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Abstract 

We have recently clarified that nicotinic acetylcholine receptors (nAChRs) 

expressed in the thalamus play an important role in antiallodynic effects 

produced by the nAChR agonist, 5-iodo-3-(2(S)-azetidinylmethoxy)pyridine 

(5IA). The present study aimed to reveal the in vivo relationship between 

thalamic nAChR occupancy rates and antiallodynic effects using 5IA and 

[
125

I]5IA.  

We partially ligated the sciatic nerve of a rat to induce neuropathic pain. 

Antiallodynic effects were evaluated at 15, 30, 60, and 90 min after 

intracerebroventricular (i.c.v.) administration of multiple doses (1–100 nmol) of 

5IA by the von Frey filament test. Receptor occupancy rates were measured by 

autoradiography at 15 and 90 min after administration. Antiallodynic effects of 

repetitive treatment of 5IA (5 and 50 nmol) were also examined.  

A significant and dose-dependent antiallodynic effect was observed 15 min after 

administration. It showed a good correlation with receptor occupancy rates (r = 

0.97), indicating the binding of 5IA to nAChRs expressed in the thalamus 

involved in the antiallodynic effect. Five, 50, and 100 nmol of 5IA occupied the 

thalamic nAChRs until 90 min after administration, while the antiallodynic 

effect diminished. Five nanomoles of 5IA (which occupied 40% of thalamic 

nAChRs) showed a significant antiallodynic effect (percentage of the maximal 
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possible effect (%MPE): 35 ± 7) after the second administration, while 50 nmol 

of 5IA (which occupied 80% of thalamic nAChRs) did not (%MPE: 7 ± 1) . 

These findings suggest that not clearance of 5IA but desensitization of nAChRs 

caused by persistent binding of 5IA is responsible for the disappearance of 

antiallodynic effects. 
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Text 

INTRODUCTION 

Nicotinic acetylcholine receptors (nAChRs) are a family of ligand-gated ion 

channels that regulate neurotransmission in the central and peripheral nervous 

systems. The central nAChRs are pentameric complexes consisting of various α 

(α2–α10) and β (β2–β4) subunits, with the heteromeric α4β2 isoform being the 

most abundant nAChR subtype in the mammalian brain (Dwoskin et al., 2009). 

Indeed, it has been suggested that at least 90% of neuronal nAChRs in the brain 

are α4β2 nAChRs (Flores et al., 1992; Lindstrom et al., 1995). The homomeric 

α7 isoform is the second most abundant nAChR subtype in the brain. These 

receptors are implicated not only in various brain functions, such as cognition, 

memory and learning, but also in many diseases, e.g., Alzheimer’s disease 

(Court et al., 2000; Paterson and Nordberg, 2000). Thus, clarifying how nAChRs 

are associated with physiological or pathological function has been of great 

interest. 

5-[
123/125

I]iodo-3-(2(S)-azetidinylmethoxy)pyridine ([
123/125

I]5IA) is one 

of the tools that can make such researches possible. This compound is a 

radiolabeled form of 5IA, which is a derivative of A-85380, iodinated at the 

5-position of the pyridine ring. [
123/125

I]5IA is a nAChR imaging probe with high 

selectivity and specificity for α4β2 nAChRs not only in rodents but also in 
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humans (Mamede et al., 2004; Ogawa et al., 2009), and it has a relatively good 

safety profile (Brasic et al., 2009; Ueda et al., 2004). In fact, some 

methodologies have been developed for the noninvasive imaging and 

quantification of nAChR density in vivo (Fujita et al., 2003; Mamede et al., 

2004; Staley et al., 2005). By using these techniques, changes in the nAChR 

density of living humans have been found, e.g., decrease in Alzheimer’s disease 

and Parkinson’s disease (Mitsis et al., 2009b; Oishi et al., 2007); age-related 

decline (Mitsis et al., 2009a); and upregulation and recovery after smoking 

cessation (Mamede et al., 2007; Mukhin et al., 2008). 

Moreover, 5IA acts as a nAChR agonist, and a neuroprotective effect and 

an analgesic effect of 5IA have been reported (Ueda et al., 2008; Ueda et al., 

2010). The biodistribution and metabolism of [
123/125

I]5IA are both similar to 

those of 5IA because [
123/125

I]5IA is a radiolabeled analogue of 5IA. Accordingly, 

pharmacokinetics, receptor occupancy, and binding potential (an index of 

nAChR density) of 5IA can be easily measured using [
123/125

I]5IA. Studies using 

5IA have the advantage of pharmacodynamic effects being directly compared to 

the pharmacokinetic profile of the compound. 

Recently, we demonstrated an upregulation of thalamic nAChRs in a 

model of chronic pain. Moreover, we found that intrathalamic administration of 

5IA attenuated tactile allodynia in a dose-dependent manner and that the 
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blockade of thalamic nAChRs reduced the antiallodynic effect of 5IA 

administered by an intracerebroventricular (i.c.v.) route (Ueda et al., 2010). 

These findings indicate that thalamic nAChRs are potentially where the 

antinociceptive action of 5IA is produced. Therefore, we focused on nAChRs in 

the thalamus and aimed to reveal the in vivo relationship between thalamic 

nAChR occupancy rates and antiallodynic effects in a rat model of neuropathic 

pain. Since it has been reported that A-85380 acts on both peripheral and central 

nAChRs, and shows antiallodynic effects after i.p. administration (Rueter et al., 

2003), we adopted i.c.v. administration instead of systemic administration in 

order to evaluate the antiallodynic effect associated only with thalamic nAChRs. 

The similarity between 5IA and [
123/125

I]5IA has a great advantage that enables 

us to evaluate the relationship between pharmacological effects and receptor 

occupancy directly and with great precision. In the present study, we measured 

the occupancy rates of thalamic nAChRs by 5IA and compared the results with 

antiallodynic effects. 

 

 

MATERIALS AND METHODS 

Animals 

Animal experiments were conducted in accordance with our institutional 
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guidelines. Experimental procedures were approved by the Kyoto University 

Animal Care Committee. 

Male Sprague-Dawley rats weighing 200–250 g were purchased from 

Japan SLC Co., Ltd. (Hamamatsu, Japan). The animals were kept at a constant 

ambient temperature under a 12-hr light/dark cycle with free access to food and 

water. 

 

Reagents 

 Iodine-125 radionuclide was purchased from PerkinElmer, Inc (Waltham, 

MA). (–)-Cytisine was purchased from Sigma-Aldrich, Co (St. Louis, MO). 5IA 

and [
125

I]5IA were synthesized according to a previously published method (Saji 

et al., 2002). The specific radioactivity of [
125

I]5IA was determined from the UV 

absorbance at 254 nm as more than 55 GBq/μmol (the limit with detection of 

this method). Drugs were administered to animals as physiological saline 

solution. All other chemicals used were of reagent grade. 

 

Surgical operation 

Neuropathic pain was established by a partial sciatic nerve ligation (PSL) 

according to a previously published method (Seltzer et al., 1990; Ueda et al., 

2010). Under sodium pentobarbital anesthesia (50 mg/kg, intraperitoneally 
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[i.p.]), the right sciatic nerve was exposed just distal to the branch leading to the 

posterior biceps femoris/semitendinosus muscles. A 7-0 silk suture was inserted 

into the nerve and tightly ligated so that the dorsal 1/3 to 1/2 of the nerve was 

trapped in the ligature. 

 After recovery from PSL surgery, the rats were implanted with a stainless 

steel guide cannula (outside diameter [o.d.] 0.7 mm, inside diameter [i.d.] 0.38 

mm) under sodium pentobarbital (50 mg/kg, i.p.) anesthesia for i.c.v. 

administration. The rats were placed into a stereotaxic apparatus (SR-5, 

Narishige Co., Ltd., Tokyo, Japan) and unilaterally implanted with a guide 

cannula above the lateral ventricle (0.8 mm posterior and 1.5 mm lateral to 

bregma, 2.0 mm below the outer surface of the skull). The stereotaxic 

coordinates were guided by referring to the Atlas of Paxinos and Watson 

(Paxinos and Watson, 2005). The guide cannula was held firmly in place by 

dental acrylic cement. After surgery, the rats were individually returned to their 

cages and left to recover for 5 days or more until the following experiments. 

 

von Frey filament test 

Just before and 2 weeks after PSL, tactile sensitivity was measured using 

a calibrated von Frey filament ranging from 0.04–26 g (North Coast Medical, 

Morgan Hill, CA) as described previously (Ueda et al., 2010). Briefly, the 
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animals were individually placed on an elevated wire mesh floor for testing. 

After a habituation period of 15–30 min, a tactile stimulus was applied to the 

middle plantar of the each paw by placing the von Frey filament perpendicular to 

the surface of the paw. The filament was held in this position with enough force 

to cause a slight bend. One trial involved 10 applications of filaments every 1 to 

2 sec. The threshold was determined to be the filament of the lowest stiffness, at 

which the rat responded (quick paw flick) in one or more of the trials. Rats that 

showed a lower threshold than preoperatively were considered to be 

demonstrating allodynia, and they were used in the following studies. 

 

Effect of 5IA on tactile allodynia 

 For single administration, an injection cannula (o.d. 0.35 mm, i.d. 0.18 

mm) was inserted 5.0 mm below the surface of the skull along the guide cannula. 

Various concentrations of 5IA (1, 3, 5, 10, 50, and 100 nmol dissolved in 5 μL of 

saline) or vehicle were then infused at 5 μL/rat with a constant rate of 10 μL/min 

by using a microsyringe pump (EP-60, Eicom Corporation, Kyoto, Japan). Each 

group consisted of four to six animals. The injection cannula was retained in 

place for an additional 1 min to prevent a backflow of the drugs. Just before and 

15, 30, 60, and 90 min after administration, tactile allodynia of the ligated paws 

was evaluated using the von Frey filament test. The results were expressed as a 
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percentage of the maximal possible effect (%MPE) according to the following 

equation: 

 

%MPE =

Post-drug threshold – Pre-drug threshold

Cut-off (26 g) – Pre-drug threshold

X 100%MPE =

Post-drug threshold – Pre-drug threshold

Cut-off (26 g) – Pre-drug threshold

X 100

 

 

For repetitive administration, the injection cannula was inserted, and an 

initial injection (5 or 50 nmol of 5IA dissolved in 5 μL of saline or vehicle) was 

performed using the method described above. A second injection of the same 

dose as that initially used was given 70 min later. Both groups consisted of four 

animals. Just before and 15, 30, 60, 85, 100, 130, and 160 min after the initial 

injection, tactile allodynia of the ligated paws was evaluated using the von Frey 

filament test, and %MPE values were calculated. 

 

Autoradiographic study 

For calculation of receptor occupancy, allodynia-expressing rats received 

an i.c.v. injection containing 370 kBq of [
125

I]5IA with a vehicle or various 

concentrations of 5IA (1, 3, 5, 10, 50, and 100 nmol) concomitantly (n = 5–6 in 

each group). The injected volume was 5 μL. Fifteen or 90 min later, they were 

decapitated. Their brains were quickly removed, frozen in hexane (–80°C), and 

cut into 20 μm-thick coronal sections with a cryostat (JUNG CM3000, Leica 
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Microsystems GmbH, Wetzlar, Germany). Autoradiograms were obtained, and 

quantitative analyses were performed according to a previously reported method 

(Kudo et al., 2009; Ueda et al., 2010). The data were expressed as a percentage 

of injected doses per gram of tissue (%ID/g) based on the data derived from 
125

I 

autoradiographic microscale standards (Amersham Biosciences, 

Buckinghamshire, UK). Regions of interest were drawn over the thalamus, and 

the accumulated total radioactivity (%ID/gT) was determined. Nonspecifically 

accumulated radioactivity (%ID/gNS) was also determined using rats that were 

administered (–)-cytisine (1 mg/kg, 200 μL) intravenously for 5 min prior to i.c.v. 

injection of [
125

I]5IA. The binding of [
125

I]5IA was completely blocked by 

administering (–)-cytisine via this route in our previous study (Saji et al., 2002). 

For the time course study of [
125

I]5IA accumulation in the thalamus, 

normal rats received an i.c.v. injection containing 370 kBq/5 μL of [
125

I]5IA (n = 

5–6 in each group). Five, 15, 30, 60, and 90 min later, they were decapitated, and 

the following procedures were performed in a similar manner as described 

above. 

 

Data Analyses 

 Receptor occupancy was calculated as per previous reports (Liu et al., 

2009; Miller et al., 2009) with a slight modification. The previous reports 
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regarded binding of the probes in the reference region as nonspecific binding. 

However, in lacking an nAChR reference region, we used (–)-cytisine 

overloading to quantify the nonspecific binding of [
125

I]5IA. The specific 

accumulation (%ID/gS) of [
125

I]5IA in the thalamus was obtained by subtracting 

the nonspecific accumulation from the corresponding total accumulation 

(%ID/gT – %ID/gNS). The specific accumulation to nonspecific accumulation 

ratio (SNR) was determined by dividing the specific accumulation by the 

nonspecific accumulation (%ID/gS / %ID/gNS). The receptor occupancy rate was 

then calculated according to following equation: 

% Occupancy =

SNRvehicle – SNR5IA-loaded

SNRvehicle

X 100

 

 

Statistical Analyses 

 Analyses of the data from the von Frey filament test were performed 

using two-way analysis of variance (ANOVA) with repeated measures. If there 

was a significant difference, post hoc one-way ANOVA followed by the 

Tukey-Kramer multiple comparison test was performed using each treatment 

combination as an independent group. Correlation coefficients were assessed 

with Spearman rank correlation coefficients. Differences were considered 

significant at p < 0.05. 
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RESULTS 

Antiallodynic effect of single administration of 5IA 

 Paw withdrawal thresholds decreased from 12.2 ± 1.3 g to 3.4 ± 0.4 g in 

ligated paws. Effects of i.c.v. administeration of 5IA on paw withdrawal 

thresholds are shown in Fig 1. Two-way ANOVA demonstrated significant main 

effects of treatment (F6, 118 = 4.55, P = 0.002) and time (F3, 118 = 24.2, P < 0.001), 

and a significant interaction between treatment and time (F18, 118 = 3.10, P < 

0.001). A significant and dose-dependent antiallodynic effect was observed 15 

min and 30 min after administration (vehicle: 3 ± 6, 50 nmol: 62 ± 17, 100 nmol: 

65 ± 15 at 15 min). On the other hand, the effects were disappeared 90 min after 

administration (vehicle: –2 ± 3, 100 nmol: –1 ± 3) (Fig. 1). 

 

Relationship between thalamic nAChR occupancy by 5IA and antiallodynic 

effect 

  The time course study revealed that the specific accumulation of 

[
125

I]5IA in the thalamus increased in a time-dependent manner, and reached a 

plateau (1.5 ± 0.3% ID/g) at 30 min after administration. Next, thalamic nAChR 

occupancy by 5IA was determined 15 min and 90 min after i.c.v. administration. 
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The results are shown in Table 1. Both nAChR occupancy rates and 

antiallodynic effect reached a plateau at 50 or 100 nmol of 5IA. Fig. 2 shows a 

relationship between nAChR occupancy and antiallodynic effect at 15 min after 

i.c.v. administration, revealing a high positive correlation between them (r = 

0.97, P < 0.05). On the other hand, receptor occupancy rates did not decrease at 

90 min after administration, although the antiallodynic effects were disappeared. 

 

Antiallodynic effect of repetitive administered 5IA 

 We administered 5IA at 0 and 70 min, and performed the von Frey 

filament test. Two-way ANOVA demonstrated significant main effects of 

treatment (F2, 63 = 14.5, P = 0.002) and time (F6, 63 = 7.48, P < 0.001), and a 

significant interaction between treatment and time (F12, 63 = 6.73, P < 0.001). 

When administered 5 nmol of 5IA, which occupied about 40% of nAChRs in the 

thalamus, a significant antiallodynic effect was observed at 15 min (vehicle: –5 

± 5, 5 nmol: 21 ± 2). The effect diminished completely at 60 min (vehicle: 0.1 ± 

4, 5 nmol: 1 ± 4). Fifteen minutes after the second administration at 70 min, a 

significant antiallodynic effect was observed again (vehicle: –1 ± 7, 5 nmol: 35 

± 7).  

When 50 nmol of 5IA was administered, which occupied approximately 

80% of nAChRs in the thalamus, a significant antiallodynic effect was also 
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found at 15 min (50 nmol: 51 ± 5), and the effect decreased at 60 min (50 nmol: 

2 ± 2). In contrast to the significant antiallodynic effects observed after both the 

initial and second administration of 5 nmol of 5IA, repetitive administration of 

50 nmol of 5IA did not produce an antiallodynic effect at 85 min (15 min after 

the second administration) (50 nmol: 7 ± 1). 

 

 

DISCUSSION 

Numerous studies have shown the antinociceptive effects of nicotine in a 

variety of preclinical pain models (Iwamoto and Marion, 1993; Jain, 2004; 

Kiguchi et al., 2008). However, antinociception in animals has been typically 

found to be of limited duration and attenuated with repeated dosing (Decker et 

al., 2004). Epibatidine also has been found to have a relatively short duration of 

action, with a substantial decay in effects observed within the first 30 min after 

administration—although it is a very potent antinociceptive agent with 

broad-spectrum activity (Gilbert et al., 2001). Antinociceptive effects of other 

nAChR agonists (A-85380 and ABT-594) have also been found to diminish until 

120 min after administration (Bannon et al., 1998; Rueter et al., 2003). Thus, the 

relatively short duration of action has been suggested as a common problem of 

nAChR agonists. 
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In the present study, we demonstrated a dose-dependent antiallodynic 

effect of 5IA 15 min after i.c.v. administration. The effect disappeared 60 min or 

90 min after administration. These results are consistent with our previous report. 

Since the maximum antiallodynic effect was observed 15 min after 

administration, we measured receptor occupancy rates at the same time point and 

compared them with each other. In result, a high positive correlation was 

observed between them in the thalamus (Fig. 2). This result is consistent with 

our previous finding that the nAChRs expressed in the thalamus mediated the 

antiallodynic effect (Ueda et al., 2010). 

We then attempted to explore the reason why the antiallodynic effect of 

5IA disappeared at 90 min after administration. The examination of temporal 

changes in thalamic [
125

I]5IA accumulation revealed that, rather than decreasing, 

[
125

I]5IA accumulation increased in a time-dependent manner, reaching a plateau 

at 30 min. Furthermore, the receptor occupancy rates at 90 min tended to be 

greater than those at 15 min (Table 1). A time-dependent clearance from the 

thalamus of 5IA not bound to nAChRs may be responsible for the increase in 

receptor occupancy rates. These results demonstrated that 5IA continues binding 

to nAChRs in the thalamus for at least 90 min after i.c.v. administration. Thus, 

the disappearance of antiallodynic effects was not due to the clearance of 5IA 

from the thalamus. 
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It is well known that nAChRs can undergo desensitization, a reversible 

reduction in response during sustained agonist application. Buisson et al. found 

that recovery from epibatidine-induced desensitization is very slow using a cell 

line stably expressed nAChRs. The authors suggested that epibatidine may have 

remained tightly bound to nAChRs in a non-activatable state because of its 

extremely high affinity (Buisson et al., 2000). In an in vivo experiment, the 

repetitive administration of epibatidine intrathecally within 30 min actually 

resulted a significant reduction of apparent antinociceptive effects (Khan et al., 

1998). Thus, epibatidine may induce desensitization of nAChRs by binding to 

them persistently in vivo.  

For this reason, we examined the possibility of desensitization of 

nAChRs caused by the persistent binding of 5IA. The similarity between 5IA 

and [
125

I]5IA is an appropriate property to use for deciding on the two doses of 

5IA: one is the dose used to produce a significant antiallodynic effect with full 

receptor occupancy; and the other is the dose used to produce a significant 

antiallodynic effect with leaving unoccupied nAChRs. Based on the results 

shown in Fig. 2, we decided on the following two dosages: a dose of 5 nmol, 

which had shown half-maximal occupancy rates; and a dose of 50 nmol, which 

had shown the maximal occupancy rates. When administered 5 nmol of 5IA, 

approximately 50% of nAChRs in the thalamus were occupied 90 min after the 
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initial administration. Therefore, 50% of the nAChRs in the thalamus probably 

existed still free at the second administration. With these unoccupied nAChRs, 

5IA could bind them and produce an antiallodynic effect again after the second 

administration. Conversely, 50 nmol of 5IA already occupied 80% of the 

nAChRs, with almost all the receptors kept occupying and temporarily inactive 

at the second administration. There were probably few available nAChRs in the 

thalamus; and thus, the second 5IA administration could not produce a 

significant effect. 

 Many studies have shown that α4-subunit-containing nAChRs, probably 

α4β2 nAChRs, play an important role in nAChR-mediated antinociception 

(Bitner et al., 1998; Bitner et al., 2000; Marubio et al., 1999). Since it has been 

reported that α4β2 nAChRs desensitize slowly (in terms of seconds) but are very 

prone to desensitization (Giniatullin et al., 2005), the relatively short duration of 

the antiallodynic effect produced by nAChR agonists was accounted for by the 

desensitization of α4β2 nAChRs. This suggests that there may be therapeutic 

benefits of positive allosteric modulators (PAMs) of α4β2 nAChRs, although 

the therapeutic potential of α4β2 nAChRs has been amply documented through 

use of selective agonists (Decker et al., 2004; Jain, 2004; Rowbotham et al., 

2009). PAMs would not be expected to induce cumulative receptor 

desensitization and should act in a manner consistent with the timing and 
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localization of endogenous cholinergic neurotransmission. For such reasons, the 

research efforts of pharmaceutical companies are now also focused on PAMs 

(Changeux, 2010; Taly et al., 2009). 

The involvement of α7 nAChRs in antinociceptive effects is controversial. 

Some studies have found α7-nAChR ligands to be efficacious (Young et al., 

2008) while others have not (Gao et al., 2010). Muhkin et al. reported that the 

α7/α4β2 affinity ratio of 5IA, calculated from the Ki value, was 25,000, 

indicating a high selectivity of 5IA for α4β2 nAChRs (Mukhin et al., 2000). 

Perry et al. have reported that nAChRs expressed in the thalamus are mainly of 

the α4β2 subtype (Perry et al., 2002), and thus the antiallodynic effect observed 

when 5IA bound to thalamic nAChRs was probably mediated via α4β2 nAChRs. 

However, 5IA might act on α7 and/or other nAChRs expressed in extrathalamic 

(central) or peripheral regions after the systemic administration of large doses in 

vivo. Relationships between receptor occupancy rates in these regions and 

antiallodynic effects remain uncertain. 

In summary, we measured the thalamic nAChR occupancy rates by 5IA in 

the PSL model of neuropathic pain, and then compared them to antiallodynic 

effects. A significant and dose-dependent antiallodynic effect was observed 15 

min after i.c.v. administration of 5IA. It was highly correlated with receptor 

occupancy rates, consistent with our previous finding that nAChRs expressed in 
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the thalamus mediate the antiallodynic effect. On the other hand, the 

antiallodynic effect was diminished in a short time, although thalamic nAChRs 

were kept occupying by 5IA 90 min after administration. A low dose of 5IA 

(which showed low receptor occupancy rates) exhibited a significant 

antiallodynic effect after the second administration, while a high dose of 5IA 

(which occupied almost all the thalamic nAChRs) showed no effect. These 

findings suggest that not clearance of 5IA but desensitization of nAChRs caused 

by persistent binding of 5IA is responsible for the disappearance of the 

antiallodynic effect.  

 



 22 

Acknowledgements 

This work was supported in part by a Grant-in-Aid for Scientific Research (A) 

(19209041) and a Grant-in-Aid for Young Scientists (B) (19790869) from the 

Ministry of Education, Culture, Sports, Science and Technology of Japan and a 

grant from the Smoking Research Foundation. 

 



 23 

References 

Bannon AW, Decker MW, Kim DJ, Campbell JE, Arneric SP. 1998. ABT-594, a 

novel cholinergic channel modulator, is efficacious in nerve ligation and 

diabetic neuropathy models of neuropathic pain. Brain Res 801:158-163. 

Bitner RS, Nikkel AL, Curzon P, Arneric SP, Bannon AW, Decker MW. 1998. 

Role of the nucleus raphe magnus in antinociception produced by 

ABT-594: immediate early gene responses possibly linked to neuronal 

nicotinic acetylcholine receptors on serotonergic neurons. J Neurosci 

18:5426-5432. 

Bitner RS, Nikkel AL, Curzon P, Donnelly-Roberts DL, Puttfarcken PS, 

Namovic M, Jacobs IC, Meyer MD, Decker MW. 2000. Reduced nicotinic 

receptor-mediated antinociception following in vivo antisense 

knock-down in rat. Brain Res 871:66-74. 

Brasic JR, Zhou Y, Musachio JL, Hilton J, Fan H, Crabb A, Endres CJ, 

Reinhardt MJ, Dogan AS, Alexander M, Rousset O, Maris MA, Galecki J, 

Nandi A, Wong DF. 2009. Single photon emission computed tomography 

experience with (S)-5-[
123

I]iodo-3-(2-azetidinylmethoxy)pyridine in the 

living human brain of smokers and nonsmokers. Synapse 63:339-358. 

Buisson B, Vallejo YF, Green WN, Bertrand D. 2000. The unusual nature of 

epibatidine responses at the alpha4beta2 nicotinic acetylcholine receptor. 



 24 

Neuropharmacology 39:2561-2569. 

Changeux JP. 2010. Allosteric receptors: from electric organ to cognition. Annu 

Rev Pharmacol Toxicol 50:1-38. 

Court JA, Martin-Ruiz C, Graham A, Perry E. 2000. Nicotinic receptors in 

human brain: topography and pathology. J Chem Neuroanat 20:281-298. 

Decker MW, Rueter LE, Bitner RS. 2004. Nicotinic acetylcholine receptor 

agonists: a potential new class of analgesics. Curr Top Med Chem 

4:369-384. 

Dwoskin LP, Smith AM, Wooters TE, Zhang Z, Crooks PA, Bardo MT. 2009. 

Nicotinic receptor-based therapeutics and candidates for smoking 

cessation. Biochem Pharmacol 78:732-743. 

Flores CM, Rogers SW, Pabreza LA, Wolfe BB, Kellar KJ. 1992. A subtype of 

nicotinic cholinergic receptor in rat brain is composed of alpha 4 and beta 

2 subunits and is up-regulated by chronic nicotine treatment. Mol 

Pharmacol 41:31-37. 

Fujita M, Ichise M, Van Dyck CH, Zoghbi SS, Tamagnan G, Mukhin AG, 

Bozkurt A, Seneca N, Tipre D, DeNucci CC, Iida H, Vaupel DB, Horti AG, 

Koren AO, Kimes AS, London ED, Seibyl JP, Baldwin RM, Innis RB. 

2003. Quantification of nicotinic acetylcholine receptors in human brain 

using [
123

I]5-I-A-85380 SPET. Eur J Nucl Med Mol Imaging 



 25 

30:1620-1629. 

Gao B, Hierl M, Clarkin K, Juan T, Nguyen H, Valk M, Deng H, Guo W, Lehto 

SG, Matson D, McDermott JS, Knop J, Gaida K, Cao L, Waldon D, 

Albrecht BK, Boezio AA, Copeland KW, Harmange JC, Springer SK, 

Malmberg AB, McDonough SI. 2010. Pharmacological effects of 

nonselective and subtype-selective nicotinic acetylcholine receptor 

agonists in animal models of persistent pain. Pain 149:33-49. 

Gilbert SD, Clark TM, Flores CM. 2001. Antihyperalgesic activity of epibatidine 

in the formalin model of facial pain. Pain 89:159-165. 

Giniatullin R, Nistri A, Yakel JL. 2005. Desensitization of nicotinic ACh 

receptors: shaping cholinergic signaling. Trends Neurosci 28:371-378. 

Iwamoto ET, Marion L. 1993. Adrenergic, serotonergic and cholinergic 

components of nicotinic antinociception in rats. J Pharmacol Exp Ther 

265:777-789. 

Jain KK. 2004. Modulators of nicotinic acetylcholine receptors as analgesics. 

Curr Opin Investig Drugs 5:76-81. 

Khan IM, Buerkle H, Taylor P, Yaksh TL. 1998. Nociceptive and antinociceptive 

responses to intrathecally administered nicotinic agonists. 

Neuropharmacology 37:1515-1525. 

Kiguchi N, Maeda T, Tsuruga M, Yamamoto A, Yamamoto C, Ozaki M, 



 26 

Kishioka S. 2008. Involvement of spinal Met-enkephalin in 

nicotine-induced antinociception in mice. Brain Res 1189:70-77. 

Kudo T, Ueda M, Kuge Y, Mukai T, Tanaka S, Masutani M, Kiyono Y, 

Kizaka-Kondoh S, Hiraoka M, Saji H. 2009. Imaging of HIF-1-Active 

Tumor Hypoxia Using a Protein Effectively Delivered to and Specifically 

Stabilized in HIF-1-Active Tumor Cells. J Nucl Med 50:942-949. 

Lindstrom J, Anand R, Peng X, Gerzanich V, Wang F, Li Y. 1995. Neuronal 

nicotinic receptor subtypes. Ann N Y Acad Sci 757:100-116. 

Liu X, Vilenski O, Kwan J, Apparsundaram S, Weikert R. 2009. Unbound brain 

concentration determines receptor occupancy: a correlation of drug 

concentration and brain serotonin and dopamine reuptake transporter 

occupancy for eighteen compounds in rats. Drug Metab Dispos 

37:1548-1556. 

Mamede M, Ishizu K, Ueda M, Mukai T, Iida Y, Fukuyama H, Saga T, Saji H. 

2004. Quantification of human nicotinic acetylcholine receptors with 

123
I-5IA SPECT. J Nucl Med 45:1458-1470. 

Mamede M, Ishizu K, Ueda M, Mukai T, Iida Y, Kawashima H, Fukuyama H, 

Togashi K, Saji H. 2007. Temporal change in human nicotinic 

acetylcholine receptor after smoking cessation: 5IA SPECT study. J Nucl 

Med 48:1829-1835. 



 27 

Marubio LM, del Mar Arroyo-Jimenez M, Cordero-Erausquin M, Lena C, Le 

Novere N, de Kerchove d'Exaerde A, Huchet M, Damaj MI, Changeux JP. 

1999. Reduced antinociception in mice lacking neuronal nicotinic receptor 

subunits. Nature 398:805-810. 

Miller TR, Milicic I, Bauch J, Du J, Surber B, Browman KE, Marsh K, Cowart 

M, Brioni JD, Esbenshade TA. 2009. Use of the H3 receptor antagonist 

radioligand [
3
H]-A-349821 to reveal in vivo receptor occupancy of 

cognition enhancing H3 receptor antagonists. Br J Pharmacol 

157:139-149. 

Mitsis EM, Cosgrove KP, Staley JK, Bois F, Frohlich EB, Tamagnan GD, Estok 

KM, Seibyl JP, van Dyck CH. 2009a. Age-related decline in nicotinic 

receptor availability with [
123

I]5-IA-85380 SPECT. Neurobiol Aging 

30:1490-1497. 

Mitsis EM, Reech KM, Bois F, Tamagnan GD, Macavoy MG, Seibyl JP, Staley 

JK, van Dyck CH. 2009b. 
123

I-5-IA-85380 SPECT imaging of nicotinic 

receptors in Alzheimer disease and mild cognitive impairment. J Nucl Med 

50:1455-1463. 

Mukhin AG, Gundisch D, Horti AG, Koren AO, Tamagnan G, Kimes AS, 

Chambers J, Vaupel DB, King SL, Picciotto MR, Innis RB, London ED. 

2000. 5-Iodo-A-85380, an alpha4beta2 subtype-selective ligand for 



 28 

nicotinic acetylcholine receptors. Mol Pharmacol 57:642-669. 

Mukhin AG, Kimes AS, Chefer SI, Matochik JA, Contoreggi CS, Horti AG, 

Vaupel DB, Pavlova O, Stein EA. 2008. Greater nicotinic acetylcholine 

receptor density in smokers than in nonsmokers: a PET study with 

2-
18

F-FA-85380. J Nucl Med 49:1628-1635. 

Ogawa M, Tsukada H, Hatano K, Ouchi Y, Saji H, Magata Y. 2009. Central in 

vivo nicotinic acetylcholine receptor imaging agents for positron emission 

tomography (PET) and single photon emission computed tomography 

(SPECT). Biol Pharm Bull 32:337-340. 

Oishi N, Hashikawa K, Yoshida H, Ishizu K, Ueda M, Kawashima H, Saji H, 

Fukuyama H. 2007. Quantification of nicotinic acetylcholine receptors in 

Parkinson's disease with 
123

I-5IA SPECT. J Neurol Sci 256:52-60. 

Paterson D, Nordberg A. 2000. Neuronal nicotinic receptors in the human brain. 

Prog Neurobiol 61:75-111. 

Paxinos G, Watson C. 2005. The Rat Brain in Stereotaxic Coordinates, 5th Ed. 

San Diego: Elsevier Academic Press. 

Perry DC, Xiao Y, Nguyen HN, Musachio JL, Davila-Garcia MI, Kellar KJ. 

2002. Measuring nicotinic receptors with characteristics of alpha4beta2, 

alpha3beta2 and alpha3beta4 subtypes in rat tissues by autoradiography. J 

Neurochem 82:468-481. 



 29 

Rowbotham MC, Duan WR, Thomas J, Nothaft W, Backonja MM. 2009. A 

randomized, double-blind, placebo-controlled trial evaluating the efficacy 

and safety of ABT-594 in patients with diabetic peripheral neuropathic 

pain. Pain 146:245-252. 

Rueter LE, Kohlhaas KL, Curzon P, Surowy CS, Meyer MD. 2003. Peripheral 

and central sites of action for A-85380 in the spinal nerve ligation model 

of neuropathic pain. Pain 103:269-276. 

Saji H, Ogawa M, Ueda M, Iida Y, Magata Y, Tominaga A, Kawashima H, 

Kitamura Y, Nakagawa M, Kiyono Y, Mukai T. 2002. Evaluation of 

radioiodinated 5-iodo-3-(2(S)-azetidinylmethoxy)pyridine as a ligand for 

SPECT investigations of brain nicotinic acetylcholine receptors. Ann Nucl 

Med 16:189-200. 

Seltzer Z, Dubner R, Shir Y. 1990. A novel behavioral model of neuropathic pain 

disorders produced in rats by partial sciatic nerve injury. Pain 43:205-218. 

Staley JK, van Dyck CH, Weinzimmer D, Brenner E, Baldwin RM, Tamagnan 

GD, Riccardi P, Mitsis E, Seibyl JP. 2005. 
123

I-5-IA-85380 SPECT 

measurement of nicotinic acetylcholine receptors in human brain by the 

constant infusion paradigm: feasibility and reproducibility. J Nucl Med 

46:1466-1472. 

Taly A, Corringer PJ, Guedin D, Lestage P, Changeux JP. 2009. Nicotinic 



 30 

receptors: allosteric transitions and therapeutic targets in the nervous 

system. Nat Rev Drug Discov 8:733-750. 

Ueda M, Iida Y, Kitamura Y, Kawashima H, Ogawa M, Magata Y, Saji H. 2008. 

5-Iodo-A-85380, a specific ligand for alpha4beta2 nicotinic acetylcholine 

receptors, prevents glutamate neurotoxicity in rat cortical cultured neurons. 

Brain Res 1199:46-52. 

Ueda M, Iida Y, Mukai T, Mamede M, Ishizu K, Ogawa M, Magata Y, Konishi J, 

Saji H. 2004. 5-[
123

I]Iodo-A-85380: assessment of pharmacological safety, 

radiation dosimetry and SPECT imaging of brain nicotinic receptors in 

healthy human subjects. Ann Nucl Med 18:337-344. 

Ueda M, Iida Y, Tominaga A, Yoneyama T, Ogawa M, Magata Y, Nishimura H, 

Kuge Y, Saji H. 2010. Nicotinic acetylcholine receptors expressed in the 

ventral posterolateral thalamic nucleus play an important role in 

anti-allodynic effects. Br J Pharmacol 159:1201-1210. 

Young T, Wittenauer S, Parker R, Vincler M. 2008. Peripheral nerve injury alters 

spinal nicotinic acetylcholine receptor pharmacology. Eur J Pharmacol 

590:163-169. 

 



 31 

Table 1. Thalamic nAChR occupancy by 5IA after i.c.v. administraion 

dose (nmol) %RO at 15 min %RO at 90 min 

1 14 ± 7.1 n.d. 

3 22 ± 8.8 n.d. 

5 41 ± 21 55 ± 1.4 

10 63 ± 10 n.d. 

50 79 ± 7.0 94 ± 1.3 

100 81 ± 6.9 99 ± 0.5 

Data represent the mean ± SEM for five to six animals per group. 

%RO: % receptor occupancy; n.d.: not determined. 
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Figure 1 
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Effects of multiple doses of 5IA on neuropathic tactile allodynia. 5IA was 

administered i.c.v. at time 0. Data are presented as a percentage of maximum 

possible effect (% MPE). Each point represents the mean ± SEM of ligated paws 

of four to six animals per group. *P < 0.05, **P < 0.01 vs. vehicle, #P < 0.05 vs. 

1 nmol of 5IA, †p < 0.05 vs. 3 nmol of 5IA at same time point.  
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Figure 2 
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Correlation between antiallodynic effect and receptor occupancy at 15 min after 

i.c.v. administration of 5IA. The ordinate indicates the antiallodynic effect of 

multiple doses of 5IA and the abscissa indicates thalamic nAChR occupancy by 

the same doses of 5IA. The number in parentheses is the amount of 5IA 

administered. Each point represents the mean for four to six animals per group. 

The correlation coefficient (r) is 0.97, indicating a significant high correlation (P 

< 0.05). MPE, maximal possible effect. 
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Figure 3  

 

 

 

 

 

 

 

 

Antiallodynic effect of 5IA on neuropathic tactile allodynia after repetitive i.c.v. 

administration. The arrow indicates the time point of second administration (70 

min after first administration). Data are presented as a percentage of maximum 

possible effect (% MPE). Each point represents the mean ± SEM of the ligated 

paws of four animals per group. *P < 0.05, **P < 0.01 vs. vehicle, #P < 0.05, 

##P < 0.01 vs. 50 nmol of 5IA at the same time point. 
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