annexin autoradiograph). Adjacent histologic specimens had de-
oxyuridine triphosphate nick-end labeling (TUNEL) staining to
confirm the presence of apoptosis and were compared with auto-
radiography. Another 16 rats were randomized to EPO and nT
groups and underwent echocardiography immediately after
release of the LCA occlusion and at 2 and 4 wk after surgery.
Results: The areas of %*™Tc-annexin V accumulation in the
EPO group were smaller than those in the nT group, though
the 20'T] defect areas of these 2 groups were comparable (area
ratio, 0.318 = 0.038 vs. 0.843 = 0.051, P < 0.001, for annexin
and 248 + 2.1 vs. 259 = 2.6 mm?, P = NS, for thallium).
%8mTc-annexin V accumulation correlated with the density of
TUNEL-positive cells {r = 0.886, P < 0.001). In the nT group,
left ventricular end-diastolic dimension (Dd) increased from
baseline at 2 wk by 34.7% = 3.8% and remained stable at
349% *+ 50% at 4 wk after coronary occlusion. In the EPO
group, Dd increased by 8.5% + 2.1% (P < 0.01 vs. nT at 2 wk)
and 13.2% * 2.8% (P < 0.01 vs. nT at 4 wk). In the nT group,
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the left ventricular percentage of fractional shortening de-
creased by 42.2% * 3.4% and 52.9% + 3.4% at 2 and 4 wk, re-
spectively, whereas in the EPO group it decreased 9.0% =
1.9% at 2 wk (P < 0.01 vs. nT at 2 wk) and 11.1% = 6.7% at
4 wk (P < 0.01 vs. nT at 4 wk). Conclusion: This study demon-
strated that a single treatment with EPO immediately after
release of coronary ligation suppressed cardiac remodeling
and functional deterioration. ®*"Tc-annexin V autoradiographs
and TUNEL staining confirm that this change is due to a de-
crease in the extent of myocardial apoptosis in the ischemic/
reperfused region.

Key Words: “*"Tc-annexin V; erythropoietin; reperfusion; apo-
ptosis
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R:sloration of oxygen to ischemic myocardium induces
apoptosis in the ischemic myocytes (/). In severe, pro-
longed ischemia, apoptosis occurs before necrosis during the
later stages of ischemic injury (5,6). Elimination or reduction
of apoptosis would reduce the infarction and the likelihood of
cardiac remodeling and of decreased left ventricular (LV)
function in the infarction region and, overall, could improve
prognosis.

Although erythropoietin (EPO) was developed as a hema-
topoietic growth factor, stimulating the production and re-
lease of red blood cells, EPO has recently been shown to
protect ischemic neural and myocardial tissue (7-9). The
hematologic and neuro/cardioprotective roles of EPO are
caused by the interaction of EPO with 2 different receptors.
The classic EPO receptor is responsible for the red blood cell
response, whereas the interaction with the f common-receptor
is responsible for the tissue protective effects (/0). In a rat
study, EPO administration dramatically reduced infarct size,
resulting in improvement of long-term cardiac contractility
(/117). A single dose of EPO administered immediately after
release of coronary artery ligation reduced LV remodeling
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and dysfunction in animals undergoing experimental myo-
cardial infarction, though the dose of EPO was far above that
usually used to treat anemia (/2). Additional studies explored
various doses and intervals between ischemic injury and EPO
administration to preserve cardiac function after ischemia—
reperfusion injury (/2—/4). The antiapoptotic effect of EPO
has been suggested as the mechanism for myocardial pres-
ervation.

Under normal circumstances, phosphatidylserine, a con-
stituent of membrane phospholipids, is actively restricted to
the inner leaflet of the plasma membrane by the action of 2
enzymes, translocase and floppase. Early in the course of
apoptosis, these enzymes are inactivated. As translocase and
floppase are inactivated, scramblase, an enzyme that equil-
ibrates the membrane lipids on the inner and outer leaflet of
the cell membrane, is activated. This combination of enzyme
inactivation and activation results in the rapid appearance
of phosphatidylserine on the outer leaflet of the cell mem-
brane (/5),

Annexin V, a physiologic protein with a molecular weight
of about 36 kD, binds with nanomolar affinity to membrane-
bound phosphatidylserine (/6,/7). Both in vitro and in vivo
methods have been developed that use this characteristic of
annexin V binding to identify cells in the early stages of
apoptosis (/8-20). For example, Peker et al. have used
¥mTe-labeled annexin V to detect apoptosis as a result of
ischemia-reperfusion injury in vivo (2/). Other investigators
have used radiolabeled annexin V to identify apoptosis in
acute cardiac allograft rejection, subacute myocarditis, and
acute doxorubicin cardiotoxicity (20-22).

This study was performed to determine the effect of a single
intravenous dose of EPO on apoptotic activity and ventricular
function in animals subjected to ischemia—reperfusion.

MATERIALS AND METHODS

Materials

Mutant annexin V (annexin V-117, a recombinant human annexin
engineered to include a binding site for technetium, generously
provided by John Tait, University of Washington) was produced by
expression in Escherichia coli as previously described (23). This
matenial preserves phosphatidylserine-binding activity equivalent
to that of native annexin V. Labeling efficiency was consistently
above 92%, providing a specific activity of approximately 7.4 MBgq
per microgram of protein using a previously described radiolabeling
protocol (23). Under these conditions, annexin V labeling was stable
for at least 4 h.

Recombinant human EPO was kindly provided by Chugai
Pharmaceutical Co,, Ltd.

Animal Model of Ischemia and Reperfusion Injury
Eighteen Male Waster rats (10 wk old; body weight, 305 = 12.4g)
were anesthetized with intraperitoneally administered pentobarbital
(20 mg/kg) and intubated, and anesthesia was maintained with
inhalation of 2% isofiurane in 1.0 L of oxygen/min during volume-
controlled ventilation. The heart was exposed through a left thora-
cotomy; a pledgeted 5-0 silk suture on a small, curved needle was
passed through the myocardium beneath the proximal portion of the
left coronary artery (LCA): and both ends of the suture were passed

through a small vinyl tube to make a snare. The suture material was
pulled tightly against the vinyl tube and secured by a keeper on the
tube to occlude the LCA. Animals were randomized to receive either
a single intravenous injection of EPO (200 units/kg in 0.3 mL of
saline) or an equivalent volume of saline immediately after release
of LCA occlusion (EPO group and nontherapy [nT] group. respec-
tively, n = 9 in each). Myocardial ischemia was confirmed by
ST-segment elevation on electrocardiography, regional cyanosis of
the myocardial surface, and decreased regional wall motion. After a
20-min occlusion of the LCA, reperfusion was obtained by removal
of the keeper and release of the snare and was confirmed by the
change from cyanotic to pink in the myocardial risk area. During
reperfusion, the snare was left loose on the surface of the heart for
reocclusion. Approximately 55.5 MBq of **™Tc-annexin V were
injected via a tail vein at 30 min after reperfusion. One hour after
¥ Te-annexin V injection, the snare occluder was again pulled
tightly and 0.185 MBq of **'T] was injected via a tail vein to
delineate the area at risk. One minute later, the rat was euthanized by
a bolus injection of 4 mL of 0.5 M KCI. The heart was excised,
rapidly rinsed in saline, embedded in methylcellulose, and frozen in
iced n-hexane. Serial short-axis heart sections (20- and 8-pm shor-
axis sections adjacent to each other) were obtained using a cryostat
for autoradiography and histologic analysis, respectively. This study
was approved by the institutional Animal Care Commitice at Kyoto
Prefectural University of Medicine.

Dual-Tracer Autoradiography

Dual-tracer autoradiography of the LV short-axis slices was
performed using a bio-imaging analyzer system (BAS5000; Fuji
Film). The apoptotic area was determined from the WmTe-annexin V
uptake area, and the area at risk was determined from the 2'T]
defect area. The first autoradiographic exposure was performed for
30 min to visualize **™Tc-annexin V. Approximately 72 h later (12
half-lives of *™Tc), the second exposure of the same heart sections
was performed for 36 h to delineate the area at risk, expressed as
2007 defect area.

Data Analysis of Autoradiography

The extent and the density of the 2 radionuclides were quanti-
tatively analyzed using the bio-imaging analyzer system. After
exposure, the bioimaging plate was placed in a reader to determine
the photostimulated luminescence (PSL) in each pixel (25 % 25 pm).
These data were recorded for each animal and each nuclide. The
accumulation of **™Tc-annexin V was assessed in 4 midventricular
short-axis frozen sections. The region of decreased thallium activity
seen on the autoradiograph was outlined, and the region of interest
was transferred to the *Tc-annexin V autoradiograph to evaluate
#mTe-annexin V uptake. Four background ROIs were set adjacent
10 the left ventricle in each autoradiograph, and the mean PSL per
unit area (I mm?) of the 4 background ROIs was defined as
background tracer uptake. The uptake values of each ROl were
calculated as the background-corrected PSL per unit area (1 mm?).
The area ratio and the density ratio were defined as the indicator to
evaluate the extent and intensity, respectively, of **™Tc-annexin V
uptake. The area ratio calculated by dividing *™Tc-annexin V
uptake area by 2/ T1 defect area indicates the extent of the apoptotic
area in the area at risk. The density ratio of ¥™Tc-annexin V was
calculated by dividing the uptake values of the *™Tc-annexin V
uptake area by that of the normally perfused area. All parameters
were expressed as an average value obtained from the analysis of
4 midventricular short-axis slices in each rat.
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Histopathologic Examinations

Four sets of short-axis frozen sections adjacent to the slices
for autoradiography were stained with terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) using a commercially available kit (in situ cell death
detection kit, fluorescein isothiocyanate labeling: Roche Applied
Science) according to the manufacturer’s protocol. As a positive
control of TUNEL staining, we used rat intestine. Rhodamine-
labeled a-sarcomeric actinin (DAKO) was simultaneously used for
the detection of muscular structures. Digital photographs were taken
under confocal microscopy at 200x magnification. TUNEL-positive
cardiomyocytes were counted in 20 randomly chosen fields within
the area at risk for each section. The mean density ratio of "™ Te-
annexin V was compared with the mean number of TUNEL-positive
myocytes in the corresponding area of each rat. Another 2 sets of
short-axis frozen sections adjacent to the slices for autoradiography
were stained with hematoxylin and eosin and examined histopath-
ologically by light microscopy.

Echocardiography

Sixteen |0-wk-old Wistar rats (body weight, 308 = 15.6 g) were
anesthetized (sodium pentobarbital, 30 mg/kg intraperitoneally) for
a bascline ventricular function measurement by echocardiography
(Sonos 5500 equipped with a 15-MHz phased-array transducer;
Philips Electronics N.V.). The anesthetized rats were subjected to 20
min of myocardial ischemia and 30 min of reperfusion. Half the
animals received a single intravenous injection of EPO (200 units/kg
in 0.3 mL of saline) immediately after LCA occlusion (EPO group).
The other rats received an equivalent volume of saline at the same
time point (nT group). Echocardiography was performed immedi-
ately after release of the LCA occlusion and repeated at 2 and 4 wk
after surgery. A parasternal long-axis view was recorded, ensuring
that the mitral and aortic valves and the apex were visualized. A
short-axis view was recorded at the level of the mid papillary
muscles. Both 2-dimensional and motion-mode views were re-
corded at the same level. LV end-diastolic dimension (Dd) and end-
systolic di ion (Ds) were me d from motion mode in both
short- and long-axis views. The LV percentage of fractional shon-
ening (%FS) in the long-axis view was calculated as %FS = (Dd ~
Ds)/Dd x 100. All measurements were taken and averaged over 5
consecutive cardiac cycles by | observer who was unaware of the
wreatment with EPO. The reproducibility of measurements was
assessed at baseline by 2 sets of measurements in 10 randomly
selected rats. The repeated-measures variability did not exceed
£5%. Blood (0.5 mL) was collected from the jugular vein under
pentobarbital anesthesia just before and after operation and at 4, 10,
and 28 d after operation to determine the hematocrit level (measured
in triplicate).

Statistical Analysis

Results were expressed as mean = SD. Statistical analyses were
performed using a Windows computer with StatView software
(version 5.0; SAS Institute Inc.). Comparisons between the 2 groups
were made using an unpaired ¢ test. The time course of the changes
was compared by repeated-measures ANOVA with the Scheffé post
hoc test. The relationship of *™Te-annexin V uptake in the area at
nisk was correlated with the number of TUNEL-positive cells by
linear regression. A value of P less than 0.05 was considered
statistically significant.

1696 THE JourNAL oF NUCLEAR MEDICINE = Vol. 49 »

RESULTS

Autoradiographic Detection of Early Apoptotic Cells

Representative images of dual autoradiography are shown
in Figure 1. In the nT group, ***Tc-annexin V accumulated
strongly at the central zone of the myocardial area at risk,
predominantly in the mid layer of myocardium. Compared
with the nT group, the accumulation of **™Tc-annexin V was
reduced in the EPO group. The areas of **™Tc-annexin V
accumulation were smaller in the EPO group than in the nT
group. Quantitative analyses demonstrated that the area ratio
and density ratio of the EPO group were significantly smaller
than those of the nT group (area ratio, 0.318 * 0,038 vs.
0.843 £ 0.051, P < 0.001; density ratio, 22.2 £ 4.2 vs. [08.3 =
14.0, P < 0.0001) (Fig. 2). The 2°'Tl transmural defect areas
of these 2 groups did not significantly differ in size (24.8 =
2.1 vs.259 = 2.6 mm?, P = (.56).

Comparison of Histologic Findings with 9™ Tec-Annexin
V Autoradiography

Figure 3 showed the representative tissue sections of TUNEL
staining in each group. The myocardium in both groups showed
no inflammatory cells, no necrotic cells, and no myocardial
degeneration on the light microscopic examination of the
hematoxylin- and eosin-stained slices. TUNEL-positive cells
were scattered at the mid layer of the myocardial area at risk in
the nT group. In contrast, TUNEL-positive cells were local-
ized to a small area in the EPO group. In both groups, the
distribution of TUNEL-positive cells agreed closely with

nT

EPO

#nTe-annexin V it 1]

FIGURE 1. Autoradiography of ®™Tc-annexin V and 2°'T,
Midventricular slices are shown from representative animals
from each group. %*™Tc-annexin V uptake area indicates
myocardial apoptotic area, whereas 2°'T] defect area demon-
strates area at risk. In nT group, *¥™Tc-annexin V highly
accumulated at central zone of myocardial area at risk.
Compared with nT group, accumulation of ®™Tc-annexin V
was reduced in EPO group with regard to both size and density.
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FIGURE 2. Area ratio calculated by dividing **™Tc-annexin V
uptake area by 2°'T| defect area would indicate extent of
apoptotic area in area at risk. Density ratio calculated by
dividing uptake value of ™™ Te-annexin V uptake area by that of
nommally perfused area would reflect intensity of apoptosis in
apoptotic area. Area ratio and density ratio of EPO group were
significantly smaller than those of nT group (area ratio: 0.318 =
0.038 vs. 0.843 + 0.051, P < 0.001; density ratio: 22.2 * 4.2 vs
108.3 + 14.0, P < 0.0001)

HmTe-annexin Vaccumulation. Moreover, the density of the

TUNEL-positive cells (the number of TUNEL-positive cells
per high-power field [HPF]) in the EPO group was signifi-
cantly smaller than that in the nT group (34.1 = 11.7/HPF vs.
136.8 = 25.9/HPF, P < 0.01) (Fig. 4).

Figure 5 compares the density of TUNEL-positive cells in
the representative myocardial apoptotic area (the number of
TUNEL-positive cells per HPF) of each rat with the density
of " Tc-annexin V accumulation (PSL/m?) in the corre-
sponding area. The density of "™ Tc-annexin Vaccumulation
correlated well with the density of TUNEL-positive cells
(r = 0886, P < 0.01).

The Influence of EPO on Hematocrit

The average changes in hematocril in rats treated with
EPO (200 units/kg in 0.3 mL of saline) did not differ from
those receiving an equivalent volume of saline just before and
after operation and at 4, 10, and 28 d after operation (Table 1).

nT EPO

FIGURE 3. Representative tissue section of TUNEL staining is
shown in each group. TUNEL-positive cells were scattered at
mid layer of myocardial area at risk in nT group. In contrast,
TUNEL-positive cells were localized to very small area in EPO
group.
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FIGURE 4. Tissue sections of TUNEL staining were observed
under confocal microscopy at 200x magnification. Density of
TUNEL-positive cells (number of TUNEL-positive cells per HPF)
in EPO group was significantly smaller than that of nT group
(34.1 = 11,7/HPF vs, 136.8 = 25.9/HPF, P < 0.01).

Echocardiography

Baseline (presurgery) measurements of LV cavily size
(Dd) and LV systolic function (%FS) were similar in the
groups assigned to EPO and nT. After coronary ligation/
release. the depression in ejection fraction (36.1 = 3.9 vs.
36.8 = 3.1, P = 0.91) was similar in the 2 groups (Table 2)

Figure 6 illustrates the average changes in Dd and %FS at
2 and 4 wk after ischemia-reperfusion injury. In the nT
group, Dd increased to a greater extent from 0 to 2 wk than
from 2 10 4 wk. The percentage change in Dd at 2 and 4 wk
after the surgical procedure, compared with baseline data

immediately after ischemia—reperfusion injury, was 34.7% =
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FIGURE 5. Comparison of density of TUNEL-positive cells in
representative myocardial apoptotic area (number of TUNEL-
positive cells per HPF) of each rat with density of ™ Tc-annexin
V accumulation (PSL/m?) in corresponding area. Density of
#mTe-annexin V accumulation comrelated well with density of
TUNEL-positive cells (r = 0.886, P < 0.01).
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TABLE 1
Serial Measurements of Hematocrit After a Single Administration of EPO or Saline

Administered substance

Just before operation Just after operation Day 4 Day 10 Day 28
Saline (6) 409 =04 41904 426 = 0.7 416 £ 04 4089 = 06
EPO (6) 40.1 = 0.3 411 =04 423 =05 424 = 05 426 = 0.8

Data are mean percentage = SD.

3.8% and 34.9% = 5.0%, respectively. On the other hand, in
the EPO group, the percentage change in Dd at 2 and 4 wk
after ischemia-reperfusion injury was just 8.5% = 2.1%
(P<001vs.nTat2wk)and 13.2% * 2.8% (P < 0.01 vs.nT
at 4 wk), respectively.

A significant difference was observed in %FS between the
EPO and nT groups over the 4-wk follow-up. Compared with
the baseline data immediately after ischemia—reperfusion
injury, %FS in the nT group declined by 42.2% * 3.4% and
52.9% * 3.4% at 2 and 4 wk. The LV performance of the nT
group declined more steeply from 0 to 2 wk than from 2 to
4 wk. The %FS in the EPO group decreased slightly at 2 wk
(—9.0% = 1.9%.P<0.01,vs.nTat2wk)and 4 wk(— 11.1% =
6.7%, P < 0.01, vs. nT at 4 wk).

These data suggest that the marked enlargement of the LV
cavity and the steep decline of LV contractile function
occurring in the nT group in the 2 wk after occlusion/release
was suppressed by a single injection of EPO.

DISCUSSION

In this study, the extent of apoptosis after ischemia-
reperfusion injury was markedly reduced after a single intra-
venous dose of EPO. This reduction of apoptosis was seen in
histologic TUNEL staining of the myocardium in the area at
risk and in autoradiographic studies with *™Tc-annexin V
within | h of EPO administration. Moreover, echocardiog-
raphy demonstrated that a single systemic administration of
EPO immediately after coronary ligation minimized LV re-
modeling and preserved contractile function at 2 and 4 wk
after surgery.

P9mTe-annexin V has been reported to be highly sensitive in
detecting apoptosis immediately after ischemia-reperfusion
myocardial injury (24,25). “™Tc-annexin V has been used to

TABLE 2
Baseline Echocardiographic Parameters in EPO-Treated
and Control Rats

Index Group  Before operation  After operation
LVDd (mm) nT 6.2 = 0.1 6.5 = 0.2
EPO 6.3 = 0.1 6.6 = 0.2
%FS nT 61.3 £ 1.3 36.8 = 31
EPO 622 =08 36.1 =39

Data are mean = SD.
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image injured myocardium after acute MI in patients under-
going acute coronary angioplasty (26). In 6 of 7 patients,
increased uptake of “™Tc-annexin V was seen in the infarct
area of the heart on early and late SPECT images, suggesting
that apoptosis occurs in that area. Taki et al. reported similar
findings with **™Tc-annexin V localization in the area at risk
early after ischemia—reperfusion injury (/4). The concentra-
tion of *™Tc-annexin V in the area at risk was concordant
with the distribution of TUNEL-positive cells. In their study,
P9mTe-annexin Vaccumulation was most prominent at 30-90
min after reperfusion and then gradually declined, whereas
the number of TUNEL-positive cells peaked at 6 hto 1 d after
reperfusion. In our study, **™Tc-annexin V accumulation
clearly delineated the area of the apoptotic myocardium in the
20-min occlusion/30-min reperfusion model, consistent with
the results of previous studies (/4,24,25,). The previous
investigation reported that, with TUNEL staining, EPO can
limit the size of LV infarction (/2). In this study, EPO therapy
caused a 2.7-fold reduction of *™Tc-annexin Vaccumulation
in the ischemic risk area.

Previous studies reported that a single administration of
EPO increased the number of circulating reticulocytes by
34 d (reaching a maximum by days 8-11) (27,28). In the
present study, the hematocrit in the rats treated with EPO did
not differ from that in rats receiving saline just after operation
and at4, 10, and 28 d after operation. Therefore, the response
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FIGURE 6. Changes in echocardiographic indices of LV size
(Dd) and function (fractional shortening) during 4 wk after
ischemia-reperfusion injury in EPO-treated and untreated rats.
All indices are expressed as percentage change from baseline
values (Table 2). *Significant difference (P < 0.01) between nT
and EPO groups in percentage change in LV Dd and fractional
shortening at weeks 2 and 4.
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seen in the current experiment is unlikely related 10 an
increase in the oxygen-carrying capacity of the blood.

The cardio- and neuroprotective properties are likely due
1o the interaction of EPO with the common B-receptor. This
receptor requires a higher concentration of EPO and has the
effect of reducing apoptosis. Previous studies in a rabbit
model demonstrated that a single dose of EPO (5,000 units/
kg) reduced infarct size from 35% to 13.8%, in keeping with
the results in the present study (3). This acute effect persists
over the subsequent 4-wk interval of observation. Previous
observations have demonstrated a favorable influence of the
antiapoptotic effect of EPO on long-term LV chamber size
and function after myocardial ischemia (/2,/3). Moon et al.
showed that a single dose of EPO at the onset of myocardial
infarction reduced infarct size and reduced LV remodeling
and dysfunction measured by echocardiography during the
subsequent 8-wk period (/2). Our results confirm that a single
intravenous injection of EPO immediately after coronary
occlusion suppressed LV remodeling and contractile deteri-
oration at 4 wk after surgery. The results of **™Tc-annexin V
autoradiography and TUNEL staining suggest that the ben-
eficial effect of EPO is due to a remarkable suppression of
apoptosis in the area at risk in this rat ischemia—reperfusion
injury model. The mechanism of apoptosis reduction may be
due 1o a phosphatidylinositol-3 kinase/Akt dependent path-
way, as demonstrated in vivo in dog hearts (29).

Although prolonged administration of EPO is associated
with adverse effects related to hematocrit elevation, such as
hypertension and thromboembolic complications (30,31), a
single administration of EPO, even at the higher doses used in
this study, had a beneficial effect on the preservation of
cardiac function after ischemia-reperfusion injury.

This study had 2 limitations, The first was the inability to
assess the other effects of EPO on LV remodeling and func-
tion after myocardial infarction, though more recent studies
reported that EPO possesses proangiogenic properties pro-
moting neovascularization related to infarct size reduction
after myocardial infarction (32). The second limitation was
that we studied the feasibility of “™Tc-annexin V to assess
the antiapoptotic treatment of EPO at only 1 time point, 30
min after the beginning of reperfusion. Further examination
is needed to know the optimal timing for EPO injection as
well as the optimum time for **™Tc-annexin V injection and
imaging to assess the cardioprotective effect of EPO.

CONCLUSION

The present study demonstrated that “™Tc-annexin V is
useful to evaluate myocardial apoptosis associated with
ischemia—reperfusion injury. The ratio of the perfusion area
at risk to annexin V lesion size is a useful indicator of
myocardium salvaged by acute administration of EPO. The
echocardiographic study showed that a single treatment with
EPO immediately after coronary ligation suppressed cardiac
remodeling and functional deterioration for at least 4 wk after
the acute insult. These studies suggest that a single dose of

EPO may be useful to prevent long-term cardiac remodeling
and dysfunction after ischemia-reperfusion injury.
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F-18 Fluorodeoxyglucose Uptake in a Solid Pseudopapillary
Tumor of the Pancreas Mimicking Malignancy

Kotaro Shimada, MD,* Yuji Nakamoto, MD, PhD,* Hiroyoshi Isoda, MD, PhD,* Yoji Maetani, MD, PhD,*
Rikiva Yamashita, MD,* Shigeki Arizono, MD,* Yuusuke Hirokawa, MD,* Takashi Nitta, MD, PhD,}
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Abstract: Solid pseudopapillary tumors (SPTs), predominantly af-
fecting young women, are rare pancreatic tumors. It is reported that
imaging features of SPT are solid and cystic components, and there
is intratumoral hemorrhage and calcification. However, findings of
positron emission tomography (PET) using F-18 fluorodeoxyglu-
cose (FDG) with pathologic correlation have not been fully evalu-
ated. We present a case of SPT that mimicked malignancy on
FDG-PET.

Key Words: solid pseudopapillary tumor, FDG, PET
(Clin Nucl Med 2008;33: 766-768)

olid pseudopapillary tumor (SPT) was first described by

Frantz in 1959 in a report of 3 cases and is currently
classified as an epithelial neoplasm of uncertain cellular
origin.' This is a unique tumor of low malignant potential
most commonly affecting females of reproductive age, and a
predilection for blacks and East Asians has been suggested.”
It has been known that both positron emission tomography
(PET) using F-18 fluoro-2-deoxy-D-glucose (FDG) and dif-
fusion-weighted magnetic resonance imaging (DW-MRI) are
useful for detecting abdominal tumors, but the number of
reports describing FDG-PET and DW-MRI findings of SPT is
still limited.** We report a rare case of SPT with imaging
features on FDG-PET and DW-MRI and pathologic findings.

CASE REPORT
A 16-year-old female who had no remarkable past or
family history underwent abdominal ultrasonography due to
abdominal discomfort, and a mass was found in the pancre-
atic tail portion. The laboratory data, including tumor markers
such as carcinoembryonic antigen (CEA), carbohydrate anti-
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gen (CA) 19-9, CAI125, Elastase-1, and duke pancreatic
monoclonal antigen type 2, were all within normal ranges. A
computed tomography (CT) scan with contrast enhancement
revealed a round and slightly enhanced nodule approximately
I cm in diameter in the pancreas tail, with no apparent
calcification or necrosis (Fig. 1A). On magnetic resonance
imaging (MRI), the nodule was depicted as a hypointense
area on a Tl-weighted image (TIWI) (Fig. 1B) and a slightly
hyperintense area on a T2-weighted image (T2WI) with
fat-suppression. The DW image demonstrated a homogenous
abnormal signal intensity (Fig. 1C), and the apparent diffu-
sion coefficient (ADC) value of the lesion was lower than
normal pancreatic tissue on the ADC map. With regard to the
PET findings, moderate to intense uptake of FDG was ob-
served, corresponding to the lesion located in the pancreatic
tail (Fig. 1D), with a maximum standardized uptake value
(SUV) of 3.6. These findings suggested a solid pancreatic
neoplasm that may have malignant potential in an adolescent
girl. A nonfunctioning neuroendocrine tumor, pancreatoblas-
toma, and SPT were considered as differential diagnoses. The
patient underwent distal pancreatectomy.

According to histopathological analysis, the tumor was
solid and composed of sheets and nests of uniform polygonal
epithelioid cells with round or oval nuclei and an acidophilic
cytoplasm divided by thin fibrovascular stroma. Neoplastic
cells supported by delicate vessels were intimately interdig-
itated into the non-neoplastic pancreas. Normal acinar tissues
also remained within the tumor (Fig. 2A). Degenerative
changes were seen in some parts of the tumor, and the
remaining cells were arranged around delicate fibrovascular
tissue containing small blood vessels in a pseudopapillary
pattern (Fig. 2B). Cytoplasmic vacuolization and a cluster of
foamy macrophages were also seen. Invasion of the vascular
space or perineural invasion was not identified. The prolifer-
ation marker Ki-67 index was less than 1% and cellular atypia
was mild. According to immunohistochemical analysis, the
tumor cells were positive for CD56 and CD10 and negative
for chromogranin A and AEI/AE3. These findings supported
a final diagnosis of SPT of the pancreas.

DISCUSSION
Solid pseudopapillary tumor of the pancreas is a rare
type of pancreatic neoplasm found mainly in young woman;
only approximately 9% of SPTs are found in men.” Surgery is
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F-18 FDG Uptake in a Solid Pseudopapillary Tumor

FIGURE 1. A contrast-enhanced CT shows a slightly en-
hanced nodule without calcification in the pancreas tail (A,
arrow). Axial T1-weighted MR image shows a hypointense
nodule with no evidence of hemorrhage in the pancreatic
tail portion (B, arrow), and a diffusion-weighted image

© 2008 Lippincott Williams & Wilkins

FIGURE 2. Low-power (A) and high-power (B) photomicro-
graphs of hematoxylin and eosin stain are demonstrated.
Low-power photomicrograph of this pathologic specimen
shows that the tumor was solid with little degeneration such
as hemorrhage and necrosis. High-power photomicrograph
shows small eosinophilic cells with round or oval nuclei are
arranged around fibrous connective tissue in a pseudopapil-
lary pattern (B, arrow).

considered as a therapeutic method, and curative resection is
usually possible for localized disease. Presenting symptoms are
usually subtle and occasionally asymptomatic, so they are some-
times discovered at abdominal imaging, physical examination,
or laparotomy performed for other reasons. Jaundice is rare,
even in patients with lesions mvolving the head of the pancreas.

Based on pathologic features, SPT is slow-growing, is
usually large, and is circumscribed or encapsulated by fibrous
capsules, with marked degenerative and hemorrhagic
change.®” The tumors are usually round to ovoid and solitary

shows an abnormal signal intensity for this lesion (C, arrow).
An axial PET image shows focal FDG accumulation in the left
upper abdomen (D, arrow), corresponding to the pancreatic
lesion, with a maximal SUV of 3.6.
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and occur throughout the pancreas. Nearly all tumors have
some component of cystic hemorrhagic or necrotic change
regardless of size. Calcifications are occasionally seen most
commonly in the capsule.™® In our case, the tumor was small
and solid, with little degeneration such as hemorrhage and
calcification, which was not typical for SPT. However, it is
also been reported that smaller tumors tend to be predomi-
nantly solid, whereas larger tumors tend to be more cystic
because of degenerative changes with tumor growth."’
FDG-PET or PET/CT has been widely recognized as a
useful imaging tool. FDG accumulation suggests a high
glucose metabolic activity within the tissue, including not
only neoplastic lesions but also various inflammatory foci,
such as active pancreatitis or autoimmune pancreatitis.' ' In
our case, relatively intense uptake of FDG was seen within
the tumor, which is consistent with previous reports.** Ac-
cording to the histologic analysis, the Ki-67 index was less
than 1% and cellular atypia was mild, suggesting that the
malignant potential of this tumor was not high. In addition, no
apparent inflammatory changes were seen around the lesion.
Therefore, the positive finding of FDG-PET may be charac-
terized by high cellular density with little degeneration,
which is compatible with the abnormal signal on DW-MRI.
In conclusion, we report a case of SPT that was difficult
to differentiate from malignancy because of focal uptake on
FDG-PET and an abnormal signal on DW-MRI. This case
demonstrated a pitfall of diagnostic imaging in that a small
SPT with little degeneration can mimic malignancy on both
FDG-PET and DW-MRI. We should keep in mind that SPT
should not be excluded from differential diagnosis when it is
clinically suspected, based on a patient’s age or gender.
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