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INTRODUCTION

THE SIGMA RECEPTORS in the central nervous system are
implicated in psychoses and movement disorders,1,2 and
at least two subtypes, sigma1 and sigma2 receptors modu-
late responses to several neuroreceptor functions such as
dopaminergic, cholinergic and glutamatergic func-
tions.3–11 For the purpose of measurement of sigma recep-
tors by positron emission tomography (PET), we have
recently developed 1-([3-O-methyl-11C]3,4-dimethoxy-
phenethyl)-4-(3-phenylpropyl)piperazine ([11C]SA4503)
as a selective PET ligand for sigma1 receptors.12–15 Pre-
liminarily, we have successfully performed imaging of

the sigma1 receptors in the human brain by PET with
[11C]SA4503.16,17 In general, the neuroreceptor system
decreases with aging, and PET is a very powerful
technique for investigation of the aging process in hu-
mans.18–22  When we applied [11C]SA4503 to studying
the aging-related change of sigma1 receptors in the mon-
key brain by PET, we found an age-related increase of the
binding potential for [11C]SA4503.23 This in vivo binding
parameter includes both the affinity (dissociation con-
stant, Kd) and the maximal number of binding sites (Bmax)
of receptors.

In the present study, we investigated the age-related
changes of the binding of [3H]SA4503 to sigma1 recep-
tors in Fisher-344 rats. As for age-related changes in
sigma receptors, Wallace et al. found a higher density of
sigma receptor binding sites for nonselective [3H]1,3-di-
O-tolylguanidine ([3H]DTG) in aged rats (37-month-old)
than in young rats (4-month-old); however, they did not
evaluate separately Kd and Bmax values.24 On the other
hand, in postnatal developmental studies, Majewska et al.
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reported that both the affinity and density of sigma sites
in the rat brain remained constant throughout postnatal
day 1 to 1 year,25 while Matsumoto et al. described that
middle-aged rats (5–6 months old) had fewer sigma
binding sites with lower affinity for [3H]DTG than younger
adult rats (2- to 3-month-old).26 All the three groups
measured both sigma1 and sigma2 receptor subtypes
together using nonselective [3H]DTG or [3H]haloperidol
in the presence of spiperone to block ligand binding
to dopamine D2 receptors.24–26 Therefore, in the present
study, we measured the binding parameters of two sigma
receptor subtypes separately. For the assay of sigma1

receptors we used not only [3H]SA4503 but also [3H](+)-
pentazocine, because the competition in vivo in the bind-
ing of [11C]SA4503 and (+)-pentazocine to the sigma1

binding sites apparently differs from their competition in
vitro.12  For the assay of sigma2 receptors [3H]DTG was
used in the presence of (+)-pentazocine to block sigma1

binding sites. The use of [3H](+)-pentazocine and [3H]DTG
in the presence of (+)-pentazocine is a now standard meth-
od for measuring in vitro sigma1 and sigma2 receptors,
respectively.

MATERIALS AND METHODS

SA4503 and (+)-pentazocine were synthesized at Santen
Pharmaceutical Co. Ltd., (Osaka, Japan). 1,3-di-O-
tolylguanidine (DTG) was purchased from Research
Biochemicals International (Natick, MA, USA).
[3H]SA4503 was prepared by methylation of the respec-
tive demethyl compound with [3H]methyl iodide at
Amersham Pharmacia Biotech (Buckinghamshire, En-
gland) as described.12 [3H](+)-pentazocine and [3H]DTG
were obtained from NENTM Life Science Products (Bos-
ton, MA, USA).

Six-week-old and 6-, 12- and 24-month-old virgin male
Fischer-344 rats were supplied from the Department of
Laboratory Animal Science at the Tokyo Metropolitan
Institute of Gerontology. They were maintained in an
air-conditioned and light controlled environment (22°C,
12 h light and 12 h dark), with water and food ad libitum.
The animal studies were approved by the Animal Care
and Use Committee of the Tokyo Metropolitan Institute
of Gerontology.

Fig. 1    Saturation curves for the specific bound of the each radioligands in the rat brain homogenate.

Table 1   Binding parameters calculated from saturation experiment with three radioligands

Age (month)

1.5 6 12 24

Kd (nM)

[3H]SA4503 4.5 ± 0.1   9.5 ± 0.6   5.8 ± 0.6  16.9 ± 0.9**,##

[3H](+)-pentazocine 7.7 ± 0.4   6.8 ± 0.2   9.8 ± 1.0    9.7 ± 0.8#

[3H]DTG 10.8 ± 0.0   8.3 ± 0.0 15.2 ± 2.4  25.4 ± 0.4

Bmax (fmol/mg protein)

[3H]SA4503 234 ± 4 421 ± 24 545 ± 41 1069 ± 56**,##

[3H](+)-pentazocine 404 ± 15 449 ± 12 554 ± 47   622 ± 28**,##

[3H]DTG 162 ± 2 176 ± 1 204 ± 15   483 ± 6**,##

Data given are the means ± S.E. of three determinations. Dunnett’s multiple-range test was performed between
1.5- and 24-month-old rats and between 6- and 24-month-old rats. **p < 0.01 vs. 1.5 month-old group; and #p <
0.05 and ##p < 0.01 vs. 6 month-old group.
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Binding of [3H]S4503, [3H](+)-pentazocine and [3H]DTG
to the sigma receptors
Six rats of each of four groups were killed by cervical
dislocation, and membrane preparations from the whole
brain were prepared as described previously.27 The bind-
ing of [3H]SA4503 or [3H](+)-pentazocine to the sigma1

receptors and the binding of [3H]DTG to sigma2 receptors
in the presence of 200 nM (+)-pentazocine were deter-
mined as previously described.27 Specific binding was
determined by subtracting the binding in the presence of
each unlabeled ligand from the binding in its absence.
Each assay was conducted in triplicate, and each experi-
ment was repeated three times. The results are expressed
as mean ± S.E. The values of Kd and Bmax were calculated
by linear-squares regression analysis. The statistical
significance of differences between each group was deter-
mined by analysis of variance followed by Dunnett’s
multiple range comparison test.

RESULTS

Figure 1 shows the saturation analysis of each of the three
radioligands at each age. The specific binding increased
with age. The data on Kd and Bmax from the binding assay
with each of the three radioligands are summarized in
Table 1. The Kd values of the 24-month-old rats for each
radioligand were larger than those of the 1.5- and 6-
month-old rats: 3.7 and 1.8 fold for [3H]SA4503, 1.3 (not
significant) and 1.4 fold for [3H](+)-pentazocine and 3.0
and 2.8 fold for [3H]DTG. A similar age-dependent in-
crease was found for the Bmax values: 4.6 and 2.5 times for
[3H]SA4503, 1.5 and 1.4 times for [3H](+)-pentazocine,
and 3.0 and 2.8 times for [3H]DTG being significantly
affected by aging.

DISCUSSION

Recently, we found an age-related increase in the binding
potential for [11C]SA4503 in the monkey brain by PET.23

In the present study we found a similar age-related in-
crease in the [3H]SA4503 binding in the rat brain by the
in vitro membrane binding assay. The specific binding of
all three radioligands increased age-dependently (Fig. 1).
The affinity (Kd) was weaker in the 24-month-old rats
than in the 1.5- and 6-month-old rats, whereas the receptor
density (Bmax) increased age-dependently. The same
phenomena were also found for the binding of [3H](+)-
pentazocine to the sigma1 receptors, and for the binding of
[3H]DTG to the sigma2 receptors. The increase in the
binding sites in the aged rats compensates for the weaker
affinity for both sigma1 and sigma2 receptor subtypes, and
rather enhanced the radioligand-receptor binding.

As for the sigma1 receptors, the numbers of the sigma1

binding sites (Bmax) for [3H]SA4503 were more than those
for [3H](+)-pentazocine in the 24-month-old rats, al-
though they were comparable in the three other groups. A

possible explanation for this is that the selectivity of the
two compounds for sigma receptor subtypes is different.
SA4503 was developed by Matsuno et al. as a sigma1

receptor agonist having a comparable affinity but a slightly
less selectivity than (+)-pentazocine.27 The IC50 values of
SA4503 are 17.4 nM and 1,784 nM for sigma1 and sigma2

receptor subtypes, respectively, (sigma1/sigma2 selectiv-
ity = 103), whereas the corresponding values of (+)-
pentazocine are 13.7 nM and 2,875 nM (sigma1/sigma2

selectivity = 210).27 Thereby, the binding parameters of
[3H]SA4503 for sigma receptors might be affected to a
certain extent by the age-related change in the sigma2

receptor subtype. As another possibility, minor affinities
of µM order of the two ligands for other binding sites may
explain the difference between [3H]SA4503 binding and
[3H](+)-pentazocine binding; i.e. the affinity of (+)-
pentazocine for PCP sites28 and the affinity of SA4503
for α1 adrenoceptors27 and for dopamine D2 receptors.14

Bowen et al. (1989) hypothesized an allosteric model of
sigma-binding sites and suggested that sigma ligands
may interact with either a neuroleptic binding site or
(+)-benzomorphan-binding site on the sigma receptor
macromolecule.29  Therefore, an other explanation is that
the structural difference between (+)-pentazocine and
SA4503 affects the sigma1 receptor binding in the aged
rat. That is, the structure of SA4503, a piperazine com-
pound, may be more sensitive to sigma1 receptor binding
than that of (+)-pentazocine having a benzomorphane
structure due to age-related change.

On the other hand, the age-related decrease in the
dopaminergic, cholinergic and glutamatergic receptors is
well known in experimental animals8,30–32 and in hu-
mans.18–22 In addition, sigma receptors interact with these
neural transmission systems. For example, sigma recep-
tor ligands affected the extracellular concentration of
dopamine in the rat brain3,5,9 and sigma1 receptor agonists
increased dose-dependently the extracellular level of ace-
tylcholine in the rat brain.6,10 Therefore, our data suggest
that the increase in the sigma receptor density might
couple with the decrease in the activity of the dopa-
minergic, cholinergic and glutamatergic neurons with in-
creasing age, like the age-related concurrent changes in
dopamine D2 and sigma receptors suggested by Wallace
et al.24  In other words, the sigma receptors might be
increased to compensate for the decline of the function at
the dopaminergic, cholinergic and glutamatergic neu-
rons. As another possibility, the affinity (Kd) and the
density (Bmax) may be related to each other, with the num-
bers of sigma receptors increased to support the loss of
the receptor function due to the lower affinity of those
receptors with aging.

In the present study we used membrane preparation of
whole brain, because in vitro autoradiography33 with
[3H](+)-pentazocine and [3H]DTG and ex vivo autora-
diography12 with [11C]SA4503 showed widely distributed
binding sites in the brain. However, the autoradiographic
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evaluation make possible delineation of regional differ-
ences in age-related changes, which would help to make
clear the physiological significance of the sigma recep-
tors.

As for the age-related change of the sigma receptors in
the human brain, Kornhuber et al. found an age-related
decrease in the binding of [3H](+)-pentazocine to the
sigma1 receptors in post-mortem human frontal cortex.34

They reported that the sigma1 receptors in the human
cortex were not changed during storage for up to six years;
however, we preliminarily found that the storage of the
brain tissues of guinea pigs, not of membrane preparation,
decreased the sigma receptor binding compared with
freshly prepared membrane preparation. The different
procedures for membrane preparations might result in
difference in the age-related changes between the rat brain
and the post-mortem human brain.

In conclusion, we found an age-related increase in the
binding of radioligands to both sigma1 and sigma2 re-
ceptors in the rat brain by the membrane binding assay.
Together with further evaluation of the physiological
significance of the sigma receptors in the brain, a PET
study with [11C]SA4503 to evaluate the aging process in
humans would be of great interest, and is in progress.
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